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Preface
Every product manufactured today is subject to variation. Typically, the manu-
facturing process is the source of this variation. From the peaks and valleys of 
integrated circuits in the microscopic regime, to the buttons on the cell phone 
in your pocket, to the large steel structures of dams and bridges in the mac-
roscopic regime, no product or part is immune from variation and its sources. 
Understanding this variation and quantifying its effect on the form, fit and func-
tion of parts and assemblies is a crucial part of the mechanical design process.

Tolerances are engineering specifications of the acceptable levels of variation 
for each geometric aspect of a component or assembly. Although today tolerances 
are typically specified on engineering drawings, it is becoming increasingly com-
mon for tolerances to be defined in a CAD file as attributes of a three-dimensional 
solid model. Whether explicitly specified on a drawing or as part of a CAD model, 
tolerances indicate the variation allowed for part and assembly features.

Tolerances may be used to control the variation allowed for individual feature 
geometry, such as form and size, or they may be used to control the geometric 
relationship between part and assembly features, such as orientation and location. 
Tolerance analysis and tolerance stackups are the tools and techniques used to 
understand the cumulative effects of tolerances (accumulated variation), and to 
ensure these cumulative effects are acceptable.

There are two methods used to specify tolerances: traditional plus/minus tol-
erancing and geometric dimension and tolerancing, or GD&T. This text includes 
coverage of both techniques. GD&T and its principles are discussed in depth, as 
the point of Tolerance Analysis is ultimately to prove a dimensioning and toler-
ancing scheme will work, and the only way to precisely specify the required geo-
metric conditions is through the use of GD&T. Although plus/minus tolerancing 
is still commonly used, and this text discusses how to perform tolerance stackups 
on parts and assemblies based on plus/minus, part of the goal of this text is to help 
the reader understand why GD&T is a much better system.

This text presents the background material and step-by-step techniques required 
to solve simple and complex tolerance analysis problems. Using these techniques, 
design engineers can ensure the form and fit of related parts and assemblies will 
satisfy their intended function. Manufacturing, inspection, assembly and service 
personnel can use these techniques to troubleshoot problems on existing designs, 
to verify their in-process steps will meet the desired objective, or even to find 
ways to improve performance and reduce costs.

In-depth coverage of worst-case and statistical tolerance analysis techniques 
is presented in this text. Worst-case techniques are covered first, followed by sta-
tistical techniques, as the statistical techniques follow the same steps. In-depth 
derivation and development of the mathematical basis for the applicability of the 
statistical method will not be included in this text.
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Although the text is primarily devoted to the solution of one-dimensional tolerance 
stackups, two-dimensional and three-dimensional methods are discussed as well.

As all tolerance analyses and stackups are truly three-dimensional, the prob-
lem solver is forced to frame the problem in such a manner as to facilitate a one-
dimensional solution. Simplification and idealization of the problem are required. 
The text discusses the rules and assumptions encountered when simplifying toler-
ance analysis problems. Any assumptions used as a basis for a particular solution 
must be presented with the results of the tolerance stackup.

Tolerance analysis is part art and part science. To effectively solve a toler-
ance analysis problem, the design engineer must first understand the problem, set 
the problem up in a manner that will yield the desired result, solve the problem, 
and report the information in a way that can be easily understood by all parties 
involved. Essentially the last two steps are one and the same; using the techniques 
in this book, solving the tolerance analysis problem and creating a report that can 
be shared or communicated with others happen concurrently. This book presents 
the Advanced Dimensional Management approach to tolerance analysis, which 
yields consistent and easy-to-understand results.

The importance of a standardized approach to solving tolerance analysis prob-
lems cannot be overstated. Equally important is the need to communicate the 
results of a tolerance stackup. Rarely (if ever) is a tolerance stackup done with-
out the need to share the results or to convince someone else to make a change. 
Again, the techniques in this text help ensure that the problem will be solved 
correctly and that the results will be understood by all parties involved. Chapter 
13 presents the techniques for developing and formatting a standardized toler-
ance stackup sketch; Chapter 14 presents the techniques for entering data into 
a standardized tolerance stackup report form. Almost every tolerance stackup 
performed must be shared with others to get their concurrence. A clearly written 
and properly formatted report is essential to communicate the results and get the 
desired response.

Tolerance Analysis is an art, and it requires practice to become an effective 
problem solver. Using the techniques presented in this book, readers will be on 
the path to understanding and effectively solving their tolerancing problems.

Intended AudIence

This text is intended for the following audiences: technology and engineering 
students, drafters, designers, CAD operators, technicians, engineers, manufactur-
ing, assembly, inspection, quality and service personnel, anyone else who needs 
to solve Tolerance Analysis problems. This text is also useful for consultants and 
trainers of GD&T and tolerance analysis and stackups.

comments About the second edItIon

My goal when revising the first edition was to make the material clearer, eas-
ier to understand, more complete, more comprehensive, and to provide more 
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examples of common applications in the second edition. For example, Chapter 
11 was expanded to include more complete and more representative examples of 
radial and axial tolerance stackups performed on an assembly. The concepts and 
techniques in these examples may be applied to many applications in industry. 
Chapter 19 was expanded to include a discussion of ASME and ISO standards. 
It also includes new content and figures depicting possible scenarios where prob-
lems could arise if the effects of geometric tolerances and geometric variation are 
not considered in fit applications.

The most noticeable change to the second edition will undoubtedly be the 
figures. All of the figures have been redone. As well as an overall improve-
ment in quality, shading has been added to all drawings of parts and assem-
blies. This will make the figures easier to understand, thus making the material 
easier to understand.

The most exciting change to the second edition is the new Chapter 21, which 
discusses three-dimensional (3D) tolerance analysis and provides examples of 3D 
tolerance analysis software. Chapter 21 also provides a brief introduction to six 
sigma quality and six sigma tolerance analysis concepts, as most of the commer-
cially available 3D tolerance analysis software includes methods to address and 
model these six sigma concepts.

The most pervasive change throughout the text is inclusion of new material dis-
cussing and explaining the new concepts and content found in ASME Y14.5-2009. 
A new revision of the ASME Y14.5 standard was released in March 2009. ASME 
Y14.5-2009 includes many new terms, and more importantly, it improves and 
expands many of the concepts and techniques from the previous revision. I par-
ticipated in the development of ASME Y14.5-2009, and I continue to participate 
in the development of ASME Y14.5, other GD&T standards, and the discipline of 
GD&T in general. Most of the changes in this second edition relating to ASME 
Y14.5-2009 relate to the expansion of boundary concepts and the new bound-
ary terms maximum material boundary (MMB), least material boundary (LMB), 
and regardless of material boundary (RMB). New text and figures are included 
throughout the text. This second edition of Mechanical Tolerance Stackup and 
Analysis includes content applicable to ASME Y14.5M-1994 and ASME Y14.5-
2009. I purposefully retained the content relating to ASME Y14.5M-1994 because 
it will be many years before this version of the standard is no longer used. The 
1994 and 2009 versions will both be used in industry for many years, with the 
2009 standard slowly overtaking and replacing the 1994 standard. This was also 
true with earlier revision, as there are some contracts today still using the 1982 
Y14.5 standard.

More commentary on ISO dimensioning and tolerancing standards is included 
in this edition. Although there are some differences, there is considerable overlap 
and similarity of principles between ASME and ISO dimensioning and toleranc-
ing standards. I’ve attempted to clarify some of the major similarities and major 
differences between ASME and ISO dimensioning and tolerancing standards in 
this edition. More importantly, I’ve tried to explain how the differences between 
the standards affect tolerance stackups performed on parts and assemblies defined 



xxvi Preface

using either system. The new ISO content can be found in several places through-
out the text.

Another change in this edition is recognition of model-based engineering, 
and particularly the increasing prevalence of model-based product definition 
based on the ASME Y14.41-2003 and ISO 16792:2006 standards. Several new 
3D figures are included in this edition, including an example of an axonometric 
view of an annotated model. It is important for the tolerance analyst to under-
stand that whether a product is defined by two-dimensional drawings or anno-
tated 3D models, the tolerance analysis is essentially the same—the result is not 
affected by how the product is defined, provided the product is defined correctly 
and completely.

Last, I changed how the positive direction is determined in a tolerance stackup 
in Chapters 7 and 8. The method in this edition is much simpler. The positive 
direction is always the direction from A toward B. I am sure this simplification 
will be welcomed by all.

Best of luck to you in your tolerance analysis endeavors.

Bryan R. Fischer
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1 Background

Tolerancing, tolerance analysis and tolerance stackups have been around in one 
form or another for a long time. Sometime in the past, it became necessary to 
determine whether a collection of parts would fit together before they were manu-
factured. A design team may have needed to know how thin a part feature could 
become during manufacture, to make sure the part would remain strong enough 
to work. They may have needed to know how large a hole could be and how far it 
could be from its nominal position to make sure there was enough surface contact 
to properly distribute the load from a fastener. Perhaps the manufacturing team 
needed to understand why an assembly of parts that met the drawing specifica-
tions did not fit together at assembly. By performing tolerance analysis and toler-
ance stackups, these and many other important questions about the design can 
be answered. Indeed that is why tolerance analysis and tolerance stackups are 
done—to provide answers to questions. The techniques in this text will help you, 
the reader, understand your tolerancing problems, answer your tolerancing ques-
tions and solve your tolerancing problems.

How can the designer ensure that parts will fit together at assembly? Better yet, 
how can the designer ensure that imperfect parts will fit together at assembly, as 
all parts are imperfect? How much imperfection or variation is allowable? Does 
it matter if a part is manufactured a bit larger than nominal, and the mating part 
is manufactured smaller than nominal? What if both parts are manufactured on 
the small side, and mating holes in each part are slightly tilted or out of position? 
What affects the performance of the assembly more—variation in size or varia-
tion in position? What happens to a feature on one part if a surface on the mating 
part is tilted? These questions all lead to a tolerance stackup.

Tolerance analysis and tolerance stackup techniques have evolved over time, 
increasing in complexity to meet the increasingly complex needs of the products 
they study. Interestingly, a change in manufacturing philosophies is likely the 
primary reason that tolerance stackups are so important today. Design tools and 
techniques have changed, the design community and the manufacturing com-
munity have become separate entities, and the need to clearly and unambiguously 
communicate design requirements between the two has driven the need for toler-
ance stackups.

The need for and the ability to design ever more complex parts and assemblies, 
the need to guarantee fit at assembly and the need to guarantee interchangeability 
of parts have contributed greatly to the widespread need for tolerance analysis. 
Complexity is an interesting issue—it is difficult to determine if a complex design 
will satisfy its objectives even when all parts are at their nominal state. Throw in 
variation and the problem can be overwhelming. Through the application of stan-
dardized tolerance analysis techniques, such as the ones presented in this text, the 
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problem can be reduced to a more manageable form and solved. The need for inter-
changeable parts and the need for parts that will fit without rework or adjustment 
at assembly can only be ensured by tolerance analysis. These factors are hallmarks 
of modern manufacturing philosophies, and the only way to ensure these goals are 
achieved is through the proper use of tolerance analysis techniques.

Tolerance analysis can be found today in nearly all manufacturing indus-
tries, from the very small geometry found in integrated circuits to the very large 
geometry found on rockets, the space shuttle and the International Space Station. 
Anywhere that parts must fit together, anywhere the possibility of accumulated 
variation may cause a problem, or merely needs to be understood and quantified, 
tolerance analysis and tolerance stackup techniques are being used.

Although it is not the only environment where tolerance analysis is needed, 
tolerance analysis has found its greatest application in mass production, where 
interchangeability of blindly selected parts is essential. Just-in-time manufactur-
ing increases the demand for parts that absolutely must fit at assembly, as it is 
much less likely today to have a stock of spare parts waiting in the warehouse. 
Tolerance analysis is the only way to ensure that the tolerances specified on draw-
ings will lead to parts that fit.

Tolerance analysis is equally beneficial in research and development and for 
one-of-a-kind components and assemblies, as there is no other way to ensure that 
the accumulated variation of individual part features is functionally acceptable. 
Whether it is the fit of a robotic end effector on a robotic arm, a cover that fits over 
an enclosure, a clearance hole that must allow a fastener to pass, or the location 
of a bracket in an assembly, tolerance analysis is the only way to guarantee that 
parts will fit together at assembly.

For millennia, mankind has been designing and manufacturing parts, assem-
blies and structures. Early on, the person who designed an assembly was also 
responsible for manufacturing the parts that made up the assembly. Indeed, the 
design wasn’t complete until final assembly, where many parts were ground, 
scraped, drilled, bent and modified to match the mating parts. Such assemblies 
worked well enough, but they were one of a kind. It was common for all the parts 
in such an assembly to be custom fit. This sort of custom, craftsman-oriented 
manufacturing philosophy was necessary back in the days before automated, 
high-precision manufacturing machinery. It was the only way that the craftsman 
could be sure the parts could be assembled. Such assemblies, however, presented 
a huge problem in terms of cost, time (both production time and assembly time) 
and maintenance.

As all parts were essentially one of a kind and required a great amount of 
labor by the craftsman, the cost was high. It also took a long time to manufacture 
such an assembly, as only a few could be made at any given time. Lastly, and this 
is perhaps the greatest problem, was the problem of replacement parts. There was 
no easy way to replace a part that malfunctioned or broke in service. Because 
most or all of the parts had been custom fit at assembly, there was no guarantee 
that a replacement part pulled off the shelf would work without more drilling, 
grinding and modification. Machinery designed and manufactured using these 
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methods is subject to extended downtime when a failure occurs. The iteration 
and the extra labor required in getting the replacement part to match the mating 
parts just so and the downtime in the use of the machinery can lead to potentially 
large profit losses.

Over time, designs matured. This year’s new design borrowed bits and pieces 
from previous designs, improving upon earlier approaches. As designs became 
more complex, designers developed into a specialized group, with skills and tal-
ents unique to their craft. Likewise, as the processes and methods used to manu-
facture the parts and assemblies became more complex, the craftsmen that made 
the parts also became more specialized, evolving into a distinct, highly skilled 
and talented group. Eventually, the person who designed the part and the person 
who made the part were different people. No longer was it satisfactory for just the 
designer to know what was required of the parts making up the assembly; the ideas 
and requirements for the parts and assemblies had to be communicated to some-
one else—to the craftsmen who were manufacturing the parts and assemblies.

During this transition, it became evident that drawings were needed to define 
what was to be made, to communicate the designer’s ideas to those manufacturing 
the component. Drawings had to be dimensioned, as all geometric information 
had to be specified on the drawing or in a related document or conveyed verbally. 
Over time it became obvious that the best way to ensure the part or assembly 
being manufactured satisfied the needs of the designer was to completely dimen-
sion the drawing.

Today, virtually all manufactured items are defined by engineering drawings. 
Among other things, engineering drawings define the geometric form and size of 
all geometric features on a part; equally important, engineering drawings also 
describe or define the relationship between part and assembly features, including 
their relative orientation and location.

There are two components to the definition of part geometry: description of 
the nominal state and description of the allowable variation. The three-dimen-
sional (3D) model data, or the two-dimensional drawing geometry in the case of 
drawings, provides a description of the nominal, as-modeled, as-designed, per-
fect state. Dimensioning is an extension of the description of the nominal state, 
as dimensioning typically represents this nominal or perfect condition of part 
geometry. Tolerancing is a description of the allowable variation for each part 
feature and between-part features. Together these provide a complete description 
or definition of part geometry and its allowable variation.

Every feature on a part should be fully dimensioned and toleranced, which 
includes each feature’s form, size (as applicable), orientation and location rela-
tive to the rest of the part. The dimensioning system may use traditional plus/
minus dimensions and tolerances, it may use geometric dimensioning and tol-
erancing (GD&T), or it may use a combination of both systems. Although all of 
these methods are common in industry today, GD&T is the best method to use. 
It is by far the clearest, most accurate and least problematic method to describe 
the dimensioning and tolerancing requirements. If the designer’s goal is to com-
pletely and unambiguously define the allowable geometric relationships between 
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all part features, and to guarantee that the part geometry will satisfy its functional 
requirements at assembly, then GD&T must be used. The problems and vagaries 
of the plus/minus system are too numerous for robust product definition.

Accurate tolerance analysis can only really be done on parts and assemblies 
dimensioned and toleranced using GD&T—there are far too many inconsistencies 
and assumptions required to validate parts dimensioned and toleranced using the 
plus/minus system alone. This is true regardless of the methods used to perform 
the tolerance analysis. Whether one-, two-, or three-dimensional tolerance analy-
sis methods are used, all require complete unambiguous definition of dimension-
ing and tolerancing, and a full and complete definition of the allowable variation. 
The tolerancing methods must be understood by the tolerance analyst so an accu-
rate model can be created, regardless of the method used. Even though, as stated 
above, using GD&T is the only way to completely and unambiguously define the 
allowable variation for part features, this text covers tolerance analysis using the 
plus/minus system and GD&T, because many companies still resist making the 
move to GD&T and continue using the familiar plus/minus system.

Today, many complex features are implicitly dimensionally defined by the 
mathematical data in a three-dimensional computer-aided design (CAD) solid 
model file. “What is a complex feature?” you may ask. An even better question is, 
“What is a feature?” According to ASME Y14.5M-1994 and ASME Y14.5-2009, 
a feature may be a surface, a hole, a slot, a complex surface or any distinctly dis-
cernable portion of a part. Simply put, a feature is a surface. The surface of the 
impeller, the helical surface of the screw thread, the surface of an airfoil, the nose 
cone of a rocket or the surface of an automobile fender are examples of complex 
features. Such complex features are difficult (if not impossible) to fully dimension 
using the familiar rectangular or polar coordinate dimensioning systems used on 
most engineering drawings.

All features are composed of an infinite set of points. The difference between 
a simple feature and a complex feature can be thought of as being related to the 
number of dimensions required to completely define the surface: the greater the 
number of dimensions required to define the surface, the more complex the sur-
face. A simple feature such as a plane is easy to define dimensionally using rect-
angular coordinates, as all of its points lie in a single plane. Often, only a single 
dimension completely defines the surface. Cylinders, widths (opposed parallel 
planes) and spheres are also simple features. They are called features of size, and 
they are controlled by Rule Number 1 in the ASME Y14.5M-1994 and ASME 
Y14.5-2009 standards. These features, unlike most other features, are defined by 
a single size dimension. All points of a perfectly cylindrical surface are equidis-
tant from an axis; all points of a perfect width are equidistant from a center plane; 
all points of a perfectly spherical surface are equidistant from a center point. This 
simple symmetry is what makes these features unique and easy to completely 
dimension on an engineering drawing.

Extruded polygonal features with an even number of sides (such as an extruded 
hexagonal shape) are composed of many flat surfaces at angles to one another. If 
the feature is defined using directly toleranced dimensions, there may actually 
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be several features of size at angles to one another. To completely dimension a 
polygon requires more than one dimension, which differentiates a polygonal or 
bounded extruded feature from a feature of size. Complex features such as the 
surface of an automobile fender, a turbine blade or the hull of a ship present a 
great challenge in dimensioning, as all the points lie on one or more complex 
warped surfaces.

Historically such surfaces have been dimensioned using rectangular or polar 
coordinates, where a finite set of points are dimensioned in three dimensions, 
developing an [x, y, z] Cartesian coordinate system of sorts. As mentioned earlier, 
a surface is constituted of an infinite set of points. To fully dimension a surface 
such as the fender would require an infinite number of dimensions on the draw-
ing. Obviously this is impractical, and even ridiculous. Historically, a representa-
tive set of points on the surface was dimensioned and toleranced on a drawing, 
enough points to describe the overall shape of the surface. This set of points was 
a subset of all the possible points on the surface, as there are an infinite number 
of points on the surface. This is a three-dimensional adult version of “connect the 
dots” that we enjoyed so much as children. The surface in between the dimen-
sioned points was a bit of a problem, as it was undefined. Here craftsmanship 
took over, and a note may have been added to the drawing to “blend” the sur-
face, to create as smooth a transition between the dimensioned points as possible. 
Although imprecise, this method worked well enough. The problems it presented 
were outweighed by the difficulty or impossibility of completely dimensioning 
the surface.

Today parts and assemblies are designed using computers. Computer-aided 
design and drafting (CADD or CAD) programs are mathematically precise, 
employing algorithms based on an IEEE double floating point precision standard. 
Such programs are precise to 16 places, and the three-dimensional shapes that are 
modeled using these programs can be considered to be completely dimension-
ally defined within the CAD system. Using such a CAD system, an operator can 
obtain as much dimensional information about a surface as required, as all points 
on the surface are mathematically defined and obtainable by interrogating the 
CAD model. Perhaps more importantly, with the increasing prevalence of data 
interoperability between systems, the data for all these points may be shared with 
downstream operations. Modern computer-aided engineering (CAE), computer-
aided manufacturing (CAM) and computer-aided inspection (CAI) software have 
the ability to use the CAD data, thus eliminating potential error and loss of time 
from reentering data.

Today it is common in many industries to eliminate most or all of the dimen-
sions on drawings of such complex shapes. In fact, some companies are eliminat-
ing most or all of the dimensions from all their drawings, regardless if the part 
geometry is simple or complex. These drawings contain one or more notes instruct-
ing the person using the drawing to get the dimensional information for the part 
features directly from the 3D CAD model. Such drawings are called model-based 
drawings, limited dimension drawings or other names. ASME Y14.41-2003 and 
ISO 16792:2006 cover Product Definition Data Sets and discuss these methods. 
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This approach works well as long as everyone who needs to obtain dimensional 
information from the drawing has access to the correct CAD program or another 
system that can read or import the CAD data. If their needs are visualization only, 
then a less complete data set may be sufficient, such as a 3D PDF.

Indeed the fantastic 3D solid modeling CAD tools available to designers today 
allow ever more complex geometry to be designed. In many cases, the 3D solid 
model dimensional data representing the part is electronically transferred directly 
to a computer-based manufacturing center, and the drawing is not even consulted 
for dimensional information. The manufacturing computers are programmed to 
make the part described by the CAD solid model. Likewise the 3D solid model 
dimensional data is electronically transferred into a computer-based inspection 
tool, such as a coordinate measuring machine (CMM), and the inspection com-
puters are programmed to inspect the part described by the CAD solid model.

It is very important to recognize that something is still missing, however. The 
3D solid model data merely represents the part’s nominal or as-designed geome-
try—it is analogous to the dimensions on a drawing, as it is truly dimensional data. 
The model only tells the dimensioning half of the story; the tolerances must still be 
specified. It is easy for the design engineer to be seduced into thinking that the 3D 
CAD model is all that is required, especially after many months spent developing 
a complex new product. The model looks like it represents the product so well.

The CAD model is intended to represent the perfect definition of a product. 
This is only a starting point. The actual as-produced product is always subject to 
variation, and this variation must be specified. In order to set the limits for the 
allowable variation, every feature of a part must be completely toleranced, requir-
ing one or more tolerances to define its limits of acceptability. This leads to an 
important question.

WhAt Is A tolerAnce?

Option 1
A tolerance specifies how close to the nominal (or exact) location, size, 

form or orientation a feature on a part must lie.
Option 2

A tolerance specifies the range of acceptable deviation for a feature on 
a part.

Option 3
According to Merriam–Webster’s Collegiate Dictionary (11th edition): 

“The allowable deviation from a standard; especially the range of 
variation permitted in maintaining a specified dimension in machin-
ing a piece.”

Final Answer
A tolerance is the specified amount a feature is allowed to vary from 

nominal. This may include the form, size, orientation or location of 
the feature as applicable.
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Tolerances should be specified by the designer or design engineer to establish 
the functional limits for the variation of part features.

Manufacturing processes are used to make every feature on a part. For exam-
ple, on a machined part as in Figure 1.1, the surfaces are milled, the holes are 
drilled and the groove is cut using a milling cutter. Each manufacturing process 
is capable of attaining a certain level of accuracy and precision. One process may 
be capable of greater accuracy and precision than another, such as drilling a hole 
with and without a drill bushing or reaming or boring that same hole. A sheet 
metal part stamped using an automated process is typically more accurate and 
precise than the same part produced using a manual process. Tolerances should 
be selected that are achievable using a chosen manufacturing process.

Manufacturing processes are often measured in terms of their precision and 
accuracy. Precision is a measure of how repeatable a process is, how closely it can 
hit the same point, regardless of where that point is. For instance, Kevin may be a 
bad shot, but if he consistently misses the target and hits the same wrong spot, he 
is precise. Accuracy is a measure of how close to the chosen target a process can 
get. For instance, Sandra may be a good shot, and if she hits the bull’s-eye or near 
the bull’s-eye, she is accurate.

FIgure 1.1 Machined part.
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As an example, consider throwing darts at a dartboard. Precision is a measure 
of how closely grouped all the darts are. Accuracy is a measure of how close a 
dart is to the bull’s-eye. Accuracy and precision are shown in Figure 1.2.

Every feature on every part is subject to variation. No feature can be made 
perfectly—all manufactured parts are understood to be imperfect replicas of the 
part defined on the drawing. If the drawing specifies that a dimension shall be 
8.000 in., it must also specify how much variation is acceptable. Consider the 
following examples:

example 1.1

A machinist sets up a part on her machine and removes metal, approaching 
the 8.000 in. dimension. She measures the part and sees it is 8.002 in. (see 
Figure 1.3). She realizes that if she takes one more cut on the part it will remove 
.003 in., .001 in. more than the .002 in. of material remaining above the 8.000 
in. dimension. So her choice is 7.999 in. or 8.002 in., unless she changes to 

FIgure 1.2 Accuracy versus precision.
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a different, more precise process. Looking at the drawing, she sees that the 
tolerance for the dimension is ±.005 in. She realizes that the part is within 
tolerance as it is.

What if the drawing didn’t have any tolerances specified? The machinist 
would have to guess how closely she had to make the part. Perhaps she arbi-
trarily decides that ±.010 in. is close enough, and machines the surface down 
to 8.008 in. and stops. The part then goes to inspection, and the inspector arbi-
trarily decides that the dimension should be within .001 in. and rejects the part. 
He calls the machinist, who then calls the engineer and asks what he thinks he 
can live with. Not wanting to throw parts away, the engineer calls the inspector 
and tells him to accept the part. However, the design required the surface to 
be within ±.005 in. By trying to reduce scrap and keep everybody happy, the 
engineer has accepted a bad part.

Obviously, the designer should never leave the responsibility of determining 
how accurately a part must made or how closely a tolerance must be held to 
someone else. The only person who understands the functional requirements 
of the part is the designer, and it is the designer’s responsibility to determine, 
calculate and communicate the limits of acceptability. These limits of accept-
ability are the tolerances specified on the drawing, on a formally referenced 
document or in a company standard. If the tolerances that apply are the default 
tolerances in the title block, the designer must ensure that those tolerances are 
acceptable. Whether the tolerances are explicitly specified or implicitly speci-
fied, they must be verified to work.

example 1.2

A first-article or prototype sheet metal part such as the one shown in Figure 1.4 
is stamped using a die. Many thousands of parts are to be made using this 
die. The part is inspected after stamping and it is found that two holes are 
located 0.5 mm from nominal, and the 90° angle between the flanges is actu-
ally 91.5°.

Consulting the drawing, the inspector sees that the holes must be located 
within ±1 mm, and the flanges must be within ±1°. The holes are within toler-
ance but the flanges are out of tolerance. The part is rejected, and the die is 
modified to bring the parts within specification.

8.000 ±.005

On Drawing
Measured

8.002

FIgure 1.3 As-produced part.
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If the drawing did not have any tolerances specified, the die maker would 
have to guess how accurately to make the die, the press operator would have 
to guess if the die was functioning properly, and the inspector would have to 
guess if the parts were within specification. Of course, these determinations 
would be made independently, without knowing what the engineer deter-
mined was necessary for the design to function. Again, the drawing must 
specify the tolerances, so everyone using the drawing works to the same 
specifications.

FIgure 1.4 Sheet metal part.
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The confusion and costly waste of time resulting from missing specifica-
tions could have been avoided if the engineer had done his job up front and 
carefully specified the tolerances on the drawing. In fact, those responsible for 
preparing drawings today must apply tolerances to all dimensions, whether 
directly or indirectly (explicitly or implicitly), in the form of plus/minus or geo-
metric tolerances.

example 1.3

In this example, it is agreed that a part will be manufactured directly from 3D 
CAD model geometry data. The 3D CAD model geometry will be exported 
from the CAD program directly into a computer numerically controlled (CNC) 
manufacturing program. The steps of the manufacturing process will be pro-
grammed and built around the CAD geometry. Additionally, a coordinate mea-
suring machine (CMM) will be used to inspect the part. Again, the 3D CAD 
model geometry will be exported from the CAD program directly into the 
CMM computer, and the steps of the inspection routine will be programmed 
and built around the CAD geometry.

Because the manufacturing and inspection processes are automated and 
will use the CAD model geometry directly, the designer decides not to add 
any dimensions or tolerances to the drawing at all. The designer understands 
that the dimensional data exported to the manufacturing and inspection pro-
grams completely defines the part, and no additional dimensions are required. 
However, the designer misses an important point.

A 3D CAD solid model accurately and completely defines the nominal part 
geometry—the model represents the perfect part, without variation. That is 
only half the problem. Without specifying tolerances it is impossible to know 
the limits of acceptability and whether the as-produced part is within those 
limits. Without any tolerances specified, no one can differentiate between a 
good part and a bad part, so it makes no sense to inspect the part. Obviously 
this is unacceptable.

The designer decides to rely on the manufacturing process capabilities to 
determine the allowable tolerances. He calls the shop and asks the manufac-
turing representative about the processes and the capabilities of their machin-
ery. For the part in question, the manufacturing representative tells him the 
machine is accurate to ±.005 and repeatable to within ±.008. The designer 
is now happy that the burden of tolerancing the part has been lifted, calls the 
inspection shop, and tells them all the features on a part will be within ±.005, 
and all the parts will be within ±.008.

There are still some problems. The design manager learns of what is trans-
piring and calls the designer. She asks the designer, “Why didn’t you specify 
tolerances for the part?” The designer explains his position. The design man-
ager explains that the tolerances must be formally stated on the drawing or 
in a related document to be legally binding. Still looking for a shortcut, the 
designer puts a note on the drawing as follows: “TOLERANCES ON ALL PART 
FEATURES SHALL MATCH PROCESS CAPABILITY OF ACME MILL #123 IN 
BLDG. A.” He is happy and feels he has nailed it. He has tied the tolerances to 
the capability of the exact machine that will be used to manufacture the part.
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Again his supervisor calls with more questions. She asks, “Did you tolerance 
the drawing?” He explains what he did and his justification. She asks if he can 
tell her exactly what the limits are for a particular dimension, say, the distance 
between two parallel faces. He reverts to what he was told about the process 
capability and tells her, “the tolerance on that dimension is ±.005 in., and the 
variation part-to-part is ±.008 in.” She asks him if he obtained formal SPC data 
from the shop for that exact part on that exact machine to verify their capa-
bilities. He says, “No,” and tells her that the values were from the operator’s 
manual that came with the machine when it was new.

The design manager explains that the capability information that came with 
the machine when it was new is only a starting point, and that there are many 
other sources of variation that add to these initial values. She also explains that 
merely adding a note to the drawing stating that the tolerances are tied to the 
manufacturing process is legally inadequate, as the process could change, and 
in fact will change over time. So no limits were actually defined. The designer 
grumbles and tells the design manager, “C’mon, the parts that come off that 
machine always work—it’s a very accurate machine. Why bother with toler-
ancing the parts anyway?”

The design manager explains that the parts made on a particular machine 
may work and that they may satisfy their functional requirements. The prob-
lem, she says, is that the limits are not defined and with that comes several 
more problems. First, without defined tolerances, it is nearly impossible to do a 
tolerance stackup; the only way a tolerance stackup can be done in such a situ-
ation is to guess or assume values for the tolerances. Second, if it was decided 
to change the process and allow an outside vendor or another machine shop 
to make the parts, the process capabilities would be different, which would 
lead to different tolerances. Indeed, since the tolerances are not defined, there 
would be no way to tell a good part from a bad part.

Now frustrated, the designer, still looking for the shortcut, changes the 
note to read “TOLERANCES ON ALL PART FEATURES: ±.008.” He believes 
this captures 100% of the parts and that he has done his job. Again the design 
manager calls. She tells him that she has seen the updated drawing, has read 
the note, and has several other issues. First, it is apparent that the designer 
has not determined functional tolerance values, tolerances that when even 
at their worst case will still allow the part to function. The designer has 
merely resorted to picking a global tolerance that can be manufactured. It 
is important that the tolerances are achievable by manufacturing, but it is 
more important the part will function properly. Furthermore, although he 
has defined linear limits of acceptability with the ±.008 in. tolerance on 
every feature, he has not adequately defined the relationship of the features 
to one another. The angular relationship between the features is undefined. 
The designer points to the default angular tolerance in the title block and 
adds another note to make it apply to the CAD model geometry. This gets 
him close, but the specifications are still very ambiguous and subject to 
multiple interpretations.

The ambiguity problem can only be solved using GD&T. The part must be 
staged or set up for inspection. Part features must be related to one another 
clearly and unambiguously, and GD&T is the only way to do it. Finally he 
relents, takes the time, and applies GD&T to the drawing. He still doesn’t 
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explicitly state basic dimensions on the drawing, as he relies on the CAD 
model geometry for the basic dimensions. However, now the tolerances, spe-
cifically GD&T, are clearly stated on the drawing. It is now exactly clear what 
the tolerances mean and how they relate to the part. GD&T is a mathematically 
precise method of dimensioning and tolerancing, and it is appropriate to use 
such a precise method in this digital context. The tolerance zones created by 
the GD&T specifications are precisely located in space relative to their datum 
reference frames, and the rules of GD&T explain exactly where the tolerance 
zones are relative to one another. Finally, by using GD&T the designer has done 
his job, having completely and unambiguously toleranced the drawing. He was 
able to take a shortcut by using the CAD model geometry and avoid adding 
basic dimensions to the drawing. It just took him a while to understand that the 
dimensions are only half the story.

This example brings several issues to light. Automated and semiautomated 
manufacturing and inspection processes are prevalent in industry today, and 
many firms want to take advantage of the increased accuracy and potential sav-
ings they offer. It is important to understand what can and what cannot be elimi-
nated from the drawing in such scenarios or whether a drawing is needed at all. 
It is a good idea to consult with one of the firms that specialize in streamlining 
documentation for automated manufacturing and inspection processes, such as 
Advanced Dimensional Management. Such firms can help make sure the part and 
its limits of acceptability are completely defined and that everyone has access to 
the information needed.

It should be noted that the best way to tolerance features is by using GD&T. 
GD&T is the only way to ensure that everyone interprets the dimensioning and 
tolerancing specifications the same way.

GD&T is covered in Chapter 9 of this text. Advanced Dimensional Management 
offers several GD&T courses tailored to specific needs. Most importantly, their 
GD&T courses reinforce and complement the ideas in this text, as the GD&T is 
presented and the tolerancing schemes developed are verified using the tolerance 
analysis techniques in this text.

It is one thing to splatter and sprinkle tolerancing on a drawing so that it looks 
good, so that it appears that an adequate tolerancing job was done. It is quite 
another thing to do it right, to make sure that the tolerances will work, that they 
will not lead to parts that don’t fit or function, that they can be achieved using the 
intended manufacturing and assembly processes, and that all downstream users 
of the specifications understand them.

The designer’s goal should be the latter, as the decisions made during the 
design of a part live throughout the lifecycle of the part. Solutions to design prob-
lems such as tolerancing should be long-term solutions.
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2 Dimensioning and 
Tolerancing

This chapter provides a brief review of types and formats of dimensions and toler-
ances in both U.S. inch and metric formats.

types oF dImensIons

Dimensions specify the nominal form, size, orientation and location of part fea-
tures. Every feature on a part, either individually or as part of a pattern, must 
be dimensioned. Historically dimensions have been included on drawings, as a 
dimensioned drawing was the only means available to describe a part. Today, 
most drawings are generated using 3D CAD solid modeling software, and many 
of those drawings do not include dimensions. Part geometry in CAD files is 
defined mathematically and is often referred to as mathematically defined or 
model data. CAD math data and models are often used by companies that can 
read the three-dimensional computer data directly into their manufacturing and 
inspection systems, thus reducing the necessity for a fully dimensioned drawing. 
Specific dimensions may be obtained by measuring or querying the part model 
using the CAD software or a similar program.

There are several types and formats of dimensions. Figure 2.1 includes exam-
ples of the various types of linear, polar, radial and diametral dimensions. It 
also shows two examples of chain dimensions, one with the dimensions chained 
completely across the part and another with an overall dimension and one of 
the chained dimensions omitted. Figures 2.2 and 2.3 include examples of three 
formats for rectangular coordinate dimensioning. The three methods shown are 
equivalent. There is no difference in the legal interpretation for these methods—
the only difference is in their format. Figure 2.4 shows a sample drawing with 
geometric dimensions and tolerances. Note that some dimensions with ± toler-
ances are also used on this drawing, but only to define the nominal size and size 
tolerance for features of size. This is common practice.

The dimensioning strategy chosen for a drawing can greatly affect the tolerance 
between part features. Whether two features are related by a single dimension or 
by a series of dimensions determines the number of tolerances contributing to the 
variation possible between the features.

For parts depicted on traditionally dimensioned drawings, that is, drawings that 
have dimensions, it is important that the dimensioning matches the intended func-
tion of the part. This is true for drawings dimensioned using ± or GD&T, although 
GD&T is the only way to unambiguously communicate functional relationships.
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FIgure 2.1 Linear and angular dimensions.
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FIgure 2.2 Rectangular coordinate dimensioning.
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Dimensions must be arranged and related in such a way as to minimize toler-
ance accumulation between related features. Although rectangular coordinate 
dimensioning as shown above is convenient, easy to do in CAD, and ties in 
well with numerical control (NC) processing, it rarely (if ever) properly reflects 
the functional interrelationship between part features. All features are merely 
related to an arbitrarily selected origin. It is a far better approach to relate fea-
tures functionally.

GD&T is used primarily with basic dimensions, which specify the exact (or 
nominal) location of features. Note that ISO calls basic dimensions theoretically 
exact dimensions, which is a better name. Tolerances associated with the basic 
dimensions are found in feature control frames.

As stated earlier, some parts modeled using CAD have no explicitly stated 
dimensions on the face of the drawing. The dimensions are understood to exist in 
the CAD model data—any and every dimension is implied, and must be obtained 
from the CAD system. For this system to work, a note must be added to the draw-
ing instructing users that the dimensions are to be obtained from the CAD model 
data. This method also requires that GD&T is used to tolerance the features 
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defined by the model data. The GD&T may be explicitly specified or implicitly 
specified.

types oF tolerAnces

Two types of tolerances are common on mechanical drawings, plus/minus (±) 
tolerances and geometric tolerances.

Plus/Minus (±) Tolerances and GeoMeTric Tolerances

Plus/minus tolerances relate to linear distances or displacements and are stated 
in linear units (inches, millimeters, etc.), or they relate to polar displacements 
and are stated in angular units (degrees or radians). Linear tolerances are associ-
ated with linear dimensions, and angular tolerances are associated with angular 
dimensions. Typically, tolerances are stated in the same units as the dimension; 
hence, a linear metric dimension has a linear metric tolerance. Tolerances may be 
stated specifically or generically as described below.

title block or general note tolerances
These tolerances are specified in the title block or in the general notes and apply 
to the entire drawing. They may be overridden by a locally specified tolerance, 
which may have a larger or smaller value. Where used, the tolerance value is 
associated with the number of decimal places in each dimension. This is com-
monly found on drawings prepared to U.S. inch standards. It should be noted that 
many U.S. companies that have converted to the metric system have adopted this 
practice as well. (See Figure 2.4.)

local ± tolerances
These are specified adjacent to each dimension and apply only to that dimension 
or group of dimensions. (See Figure 2.4.)

GeoMeTric diMensioninG and TolerancinG (Gd&T)

GD&T is a symbolic language that precisely defines the allowable variation 
in size, form, orientation and location of features on a part. More importantly, 
GD&T precisely defines the relationship between features on a part, specifying 
which features are to be used to establish the origin of measurements for locating 
other features. Geometric tolerances are specified in feature control frames and 
are primarily associated with features located by basic dimensions.

It should be noted that only linear units may be specified in a feature control 
frame. For example, the geometric tolerances used to control an angle specify tol-
erance zones using linear units such as inches or millimeters, unlike ± tolerances 
used to control angles which use polar units, such as degrees. Such differences 
are covered in depth in Advanced Dimensional Management’s GD&T training 
courses and material.
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GD&T is the only method for precisely defining part geometry. The geometric 
characteristic symbols used in feature control frames are shown in Figure 2.5.

FeAture chArActerIstIcs And 
AssocIAted tolerAnce types

This section discusses the variable geometric characteristics of part features and 
the associated types of tolerances. Every feature on a part is subject to variation 
and must be completely toleranced. This includes the geometric characteristics 
of the feature itself, such as its size and its form, and the relationship of the fea-
ture to the rest of the part, such as where it lies or how much it tilts relative to 
another feature or a datum reference frame. The variation that is allowed for each 
geometric characteristic of every feature must be fully defined. Additionally, the 

FIgure 2.5 GD&T symbology.



22 Mechanical Tolerance Stackup and Analysis, Second Edition

variation that is allowed in the relationship of every feature to the rest of the part 
must also be fully defined. This variation may be specified directly as a tolerance 
or indirectly as a subset of another tolerance.

There are four geometric characteristics that describe feature geometry and 
the interrelationship of part features. These are

Form•	
Size•	
Orientation•	
Location•	

Consequently, there are four types of tolerances that are possible for each feature. 
These are

Form tolerances•	
Size tolerances•	
Orientation tolerances•	
Location tolerances•	

Every feature on a part, however, does not necessarily possess all four char-
acteristics. (Note: This discussion does not address other geometric aspects of 
surface geometry such as surface texture.)

ForM

Form can be considered as the shape of a feature. Every feature has form, regard-
less of whether it is nominally a flat plane, a cylinder, a width, a sphere, a cone 
or a mathematically complex surface such as a paraboloid or the surface of an 
automobile windshield.

Consequently, every feature must have a form tolerance, either directly or 
indirectly specified. Examples of directly specified form tolerances include flat-
ness, circularity, cylindricity and straightness. An example of an indirectly speci-
fied form tolerance comes with Rule Number 1, which requires perfect form at 
maximum material condition (MMC) when a size dimension and ± tolerance are 
applied to a feature of size. Another way to control form is to specify a profile of 
a surface tolerance to a basically defined surface. Depending on the context and 
datum feature references in the feature control frame, profile of a surface may 
control form, orientation, location and possibly even size. However, when prop-
erly specified, it always controls form.

Such indirect methods of controlling form can be overridden by specifying 
a form tolerance with a smaller value. For example, consider a basically located 
planar surface with a profile of a surface tolerance and a flatness tolerance: if the 
flatness tolerance value is less than the profile tolerance value, then the flatness 
tolerance overrides the form control provided by the profile tolerance. The form 
of the surface may only vary as much as the flatness tolerance allows.
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Directly or indirectly, a form tolerance must be specified for every feature of 
a part.

size

Size can be considered as the magnitude of the straight-line distance between 
two points on one or two surfaces whose surface normal vectors are collinear 
and point in opposite directions. Size is measured normal to each surface along 
the line between the points. Such points are considered to be opposed or in oppo-
sition. If every point on a nominal surface is opposed by another point on the 
nominal surface, the feature is said to be a feature of size. This matters because 
the ASME Y14.5M-1994 and ASME Y14.5-2009 standards only discuss size as 
it relates to features of size, which are cylindrical surfaces, spherical surfaces 
and width features that consist of two opposed parallel planes. There are other 
two-dimensional features that may be considered features of size; these are not 
addressed here.

Only features of size have “size” as defined in the ASME Y14.5M-1994 and 
ASME Y14.5-2009 standards. Therefore, only those features that are features of 
size require a size tolerance. Portions of features may possess the characteristics 
of being a feature of size, and that portion requires a size tolerance. In the ASME 
Y14.5-2009 a new category of feature of size was created called irregular features 
of size. This extends the control of Rule Number 1 to other geometries that fall 
outside the definition of features of size in ASME Y14.5M-1994.

A size tolerance is often specified as a ± tolerance associated with a dimension. 
This is not the only way to specify a size tolerance, however, as a profile of a sur-
face tolerance could be specified with a basic dimension to define the size limits 
for a feature. For example, a width feature could be specified with one planar 
surface as datum feature A, the opposing planar surface located a basic distance 
away, a flatness tolerance specified for the datum feature, and a profile of a sur-
face tolerance specified for the other surface. In a different example a cylindrical 
surface could be defined with a basic dimension and toleranced using profile of a 
surface. Such features are not dimensioned and toleranced as traditional features 
of size, but their size limits and form limits have been completely defined.

Some features, such as a single planar feature, do not have size characteristics 
and therefore do not require a size tolerance to be completely defined.

orienTaTion

Orientation can be considered as the angle between features, or more precisely, 
orientation is the amount a feature may tilt relative to a datum reference frame. 
Aside from the primary datum feature, every feature on a part is oriented to other 
features. A primary datum feature is exempt because all other features are directly 
or indirectly oriented to it, rather than the other way around.

Consequently, every feature on a part except the primary datum feature must 
have an orientation tolerance, either directly or indirectly specified. An orientation 
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tolerance must be specified for all but the main primary datum feature on parts 
with more than one primary datum feature. For example, on parts with more than 
one datum reference frame, there is usually one datum reference frame that is 
considered the main or global datum reference frame. It is the datum reference 
frame to which the majority of part features are related, and the other datum refer-
ence frames are related to it as well.

Like form, orientation may also be controlled directly or indirectly. Many 
drawings that use dimensions with ± tolerances for all features rely on the default 
angular ± tolerance in the title block to control the orientation of all features. Even 
some drawings that use GD&T may rely on this default angular tolerance. Such 
practice is problematic and should be avoided.

Other methods of indirectly specifying an orientation tolerance occur where 
a profile of a surface tolerance is related to a datum reference frame and where 
a positional tolerance is related to a datum reference frame; both of these cases 
control orientation.

locaTion

Location can be considered as where a feature lies relative to another feature, or 
more precisely, location is where a feature lies relative to a datum reference frame.

Consequently, most features on a part must have a location tolerance. Examples 
where a location tolerance is not required include for the planar datum features 
on parts with mutually perpendicular planar primary, secondary and tertiary 
datum features and for the primary and secondary datum features on parts with 
a planar primary datum feature and a secondary datum feature of size that is 
perpendicular to the primary datum feature. Most features, however, require a 
location tolerance.

Location tolerances must be directly specified, as they are not subsets of other 
tolerance types. For example, a positional tolerance related to a datum reference 
frame controls orientation as a subset of position. To control the location of a 
feature, a concentricity tolerance, positional tolerance, profile tolerance, runout 
tolerance or symmetry tolerance must be specified.
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3 Tolerance Format 
and Decimal Places

Figure 3.1 shows the four standard formats for linear and angular dimensions 
and tolerances. Formats are included for U.S. inch and metric dimensioning and 
tolerancing. According to ASME Y14.5M-1994 and ASME Y14.5-2009, the rules 
for angular dimensions and tolerances are the same for drawings prepared using 
U.S. inch and metric units.

Limit dimensions do not specify a nominal value. A high (maximum) value 
and a low (minimum) value are specified. When a limit dimension is 
stated in a horizontal format, the smaller value precedes the larger value, 
with the values separated by a dash. When a limit dimension is stated 
in a vertical format, the larger value (upper limit) is placed above the 
smaller value (lower limit). It makes no difference whether the toler-
anced feature is an internal feature or an external feature.

Equal-bilaterally toleranced dimensions specify a nominal value and the 
amount a dimension may deviate from nominal. The tolerance values are 
equal in each direction.

Unequal-bilaterally toleranced dimensions specify a nominal value and 
the amount a dimension may deviate from nominal. The tolerance values 
are not equal in each direction, and neither value is zero.

Unilaterally toleranced dimensions specify a nominal value and the amount 
a dimension may deviate from nominal in one direction only. The toler-
ance is in one direction only, either larger or smaller. The other tolerance 
value is zero.

Regardless which of the above methods is selected, the nominal dimension 
value must be part of the tolerance range. To put it another way, the upper and 
lower limits must include the nominal dimension, even if it is at one extreme of 
the range. The tolerance range cannot ever be “off the part.”

As shown in Figure 3.1, there are four different methods to specify tolerances 
and ranges. Each method specifies an upper and lower limit, either directly or 
indirectly. Three methods include a “nominal” value and acceptable deviation 
limits from that “nominal,” while limit dimensioning gives only the range, the 
upper and lower limits for the dimension.

Several questions may come to mind: What is the real difference between these 
methods? Do any of the methods better communicate design intent? Do any of 
the methods alone guarantee that manufacturing will target the “nominal” value 
stated on the drawing in the manufacturing process?
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Formatting Dimensions
with Plus / Minus Tolerances

The examples above show the ways to specify dimensions and ± tolerances on drawings prepared using
SI units or U.S. Customary units.  The way to specify angular dimensions and tolerances is also shown.

Limit Dimension

8.75
8.25

Tolerancing with U.S. Customary Units:
(inches)

Same number of decimal places in both limits.

No leading zeroes for dimension values.
Trailing zeroes used where needed.

Same number of decimal places in both limits.

8.75
8.25

Limit Dimension

Tolerancing with SI Units:
(millimeters)

8.5 ±0.25

Equal Bilateral Tolerancing

Number of decimal places may be different for
dimension and tolerance.

Number of decimal places must be the same
for dimension and tolerance.

8.50 ±.25

Equal Bilateral Tolerancing

Number of decimal places must be the same for
dimension and both tolerances.

Unequal Bilateral Tolerancing

Number of decimal places may be different for
dimension and tolerances.  Both tolerances must

have the same number of decimal places.

Unequal Bilateral Tolerancing

8.5 +0.25
-0.40 -.40

+.258.50

+0.258.5

Number of decimal places may be different for
dimension and tolerances.  The zero tolerance

has no decimal places and is not preceded by a
+ or - sign.

0

Unilateral Tolerancing Unilateral Tolerancing

+.258.50
-.00

Number of decimal places must be the same for
dimensions and both tolerances.

Leading zeroes for dimensions and
tolerances.  Trailing zeroes only used in

certain applications, (marked ***).

Angular Dimensions and Tolerances

Angles may be specified using decimal degrees or degrees, minutes and seconds. If decimal degrees
are used, the number of decimal places must be the same for the dimension and both tolerances.

Angular dimensions and tolerances follow the same rules on drawings prepared using either type of
units.

23.5° ±1.0° 23.50°
Equal Bilateral Unequal Bilateral

+0.50°
-0.25°

***

***

FIgure 3.1 Plus/minus dimension and tolerance format (U.S. inch and metric).
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The short answer is no, as all these methods specify the same legal limits. (See 
Figure 3.2.) Given that these methods are legally equivalent, all that you can be 
sure of is that manufacturing will always shoot for what is in their best interest. 
They must. Based on the factors discussed in Chapter 5, they will adjust the pro-
cess to minimize their costs. All of the methods ultimately communicate the same 
information, and that information is limits. Every plus/minus tolerance commu-
nicates a high limit and a low limit. However, depending on the manufacturing 
process, in some cases, the nominal value may be more important than in others.

For example, if a hole is to be drilled, it is common to select a standard drill 
size for the hole. Of course the size of the hole must be verified to work using 
tolerance analysis, but if a hole is to be drilled, it is very common to select 
a standard sized hole for drilling. There are several methods for tolerancing 
drilled holes, and each has been derived empirically, the data collected after 
drilling thousands of holes in sample stock. Typically, drilled-hole tolerances 
are unequal-bilateral. The tolerance range is biased toward larger holes, such as 
+.005/-.002 or +.004/-.001. In cases where a hole is drilled and the nominal hole 

Tolerance Range Specified

The examples above show the five ways to specify the same
dimensional limits using dimensions and ± tolerances. The

tolerance range is the same for all five examples.

9.00
8.50

Limit Dimension

8.75 ±0.25

Equal Bilateral Tolerancing

Unequal Bilateral Tolerancing

8.8 +0.2
-0.3

+0.58.5
0

Unilateral Tolerancing - Positive

Unilateral Tolerancing -Negative

09
-0.5

Dimensional Limits:
9.00
8.50

Dimensional Limits:
9.00
8.50

Dimensional Limits:
9.00
8.50

Dimensional Limits:
9.00
8.50

Dimensional Limits:
9.00
8.50

by Plus / Minus Tolerances

FIgure 3.2 Five ways to specify limits using plus/minus dimensions and tolerances.
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size on the drawing is a standard drill size, it is probably likely that manufactur-
ing will target design nominal. However, it is not necessary for them to do so. 
They may have some older drills on hand that because of wear and other factors 
may target a different value. As long as the hole is within the range specified on 
the drawing, it is within specification and must be accepted as a good part. There 
is also the possibility that the hole will be put in using a different process.

The water gets muddied a little when statistical process control (SPC) comes 
into the picture. Quality control methods such as SPC, combined with drawing 
specifications such as critical control characteristics, sometimes attempt to link 
“design nominal” with “manufacturing nominal.” Perhaps in an environment 
where these are strictly implemented there can be direct linkage between “design 
nominal” and “manufacturing nominal.”

There is a theorem in statistics called the central limit theorem which states 
that sampled values (tolerances in this case) under certain conditions follow a 
normal or Gaussian distribution, and that it is more likely for a value to be in 
the center of a range than at the extremes. Figure 3.3 shows a normal distribu-
tion. This idea is one of the bases for the idea of statistical tolerancing as pre-
sented in Chapter 8. The idea of a dimension “centering” about the midpoint of 
its range seems to work well with equal-bilaterally toleranced dimensions, but 
causes some grief when considered for unequal-bilaterally or unilaterally toler-
anced dimensions. In these cases, as in the example of the drilled hole presented 
earlier, the “nominal” dimension value stated on the drawing is not the midpoint 
of the tolerance range. This text will not attempt to sort out these potential sta-
tistical inconsistencies.

Without SPC and the added controls it brings, we are back to the idea that 
a plus/minus dimension allows anything within its tolerance range. Worst-case 
tolerancing uses this as its basis and is presented in Chapter 7.

FIgure 3.3 Gaussian distribution and the central limit theorem.
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Designers may hope that stating a “design nominal” on the drawing will bias 
manufacturing toward the stated value, and it may. However, in a legal sense, it 
adds no more or less specific requirement. Using any of the above methods merely 
specifies acceptable limits. All manufacturing must do is ensure that their process 
lies within those limits.
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4 Converting Plus/Minus 
Dimensions and 
Tolerances into 
Equal-Bilaterally 
Toleranced Dimensions

The method of performing tolerance stackups taught in this text requires all 
dimensions and tolerances to be converted into equal-bilateral format.

This chapter describes the techniques for converting plus/minus dimensions 
and tolerances into the equal-bilateral format. This is necessary for all dimen-
sions and tolerances, whether they are plus/minus or GD&T. Conversion of 
geometric dimensions and tolerances into equal-bilateral plus/minus toleranced 
dimensions will be discussed in Chapter 9. Whether dealing with U.S. inch or 
metric dimensions and tolerances, linear or angular units, the technique for con-
version is the same.

convertIng lImIt dImensIons to 
equAl-bIlAterAl FormAt

The following example presents the procedure for converting limit dimensions 
into equal-bilaterally toleranced dimensions.

example 4.1: converting limit dimensions 
to equal-bilateral Format

Given a limit dimension:•	

 10.00 Upper limit (metric format)
 9.55 Lower limit (metric format)

Subtract the lower limit from the upper limit to obtain the total •	
tolerance.

 Total tolerance = 10 – 9.55 = 0.45



32 Mechanical Tolerance Stackup and Analysis, Second Edition

Divide the total tolerance by 2 to obtain the equal-bilateral tolerance •	
value.

 Equal-bilateral tolerance value = 0.45/2 = 0.225

Add the equal-bilateral tolerance value to the lower limit. This is the •	
adjusted nominal value.

 Adjusted nominal value = 9.55 + 0.225 = 9.775

(Note: The adjusted nominal value can also be obtained by subtracting 
the equal-bilateral tolerance value from the upper limit.)

Conversion complete:

 Equal-bilateral equivalent = 9.775 ± 0.225

convertIng unequAl-bIlAterAl FormAt 
to equAl-bIlAterAl FormAt

The following example presents the procedure for converting unequal-bilaterally 
toleranced dimensions into equal-bilaterally toleranced dimensions.

example 4.2: converting unequal-bilateral Format 
dimensions to equal-bilateral Format

Given an unequal-bilaterally toleranced dimension (inch format)•	

 
8.50 +.25

–.10

Establish upper and lower limits.•	
Add the plus tolerance to the nominal value; this is the upper limit.
Subtract the minus tolerance from the nominal value; this is the lower limit.

 Upper limit = 8.50 + .25 = 8.75
 Lower limit = 8.50 – .10 = 8.40

Subtract the lower limit from the upper limit to obtain the total •	
tolerance.
(Note: The total tolerance can also be obtained by adding the + and – 

tolerances given).

 Total tolerance derived from limits = 8.75 – 8.40 = .35

or

 Total tolerance derived from given tolerances= .25 + .10 = .35
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Divide the total tolerance by 2 to obtain the equal-bilateral tolerance •	
value.

 Equal-bilateral tolerance value = .35/2 = .175

Add the equal-bilateral tolerance value to the lower limit. This is the •	
adjusted nominal value.

 Establish the adjusted nominal value = 8.40 + .175 = 8.575

(Note: The adjusted nominal value can also be obtained by subtracting 
the equal-bilateral tolerance value from the upper limit.)

Conversion complete:

 Equal-bilateral equivalent = 8.575 ± .175

convertIng unIlAterAlly posItIve 
FormAt to equAl-bIlAterAl FormAt

The following example presents the procedure for converting unilaterally posi-
tive toleranced dimensions (plus something, minus nothing) into equal-bilaterally 
toleranced dimensions.

example 4.3: converting unilaterally positive 
Format dimensions to equal-bilateral Format

Given a unilaterally positive toleranced dimension (inch format)•	

 
8.50 +.25

–.00

Establish upper and lower limits.•	
Add the plus tolerance to the nominal value; this is the upper limit.
The specified nominal value is the lower limit.

 Upper limit = 8.50 + .25 = 8.75
 Lower limit = 8.50 – .00 = 8.50

Subtract the lower limit from the upper limit to obtain the total •	
tolerance.
(Note: The total tolerance is equivalent to the plus tolerance.)

 Total tolerance derived from limits = 8.75 – 8.50 = .25

or

 Total tolerance derived from given tolerances = .25 – .00 = .25



34 Mechanical Tolerance Stackup and Analysis, Second Edition

Divide the total tolerance by 2 to obtain the equal-bilateral tolerance •	
value.

 Equal-bilateral tolerance value = .25/2 = .125

Add the equal-bilateral tolerance to the lower limit. This is the adjusted •	
nominal value.

 Establish the adjusted nominal value = 8.50 + .125 = 8.625

(Note: The adjusted nominal value can also be obtained by subtracting 
the equal-bilateral tolerance value from the upper limit.)

Conversion complete:

 Equal-bilateral equivalent = 8.625 ± .125

convertIng unIlAterAlly negAtIve 
FormAt to equAl-bIlAterAl FormAt

The following example presents the procedure for converting unilaterally nega-
tive toleranced dimensions (plus nothing, minus something) into equal-bilaterally 
toleranced dimensions.

example 4.4: converting unilaterally negative 
Format dimensions to equal-bilateral Format

Given a unilaterally negative toleranced dimension (metric format)•	

 
8.50 0

–.25

Establish upper and lower limits.•	
The specified nominal value is the upper limit.•	
Subtract the negative tolerance from the nominal value; this is the lower •	
limit.

 Upper limit = 8.5 + 0 = 8.5
 Lower limit = 8.5 – .25 = 8.25

Subtract the lower limit from the upper limit to obtain the total •	
tolerance.
(Note: The total tolerance is equivalent to the minus tolerance.)

 Total tolerance derived from limits = 8.5 – 8.25 = .25

or
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 Total tolerance derived from given tolerances = 0 +.25 = .25

Divide the total tolerance by 2 to obtain the equal-bilateral tolerance •	
value.

 Equal-bilateral tolerance value = .25/2 = .125

Add the equal-bilateral tolerance to the lower limit. This is the adjusted •	
nominal value.

 Establish the adjusted nominal value = 8.25 + .125 = 8.375

(Note: The adjusted nominal value can also be obtained by subtracting 
the equal-bilateral tolerance value from the upper limit.)

Conversion complete:

 Equal-bilateral equivalent = 8.375 ± .125

dImensIon shIFt WIthIn A converted 
dImensIon And tolerAnce

As presented in Chapter 3, design nominal is not always at the midpoint of the tol-
erance range. Converting unequal-bilaterally and unilaterally toleranced dimen-
sions to equal-bilateral format changes the dimension value so it is at the midpoint 
of the tolerance range. The limits are not changed, only the format of the dimen-
sion and tolerance(s) are changes.

In tolerancing jargon, we have effected a dimension shift. The new dimension 
value is different than the value specified on the drawing. The dimension value 
has been shifted to the midpoint of the tolerance range. Remember our earlier 
discussion that it makes no difference how a tolerance range is specified, that 
is, whether limits, equal-bilateral, unequal-bilateral or unilateral tolerances are 
specified, the result is the same. All that has legally been specified are upper and 
lower limits for a dimension. Only with equal-bilateral tolerancing is the stated 
dimension value on the drawing the midpoint of the range.

Where dimensions are included in the tolerance stackup, the dimension shift 
is little more than a curiosity, as it has no effect on the outcome of the tolerance 
stackup. Dimension shifts are accounted for in the tolerance stackup method, 
and can be ignored without consequence. Using more advanced and streamlined 
methods where dimensions are not included in the tolerance stackup and only the 
tolerances are included, dimension shifts must be accounted for. This text does 
not address the tolerance analysis methods where dimensions are not included in 
the tolerance stackup.

An easy method to determine the dimension shift for a dimension and tol-
erance converted to equal-bilateral format follows. The dimension shift will be 
calculated for the dimensions and tolerances shown in examples 4.1 to 4.4 in the 
previous section.
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example 4.1a: dimension shift calculation for limit 
dimensions converted into equal-bilateral Format

In example 4.1, limit dimensions were converted into equal-bilateral format. 
Limit dimensions do not state a nominal or “mean,” so there is no dimension 
shift when converting limit dimensions into equal-bilateral format.

example 4.2a: dimension shift calculation for unequal-
bilateral Format converted into equal-bilateral Format

Given an unequal-bilaterally toleranced dimension (inch format)

 8.50 +.25
–.10

that has been converted into equal-bilateral format:

 8.575 ± .175

The dimension shift is calculated as follows:

 Converted dimension value – original dimension value = dimension shift
 Dimension shift = 8.575 – 8.50 = .075

The sign of the dimension shift is positive, indicating the dimension was 
shifted toward the high end of the tolerance range. Note: When convert-
ing an unequal-bilaterally toleranced dimension to an equal-bilaterally toler-
anced dimension, the dimension shift is always half the difference between 
the positive and negative tolerance values, and the shift is toward the larger 
of the two values.

example 4.3a: dimension shift calculation for unilaterally 
positive Format converted into equal-bilateral Format

Given a unilaterally positive toleranced dimension (inch format)

 
8.50 +.25

–.00

that has been converted into equal-bilateral format:

 8.625 ±.125

The dimension shift is calculated as follows:
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 Converted dimension value – original dimension value = dimension shift
 Dimension shift = 8.625 – 8.50 = .125

The sign of the dimension shift is positive, indicating the dimension was shifted 
toward the high end of the tolerance range. Note: When converting a unilater-
ally positive toleranced dimension to an equal-bilaterally toleranced dimen-
sion, the dimension shift is always half the positive tolerance value, and the 
shift is toward the high end of the tolerance range.

example 4.4a: dimension shift calculation for unilaterally 
negative Format converted into equal-bilateral Format

Given a unilaterally negative toleranced dimension (metric format)

 
8.50 0

–.25

that has been converted into equal-bilateral format:

 8.375 ±.125

The dimension shift is calculated as follows:

 Converted dimension value – original dimension value = dimension shift
 Dimension shift = 8.375 – 8.50 = –.125

The sign of the dimension shift is negative, indicating the dimension was shifted 
toward the low end of the tolerance range. Note: When converting a unilater-
ally negative toleranced dimension to an equal-bilaterally toleranced dimen-
sions, the dimension shift is always half the negative tolerance value, and the 
shift is toward the low end of the tolerance range.

Note: In the first edition of this text the term mean shift was used instead of 
dimension shift. While mean shift is commonly used in industry to describe this 
condition, it is not the best term to use. Also, the term mean shift has been used 
in Six Sigma tolerance analysis for quite some time to represent cases where the 
mean of a distribution of a population is shifted from its starting position. This 
is an accurate use of the term. Chapter 21, which is new to this edition, includes 
an introductory discussion of mean shift as used in Six Sigma methodologies. 
Therefore, this edition of Mechanical Tolerance Stackup and Analysis refers to 
the condition where the dimension value has been converted and shifted to the 
midpoint of the tolerance range as dimension shift.

To reinforce the reason that mean shift is not the correct term to use to 
describe a converted and shifted dimension value, consider the following. The 
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“mean” in this instance is really the midpoint of the range in this context. It 
merely lies at the middle of the range. From a mathematical point of view, the 
term mean shift in this context is actually a misnomer, as the “mean” requires 
multiple values to be determined, and for a single dimension in a tolerance 
stackup, there is only one specified value or range with a corresponding mid-
point. According to the McGraw-Hill AccessScience Encyclopedia of Science 
& Technology Online (2010):

mean [MATHEMATICS] A single number that typifies a set of numbers, such as 
the arithmetic mean, the geometric mean, or the expected value. Also known as 
mean value.

For the purposes of tolerance analysis, we are interested in the arithme-
tic mean. The arithmetic mean is the average value for a group of values and 
is found by adding the values and dividing the sum by the number of values. 
According to the McGraw-Hill AccessScience Encyclopedia of Science & 
Technology Online (2010):

arithmetic mean [MATHEMATICS] The average of a collection of numbers 
obtained by dividing the sum of the numbers by the quantity of numbers. Also 
known as arithmetic average; average (av).

Therefore, strictly speaking, the mean in this case is the arithmetic mean, and 
the arithmetic mean requires a collection (or population) of values to be of any 
significance. This is the situation found in the Six Sigma methodologies intro-
duced in Chapter 21, and also encountered when inspecting mass-produced parts, 
where the same feature on many similar parts is inspected many times. Say 100 
parts are manufactured, and it is desired to know where the mean of the process 
lies for the diameter of a hole, with a dimension of ∅10 ±0.5 specified. The diam-
eter of the hole on each of the 100 parts is measured and recorded. The values are 
plotted on a chart, the arithmetic mean is calculated using the method described 
above and found to be ∅10.2. The measured mean of the manufacturing process 
is ∅10.2, which shows that the result of the manufacturing process is centered 0.2 
above the specified mean or nominal.

In this context, there has been a mean shift of 0.2 in the positive direction, or 
toward a larger value. If the mean of the manufacturing process was 9.8, there 
would still be a mean shift of 0.2, but it would be in the negative direction—the 
mean shift could be stated as –0.2. You see, this value really is a mean value—it 
really is the result of taking the sum of many values and dividing that sum by 
the number of values. In this example the number of values was 100. For these 
reasons, the term dimension shift is used to describe the converted and shifted 
dimension value in this edition instead of mean shift.
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dImensIon shIFt recAp

Dimension shift in a tolerance stackup with dimension values stated is of little 
concern. When a dimension and its tolerance are converted into equal-bilateral 
format, the dimension value may be shifted up or down depending on how the 
dimension and tolerance were specified. As long as all the dimensions and toler-
ances are treated in the same manner and included in the tolerance stackup, any 
dimension shift will be accounted for in the final result.
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5 Variation and Sources 
of Variation

WhAt Is vArIAtIon?

In the context of manufacturing, variation is the amount one or more measured 
values deviate from a specified value. It is the imperfection seen in actual as-
produced parts, contrasted against the perfect models created in CAD and seen 
on drawings. In the context of design and specification, tolerances on the draw-
ing set the limits for variation. In the context of tolerance analysis and tolerance 
stackups, variation must be considered from a specification point of view as well 
as a measured value point of view.

From a design or specification point of view, •	 variation is the amount a 
toleranced feature is allowed to deviate from its specified value. At its 
worst-case or most extreme value, it is the maximum amount a feature 
may vary from its nominal, basic or as-defined value. Not surprisingly, 
the goal of a worst-case tolerance stackup is to make sure the feature will 
satisfy its intended function even if it is produced at the extremes of its 
worst-case condition. When a tolerance is specified on a drawing, it sets 
the limits of variation for any given feature. Best practice dictates that 
the tolerances specified represent limits that are functionally acceptable 
when the part is manufactured or assembled. The allowable variation 
must be specified by design personnel.
From a manufacturing or measurement point of view, •	 variation is the 
amount a manufactured or assembled feature has deviated from its spec-
ified value. Measurements determine whether the variation is within the 
specified limits. Tolerances set the boundaries within which manufac-
turing must operate.
From a tolerance analysis point of view, •	 variation is calculated when 
a tolerance stackup is performed. It may be the variation between the 
features of a single part, or it may be the variation between features of 
different parts. The only way to verify that the allowable variation for 
a feature, multiple features or between multiple parts in an assembly is 
acceptable is to perform a tolerance stackup.

All manufactured part features are subject to variation—there is no such thing 
as a perfectly produced part, and no feature has ever been created without varia-
tion from its stated dimensions. Be it a rough, flame-cut edge of structural brace 
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on a bridge or a highly polished surface on an interplanetary probe, the feature 
will be imperfect. There is always some associated error or variation for every 
produced feature. The amount of variation may be very large, in the case of the 
flame-cut structural member, or it may be very small, as in the case of the pol-
ished surface, but it is still there. No manufactured feature is perfect.

Today, most design engineers use 3D solid modeling CAD software to design 
their parts and assemblies. The models created by such systems are mathemati-
cally precise, and many would say they are nearly perfect in their representation 
of the part geometry. Unfortunately, many design engineers confuse the precision 
of their CAD models with the actual part.

The perfect CAD model only represents a starting point; it is similar to the 
dimensioned geometry on a 2D drawing in that it merely defines the “nominal” 
or desired dimensional state of the part. When the part is manufactured, regard-
less of the method, there will be variation on each produced feature, and the part 
will be imperfect. Specifying tolerances allows the designer or design engineer 
to establish the functionally allowable dimensional limits for each feature. Many 
times the author has approached a design engineer asking about the lack of toler-
ances on a drawing, only to learn that the engineer believed that the 3D model 
itself was all that was required, and that specifying tolerances was unnecessary 
because the model was perfect and the part was going to be manufactured right 
from the model. Of course the 3D model is only half the story, as it represents the 
nominal or perfect part. Tolerances must be added to communicate how much 
variation and, more specifically, how much of which type of variation is allow-
able for each feature. For example, the acceptable limits of form, orientation and 
location of a surface may be required, as the surface may have to be very flat, 
it may be able to tilt within a few degrees from nominal, and its location may 
not be that important. These requirements can be communicated using several 
methods, but in this case it is likely that form, orientation or profile tolerances 
would be used.

sources oF vArIAtIon

There are many factors that contribute to the variation found on a finished prod-
uct; however, there are three major sources of variation that must be addressed 
and included in every tolerance stackup:

Tolerances specified on the drawing•	
Variation encountered in the inspection process•	
Variation encountered in the assembly process•	

Many initial attempts at a tolerance stackup only include the tolerances speci-
fied on the applicable part and assembly drawings. That makes sense, as one 
would expect specified tolerances to be included in a tolerance stackup. However, 
applicable variation from the inspection process and the assembly process must 
also be included. The inspection process may contribute variation where drawings 



Variation and Sources of Variation 43

are based on GD&T and datum features of size are referenced at MMC or LMC 
(MMB or LMB in ASME Y14.5-2009). The assembly process may contribute 
variation where parts are related and/or located by external features within inter-
nal features, such as fasteners within holes. Loading and application of forces also 
play a role in assembly-level variation, as parts are deformed as they are loaded. 
Note that the force of gravity may also play a role in deformation, especially for 
very flexible parts.

A list of general and specific sources of variation and examples follows. This 
list includes the sources of variation that may originate within the manufactur-
ing process, the inspection process and the assembly process. Of all the potential 
sources of variation listed below, only specified tolerances, datum feature shift 
and assembly shift should be included in a tolerance stackup—the other sources 
of variation are included here merely for descriptive purposes.

ManuFacTurinG Process liMiTaTions (Process caPabiliTy)

Manufacturing processes have a limit to their accuracy and precision. For any 
given process, certain tolerances are easily achievable without extra effort or 
care. These are well within the process capability. Closer tolerances are achiev-
able, but at increased cost due to the extra time and labor required or because 
some parts are out of tolerance and thrown away. Even closer tolerances may be 
virtually unachievable, due to the inherent variation in the process. If a particular 
process is not accurate or precise enough, a different process or design should 
be sought.

Information describing the process capability (precision and accuracy) of shop 
machinery is available from its manufacturer and can be found in the user’s man-
ual; however, this information from the user’s manual typically only applies to new 
equipment in a special environment. To maintain the capability of the equipment 
requires that many factors are in place and certain conditions are maintained. 
Examples include that the machinery is set level, that it is clean, that there are no 
obstructions to any working mechanisms, that there is no damage to any working 
components, that humidity and temperature levels are controlled within specified 
limits and, very importantly, that the machinery has been properly maintained.

To get a more accurate picture of the processing machinery’s capability, the 
author suggests obtaining recent statistical process control (SPC) data from the 
machinery for the part or parts under consideration. If it is a new design, use recent 
SPC data from a similar part or parts. This will ensure that the data best represents 
the variation that will be encountered while manufacturing the part or parts.

Tool Wear

Cutting tools, drills and dies all wear as they age due to friction with the work-
piece (part). As tools wear they reduce in size and become dull. For example, 
this may cause the tool to cut a smaller hole or an out-of-round hole, or to shear a 
surface farther from its nominal location.
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oPeraTor error and oPeraTor bias

Operator error includes aspects such as improper handling of raw materials, 
improper clamping of material and improper sequence of operations, among oth-
ers. In automated processes, these errors are also possible, but, it is hoped, with 
less frequency and effect. Factors such as training, turnover of personnel and time 
of day all may have an impact on the frequency and severity of operator error.

Operator bias includes the effects of human factors and ergonomics, such as 
whether the operator is left handed or right handed, taller or shorter, stronger or 
weaker, etc. Depending on the process, these factors may play a role in biasing the 
process one way or the other.

VariaTions in MaTerial

Variations in the material from the foundry, or material formed or cut by a previ-
ous process contribute to possible variation. Of primary concern in mechanical 
tolerance analysis is the variation in size or form of raw material or stock shapes, 
such as sheet thickness, stock size variations or the angle between the sides of an 
extruded structural shape. Other types of material variation may include aspects 
such as hardness, ductility, porosity, chemical composition or resistivity (or con-
ductivity) to name a few.

aMbienT condiTions

Temperature, humidity, vibration, cleanliness and other ambient factors affect the 
finished product.

Operating a machine in an environment that is outside the specified tempera-
ture range can affect the process greatly. Cooling systems may not be able to 
maintain the required operating temperature in an environment that exceeds the 
specified temperature limits. Lubricants may break down more quickly in an 
excessively hot environment, and lubricants may be too viscous to effectively 
reduce wear between machine components in an environment that is too cold.

Lack of adequate clearance around the equipment can also have an effect. For 
example, obstructions in the path of stock being fed into the machine could force 
the operator to feed the stock at an angle, affecting the final product. Inadequate 
clearance for maintenance could also lead to problems, as a machine that is dif-
ficult to service is likely not serviced—the more difficult it is to service a piece 
of equipment, the less likely it will be serviced. Inadequate clearance for cooling 
could lead to higher than expected operating temperatures. Inadequate clearance 
for services or improper routing and alignment of services, such as cooling water 
or drains, can also have deleterious effects on the process.

diFFerence in ProcessinG equiPMenT

Parts manufactured on a piece of equipment in one plant, such as a vertical gun 
drilling machine, may be manufactured on a completely different machine at 
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another plant, such as a horizontal gun drilling machine. Obviously there are dif-
ferent factors such as gravity and the capabilities of the machinery to consider in 
these cases. There may also be differences in the quality of parts manufactured on 
the same model of equipment in the same plant, owing to a number of factors.

diFFerence in Process

A part that is manufactured using different processes on different processing lines 
is likely to have very different tolerances. Each process and machine will affect 
the part and its tolerances in a different way. For example, if a hole is die cast in 
plant A, drilled in plant B, drilled using a drill bushing in plant C, and reamed in 
plant D, the hole will have different tolerances as a result of each operation.

Poor MainTenance

Processing machinery may be neglected, and preventative maintenance may be 
lacking. Hence the precision and accuracy possible when the machine was new, 
or properly maintained, is lost over time. Often this is a result of the demands and 
pressures of productivity, which may leave little downtime for maintenance.

Remember, the more difficult it is to service a piece of equipment, the less 
likely it will be serviced.

insPecTion Process VariaTion and shorTcuTs

Although this may not seem like a source of manufacturing process variation, it is 
perhaps one of the most likely sources of apparent variation between processes.

Parts are often inspected in a manner that doesn’t quite get the correct infor-
mation, but in a quick and dirty world, the method is deemed to be an adequate 
approximation, and the risk worth taking. For example, size tolerances apply to 
the entire toleranced feature (i.e., the entire feature must be within the specified 
size tolerances), but it is common for only a single measurement at one location 
on the part to be taken.

Consider a part that is manufactured in two shifts in a plant and inspected 
using a different inspection process for each shift. Each inspection process uses 
different methods to “verify” that the tolerances have been met. Yet, each pro-
cess reports different results for the same measurement. The apparent measured 
difference between the parts manufactured during the day shift and night shift 
doesn’t exist. The error is in the shortcuts taken in the inspection process, not in 
the manufacturing process!

The aspect of uncertainty of measurement must also be discussed here. A 
measurement cannot be any more precise than the device used to make the mea-
surement. As a general rule, the precision and accuracy of all measuring devices 
and procedures should be tested and verified before making any measurements. 
The error inherent in the inspection process must be quantified. This represents 
the uncertainty in the process. Good practice dictates that the inspection process 
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error should be subtracted from the limits being measured. Some forward think-
ing corporations require their suppliers to adhere to this practice, often to the 
supplier’s dismay. The reader is directed to the ASME Dimensional Metrology 
Standard Series B89, for more information.

The various sources of inspection process variation listed above are not 
included in tolerance stackups. However, there is one inspection process variable 
that must be included in tolerance stackups where it may be a factor: datum fea-
ture shift. Datum feature shift is encountered on drawings based on GD&T, and 
it occurs where datum features of size are referenced at MMC or LMC (MMB 
or LMB in ASME Y14.5-2009) in a feature control frame. Datum feature shift is 
discussed in great detail in Chapter 9.

asseMbly Process VariaTion

The assembly process can have a profound effect on assembly variation. It is 
very important that the designer understands the assembly process. Assuming the 
wrong assembly process during design can lead to serious problems. The sequence 
of assembly operations has a huge effect on the relationship between the features 
of assembled parts. For example, how parts are held, how and whether they are 
fixtured, which fasteners are started first, whether all fasteners are started before 
tightening any fasteners are factors that affect the relationship between parts of 
the finished assembly. Most of the tolerance stackups in this book assume a cer-
tain assembly process, such as starting all fasteners in a pattern simultaneously. It 
is critical that the tolerance analyst understands the assembly process and builds 
the tolerance stackup accordingly.

Assembly shift is often the largest contributor in tolerance stackups where 
parts are assembled and located by fasteners passing through holes in mating 
parts. Assembly shift must be included in all tolerance stackups where parts are 
located by internal features within external features, such as by fasteners passing 
through clearance holes or a key within a keyway in mating parts. The clearance 
between the mating external features and the internal features allows the parts to 
shift during the assembly process, hence the name assembly shift. Assembly shift 
is discussed in great detail in Chapter 9.

Many times interference is seen between mating parts at assembly, and the 
knee-jerk reaction is that the interfering features are out of tolerance. The indi-
vidual part manufacturing processes are then modified to eliminate the interfer-
ence. Unfortunately, in many cases the real problem was not solved, because the 
parts were not out of tolerance, they were assembled improperly, or there was a 
problem with the assembly process.

As well as the individual parts, the assembly process must be scrutinized any 
time there is a tolerance problem at assembly.

There are many other sources of variation not listed here. This is merely a sample 
of some of the sources of variation that are commonly encountered in industry.
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6 Tolerance Analysis

WhAt Is tolerAnce AnAlysIs?

Tolerance analysis is a global term that includes two subcategories: first, it 
describes the methods used to determine the meaning of individual tolerancing 
specifications; second, it is the process of determining the cumulative variation 
possible between two or more features. The second part of the definition is com-
monly called a tolerance stackup. Generally speaking, the terms tolerance analy-
sis and tolerance stackup are used to describe the analysis of variation, even 
though some sources of variation are not strictly from tolerances.

Before a tolerance stackup can be performed, the first step in the process is 
to clearly understand the dimensioning and tolerancing specifications applied to 
a drawing or annotated model. Each tolerancing specification must be broken 
down, and its meaning must be translated into a form that can be used in a tol-
erance stackup. Tolerancing specifications may be complex—understanding the 
meaning and the ramifications of the tolerancing specifications you specify or 
the specifications that someone else has specified is an art. It takes training and 
practice to be able to fully understand tolerancing specifications. Although this is 
not a GD&T text, this book includes many examples and guidelines for breaking 
down various geometric dimensioning and tolerancing specifications. Refer to 
this author’s GD&T books for more information about GD&T.

The second step is to perform a tolerance stackup. Using the tolerance stackup 
techniques presented in this text allows the tolerance analyst to study the cumu-
lative effects of multiple tolerances. Most often, a distance or displacement is 
chosen as the subject of the study, which usually represents a nominal gap or 
interference. Typically the distance or gap between the features to be studied is 
not directly dimensioned or toleranced. This may be the distance between two 
parts that must not touch, the distance between a bolt head and a flange at 90°, 
the total variation between two parts on an assembly that must fit within a given 
space, or a determination whether a pin will fit though a hole.

Tolerance stackups provide a numerical answer to a question. Typical ques-
tions include

Will these two surfaces touch in their worst case? If so, how much will •	
they interfere?
What is the minimum distance between the bolt head and the flange •	
at 90°?
What is the maximum thickness of the two parts that must fit within •	
this groove?
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Will the pin fit within the hole?•	
How large can the body of the switch be and still assemble?•	
What is the worst-case largest angle possible between these surfaces?•	
How do I know if the worst-case assembly will satisfy its dimen-•	
sional objectives?
Why is there interference between these existing parts? Is the interfer-•	
ence allowed by the part tolerances and the assembly process?
If we reduce the size of a pattern of clearance holes, will the parts •	
still assemble?
Will the dimensioning and tolerancing scheme used on the parts allow •	
too much variation at assembly? Should the drawings be redimensioned 
and retoleranced to reduce the accumulation of tolerances?
If we change the assembly process, how will that change affect the varia-•	
tion between assembled components?
If we chuck the part using a particular cylindrical feature, how much •	
tolerance is allowed for a coaxial feature?

Notice that some of these questions pertain to parts that may still be on the draw-
ing board, and some pertain to parts and assemblies that already exist. Tolerance 
analysis may be used to solve tolerancing problems in both situations.

Some parties make the distinction that tolerance analysis is the act of deter-
mining the variation between existing features, that the part features have already 
been manufactured and/or assembled, and that a tolerance stackup applies to new 
parts or parts still under development. Their definition makes an unnecessary 
distinction and misses the point. As I stated in the first paragraph of this chapter, 
tolerance analysis is the study of individual tolerances and their meanings, and it 
is the study of the cumulative variation between part features. Tolerance stackups 
are the means of analyzing and predicting that variation, regardless of whether 
the features exist only on paper or the parts have already been manufactured. The 
same methods are used in both cases.

The subject of a tolerance analysis may be to verify a required clearance, or 
it may be to verify a required interference condition. Examples are verifying the 
amount of interference on a press-fit pin or the interference between the com-
ponents of a switch or verifying that parts will touch to facilitate an automated 
welding operation.

Perhaps the most common tolerance analysis is to verify fit. The size, orientation 
and location of every clearance hole and threaded hole that receives a fastener must 
be determined using tolerance analysis. Some of these tolerance analyses are so 
simple that the engineer doesn’t even realize that he or she is analyzing tolerances!

When tolerance analysis is used to solve a given problem, the method used is 
commonly called a tolerance stackup. This is because as dimensions and their 
tolerances are added together, they “stack up” to add to the total possible varia-
tion. Dimensions and tolerances are stacked up to form a chain of dimensions and 
tolerances, which can be followed head to tail from one end of the distance under 
consideration to the other.
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WhAt Is A tolerAnce stAckup?

Quite simply, a tolerance stackup is a decision-making tool. By performing a 
tolerance stackup, information is obtained that helps to answer one or more ques-
tions about a particular design. The information obtained is numeric—the result 
of a tolerance stackup is almost always a minimum and maximum distance and 
typically only one of these limits is of interest. If statistical results are desired, a 
distribution of the possible results may be plotted, along with predictions of sta-
tistically probable variation.

Once a tolerance stackup is completed, the information obtained can be used 
to determine if a change must be made to the part and assembly geometry, to 
their dimensions and/or tolerances, to the dimensioning strategies used on the 
part and assembly drawings or annotated models, to the assembly process, or to 
the manufacturing process. The variation predicted by a tolerance stackup can be 
reduced in a number of ways. For example, if an undesired interference is found 
at worst case, the designer may decide to change the dimensioning and toleranc-
ing scheme or to change one or more dimensions or tolerance values for one or 
more features. The parts in an assembly may be redesigned, eliminating loose fits 
that lead to misalignment at final assembly. Parts may even be eliminated from 
an assembly by modifying the mating parts, eliminating contributing tolerances 
from the tolerance stackup.

A very effective way to reduce the variation at assembly is to assemble parts 
using a fixture. Assembling parts in a fixture almost always leads to less variation 
at final assembly. A very common technique is to use features such as holes to 
locate mating parts on pins in the fixture. These holes are added to the parts, and 
often have no function other than fixturing. The holes are typically tight fitting, 
having very little clearance with the locating pins. The purpose of most assembly 
fixtures is to reduce the variation between important features on mating parts. In 
cases like this where an assembly fixture is used to reduce variation, it is a good 
idea to use the fixturing features as datum features and to relate (tolerance) the 
features being controlled to the fixturing features. This will also help reduce the 
variation encountered at assembly.

Although fixturing is a great idea, and usually reduces both the variation at 
assembly and the overall cost, fixturing is often misapplied. The most common 
misapplication is where the fixture is an afterthought, and it is not coordinated 
with all parties involved. A common scenario is where assembly engineers 
encounter excessive variation at assembly and create an assembly or welding fix-
ture to reduce the variation. Redlines are sent to design engineering to modify 
the parts, adding fixturing holes to the parts in the assembly. Design engineering 
changes the drawings, adding the features, but leaves the features either untoler-
anced or loosely toleranced because they are features for manufacturing. This is 
a mistake—the fixturing features are functionally very important and should be 
integrated into the revised design, not just dropped on the drawing.

Remember the fundamental rule in ASME Y14.5M-1994 and ASME Y14.5-
2009 that states that a drawing shouldn’t specify manufacturing methods? The 
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water gets a little muddy here, as these fixturing features are functional. Even 
though they are requested by manufacturing, they are functional because they 
locate the parts to one another at assembly. The precision of the fixturing features 
affects how precisely the parts are located by the fixture. Remember the statement 
in the last paragraph that fixturing features should be used as datum features? 
Here’s the reason: In cases like this, the fixturing features become the principal 
locators for the mating parts—the features on the parts assembled in the fixture are 
related to the fixturing features. Fixturing features are functional if used properly.

In order to do a tolerance stackup between features on the parts that were assem-
bled in a fixture, the chain of dimensions and tolerances must pass from a feature 
on one fixtured part, through its fixturing features, through the fixture, through 
the fixturing features on the other part in the assembly, to a feature on the other 
part. The fixture and its tolerances have become an integral part of the tolerance 
stackup between the parts. Thus, the fixture tolerances must be included in the 
tolerance stackup if assembly fixtures are used. Fixture dimensions and tolerances 
are included in the tolerance stackup just like part dimensions and tolerances.

Fixture tolerances vary, but fixtures are usually manufactured to much tighter 
tolerances than the parts they assemble. Generally, fixture tolerances are often 
5% or 10% of the part tolerances. This is only a general rule; the fixture draw-
ing should be reviewed to determine the dimensions and tolerances required for 
the tolerance stackup. The fixture manufacturer should be consulted if the fix-
ture drawing is unavailable. If the fixture drawing and the fixture manufacturer 
are unavailable, the fixture tolerance values may be assumed. The same rules 
for assuming part tolerances must be followed in this case. See the material on 
assumptions near the end of Chapter 9.

In a tolerance stackup, the chain of dimensions and tolerances is separated into 
two groups: the dimensions that are followed in one direction are labeled as posi-
tive, and the dimensions that are followed in the opposite direction are labeled as 
negative. Generally, the tolerance stackup process is as follows:

The distance to be studied is identified and labeled.•	
The positive and negative directions of the tolerance stackup are identified.•	
A tolerance stackup sketch is created.•	
The dimensions in the positive direction are added together.•	
The dimensions in the negative direction are added together.•	
The negative direction total is subtracted from the positive direction •	
total to find the “nominal” distance.
All applicable tolerances, occurrences of assembly shift and other vari-•	
ables are added together. This is the total possible variation.
Half of the total possible variation is added to the nominal distance to •	
find the upper limit for the distance.
Half of the total possible variation is subtracted from the nominal dis-•	
tance to find the lower limit for the distance.

This entire process is covered in detail in the next two chapters.
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Why perForm A tolerAnce stAckup?

There are many examples where tolerance analysis provides valuable information 
as to whether a design will function properly. As described above, each part is 
composed of toleranced (variable) features. Assemblies are composed of vari-
able parts, and additional variation may occur as part of the assembly process. 
As more toleranced dimensions stack up, more and more variation is possible. 
Obviously, the greatest variation is possible in complex assemblies of many parts. 
Note that tolerances alone are not the only source of variation in an assembly. 
The assembly process, how and whether parts are loaded or subjected to forces at 
assembly, and other factors may add to the total variation in a tolerance stackup. 
So, the terms tolerance analysis and tolerance stackup are used in this text to 
describe studies of possible variation, even though some of the sources of varia-
tion are not directly dictated by tolerances.

A tolerance stackup allows us to determine the maximum possible variation 
between two features on a single part or more commonly between components in 
an assembly. There are several reasons it is important to know how much varia-
tion is possible.

A tolerance stackup allows the analyst to

Optimize the tolerances of parts and assemblies in a new design.•	
Balance accuracy, precision and cost with manufacturing process •	
capability.
Determine the part tolerances required to satisfy a final assembly •	
condition.
Determine the allowable part tolerances if the assembly tolerance is •	
known.
Determine if the parts will work at their worst-case condition or with the •	
maximum statistical variation.
Determine if the specified part tolerances yield an acceptable amount of •	
variation between assembled components.
Troubleshoot malfunctioning existing parts or assemblies.•	
Determine if problems with existing parts or assemblies is a function of •	
the design or a function of a manufacturing process problem.
Determine the effect changing a tolerance value will have on assem-•	
bly function.
Explore design alternatives using different or modified parts.•	
Determine how changes to the assembly process will affect variation •	
between features on mating parts.

It is very important to understand that there are four main factors that deter-
mine which dimensions and tolerances are included in a tolerance stackup:

The geometry of parts and assemblies that contribute to the distance •	
being studied in the tolerance stackup
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The dimensioning and tolerancing schemes on the drawings of the parts •	
and assemblies in the tolerance stackup
The assembly process (how the parts are assembled)•	
The direction of the tolerance stackup and the direction of the dimen-•	
sions and tolerances

The geometry of the parts and assemblies being studied plays a huge role in deter-
mining which features affect the distance being studied. How parts mate at assembly, 
which surfaces touch, the angle of the interface(s) and which features locate the parts 
relative to one another also play a role. This is a result of the physical shape of the parts, 
the physical relationship of the part features to one another and the physical relation-
ship between the parts in the final assembly. Again, these are all physical functions, 
directly attributable to the geometry of the parts and assemblies being studied.

The dimensioning and tolerancing schemes used on the part and assembly 
drawings also play a huge role in determining which dimensions and tolerances 
must be included in the chain of dimensions and tolerances. Drawings of parts 
that have been functionally dimensioned and toleranced will add fewer dimen-
sions and tolerances (less variation) to the chain of dimensions and tolerances 
because the designer looked ahead and tried to minimize the accumulation of the 
tolerances for an important feature relationship. Drawings of parts that have been 
dimensioned and toleranced using plus/minus typically will add more dimensions 
and tolerances to the chain of dimensions and tolerances, because the plus/minus 
system is imprecise, inaccurate and incapable of communicating the information 
required to reduce the accumulation of the tolerances for an important feature 
relationship. That said, parts dimensioned and toleranced using GD&T may also 
be imprecise and inaccurate and also may add extra tolerances to the chain of 
dimensions and tolerances, but to a lesser degree than with plus/minus. If a part 
is dimensioned and toleranced poorly, it is likely that more dimensions and toler-
ances will be “chained” and that there will be more than one dimension and toler-
ance between important features.

Many times I have been asked to perform a tolerance stackup for a client using 
drawings that are dimensioned and toleranced in a manner that was easy to do 
with their CAD system but did not reflect the functional requirements of the part 
at all. An example of this can be seen in Figure 2.2, where all the dimensions and 
tolerances are apparently related to a corner of the part. This is very easy to do 
using most CAD systems, and in many cases it makes it easy for an NC program-
mer to enter the data into a computer numerically controlled (CNC) manufactur-
ing program, but in most cases makes no sense when considering the functional 
requirements of the part. Perhaps surprisingly, it is also difficult to establish a 
clearly defined origin for all the part features from such a dimensioning and toler-
ancing scheme. Again, this is a result of the ambiguity of the plus/minus system.

Unfortunately, this sort of dimensioning and tolerancing scheme is very com-
mon. As mentioned earlier, the dimensioning and tolerancing scheme on the draw-
ings can have a huge effect on a tolerance stackup. In fact, a tolerance stackup 
done to find the variation possible between two features on poorly dimensioned 
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and toleranced drawings, and the same tolerance stackup done on the same parts 
with their drawings revised with functional dimensioning and tolerancing will be 
very different. There will be far more dimensions and tolerances in the tolerance 
stackup for the poorly dimensioned and toleranced parts, and there will likely 
be far more assumptions required. The functionally dimensioned and toleranced 
drawings will yield a more compact tolerance stackup with far less ambiguity, 
therefore requiring far fewer assumptions.

The assembly process also plays a large role in which dimensions and toler-
ances are included in the chain of dimensions and tolerances. Understanding if 
parts will be assembled by hand, if they will be assembled on an assembly line or 
if they will be assembled using a fixture is very important. The assembly process 
can add or remove variation in several ways. Later we will learn about assembly 
shift, which is a function of clearance between mating locating features. In some 
cases, such as where large clearance holes locate one part to another and no fix-
turing is used, the assembly process may add more variation than the sum of the 
tolerances on the parts. In other cases, parts may be assembled using a fixture that 
locates the parts using fixturing features that have nothing to do with the final 
application of the part. In these cases the chain of dimensions and tolerances must 
pass through the fixturing features to accurately represent the potential tolerance 
accumulation. Fixture tolerances should also be included in the chain of dimen-
sions and tolerances in these cases. The effect of the assembly process will be 
discussed in detail in later chapters.

The direction of a linear tolerance stackup is always along a straight line. The 
methods taught in this text are for linear, one-dimensional tolerance stackups. 
Once the direction is chosen, all the dimensions and tolerances that affect the 
distance being studied are included in the tolerance stackup. Dimensions and 
tolerances on surfaces at an angle to the tolerance stackup direction may need 
to be projected into the direction of the tolerance stackup using trigonometry. 
Dimensions and tolerances that are perpendicular to the tolerance stackup direc-
tion typically have no effect on the tolerance stackup and are usually not included 
in the chain of dimensions and tolerances. This topic is addressed in greater detail 
later in the text.

methods And types oF tolerAnce AnAlysIs

There are two methods of performing a tolerance analysis: manually modeled and 
computer modeled. Manually modeled analyses are done by hand, using pen and 
paper, or using spreadsheet programs. Manual analyses are typically limited to 
linear (one-dimensional) variation. Several linear analyses may be combined to 
determine two- or three-dimensional variation, but great care must be taken to 
ensure redundant items are not included in the analyses. Three-dimensional analy-
ses are best suited to computer-modeling tools. Computer-modeled analyses are 
performed by computer statistical simulation programs. Programs are available 
for one-, two-, and three-dimensional analyses. Chapter 21 discusses three-dimen-
sional tolerance analysis and provides an example of a leading software tool.
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There are two major types of tolerance analysis: worst-case (arithmetic) and 
statistical. Worst-case tolerance analyses represent the largest (worst-case) pos-
sible variation. For a tolerance stackup with many dimensions and tolerances, 
statistical tolerance analyses may be more appropriate. Statistical tolerance analy-
ses use one of several techniques for determining the likely maximum variation, 
which is usually less than the worst-case result. The most common technique is 
the root-sum-square (RSS) method. Statistical tolerancing is based on a number 
of factors that will be discussed in Chapter 8. Computer programs and spread-
sheets make statistical tolerance analyses easier to perform, as the math can be 
built into the program.

Tolerance stackups may be done on any toleranced part, or any assembly of 
toleranced parts. A meaningful tolerance stackup cannot be done on a part or 
assembly that is not toleranced. Tolerances are required on each contributing 
feature of each part affecting the dimension to be studied. If the tolerance val-
ues are assumed or it is decided to use the manufacturing process capability 
(be very careful here), the result of the tolerance stackup will only be a guess. 
The more uncertain you are about the accuracy of the data entered into the tol-
erance stackup, the less certain you can be about the output, which is true of 
any mathematical exercise. The only way to be sure of the results of a tolerance 
stackup is to use tolerances that are clearly specified on the drawing or in a 
related document.

To recap, tolerance stackups are performed to determine the variation of a sin-
gle untoleranced dimension or distance. An example of an untoleranced distance 
on a single part can be seen in Figure 6.1, and untoleranced distances on several 
assemblies can be seen in Figure 6.2.

FIgure 6.1 Single part with missing dimensions.



Tolerance Analysis 55

FIgure 6.2 Assemblies with missing dimensions.
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7 Worst-Case 
Tolerance Analysis

Worst-case tolerance analysis determines the absolute maximum variation pos-
sible for a selected distance or gap. This distance is usually not dimensioned (it 
may have a reference dimension) and is not directly toleranced. If it were directly 
toleranced, no study would be necessary, as the limits would already be defined. 
When performing a tolerance stackup, dimensions, tolerances and other variables 
are added and subtracted to obtain the total variation of the distance being consid-
ered. This method assumes that all dimensions in the tolerance stackup may be at 
their worst-case maximum or minimum, regardless of the improbability.

Tolerance stackups as defined in this text follow a chain of dimensions and 
tolerances. The dimensions and tolerances in a tolerance stackup are called a 
chain of dimensions and tolerances because the dimensions and tolerances that 
make up the tolerance stackup are arranged like the links in a chain and follow 
head-to-tail from one end of the distance being studied (call it point A) to the other 
(call it point B).

A step-by-step explanation of how to perform worst-case (arithmetic) tolerance 
stackups follows.

Worst-cAse tolerAnce stAckup WIth dImensIons

 1. Select the distance (gap or interference) whose variation is to be deter-
mined. Label one end of the distance as A and the other end as B (See 
Figure 7.1).

 2. Determine if a one-, two-, or three-dimensional analysis is required.
 a. If a two-dimensional analysis is required, determine if both direc-

tions can be resolved into one dimension using trigonometry. If not, 
a linear tolerance stackup is not appropriate, and a computer pro-
gram should be used for the tolerance analysis.

 b. If a three-dimensional analysis is required, a linear tolerance stackup 
is probably not appropriate, and a computer program should be used 
for the tolerance analysis. See Chapter 21 for more information about 
3D tolerance analysis.

 3. Determine a positive direction and a negative direction.
 a. The positive direction in a tolerance stackup is easy to assign. The 

positive direction is the direction from point A to point B. Once the 
sides of the gap or distance being studied are labeled as A and B, the 
positive direction is the direction pointing from A toward B. (Note: 
The method used to determine the positive and negative directions 
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is defined differently in this edition of the text. The method defined 
here is simpler.)

 b. Positive dimensions are indicated by placing a “+” sign adjacent to 
the dimension value (see Figure 7.2). Dimensions should also be 
assigned a direction by placing a dimension origin symbol at the 

FIgure 7.2 Worst-case chain of dimensions and tolerances number 2.

FIgure 7.1 Worst-case chain of dimensions and tolerances number 1.
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end where the dimension starts and an arrowhead at the other end 
where the dimension terminates. All dimensions in the chain of 
dimensions and tolerances that are followed in the direction from 
A toward B shall be labeled as positive dimensions. All dimensions 
that are followed in the opposite direction shall be labeled as nega-
tive dimensions.

 c. Now build the chain of dimensions and tolerances. Always start at 
Point A. If the direction of the dimension originating at A points 
toward B, then label it positive using a “+” sign, a dimension ori-
gin symbol, and arrowhead as described in item 3.a above. If the 
dimension points away from B, label it negative using a “-” sign (see 
Figure 7.3). Identify the chain of dimensions and tolerances from 
point A to point B, and label all dimensions in the same direction 
positive or negative.

 d. Follow the chain of dimensions and tolerances from point A to point 
B. You should be able to follow a continuous path from the start to 
the end of each dimension in the chain from point A to point B (see 
Figure 7.4).

FIgure 7.3 Worst-case chain of dimensions and tolerances number 3.



60 Mechanical Tolerance Stackup and Analysis, Second Edition

In this example, the first dimension starts at point A and ends at the left edge 
of the part. The second dimension starts where the first dimension ends, and ends 
at the right edge of the part. The third dimension starts where the second dimen-
sion ends. The fourth dimension starts where the third dimension ends, and ends 
at point B.

If the dimensions are not properly labeled, the nominal distance may be nega-
tive after the negative total is subtracted from the positive total. If this happens, 
check the + or – labels assigned to the dimensions, making sure that the sum of 
the positively labeled dimensions is larger than the sum of the negatively labeled 
dimensions. Remember that the total value of the positive dimensions must 
include distance A-B.

 4. Convert all dimensions and tolerances to equal-bilateral format (see 
Figure 7.5). Instructions for how to do this are included in Chapter 4.

 5. Now all the dimensions and tolerances are entered into a chart and 
totaled for reporting purposes. Place each positive dimension value in 
the positive column on a separate line. Place each negative dimension 
value in the negative column on a separate line (see Figure 7.6).

 6. Place the tolerance value for each dimension in the tolerance column 
adjacent to each dimension. This value is half the total variation allowed 
by the tolerance (see Figure 7.6).

 7. Add the entries in each column, entering the results at the bottom of the 
chart (see Figure 7.6).

FIgure 7.4 Worst-case chain of dimensions and tolerances number 4.
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 8. Subtract the negative total from the positive total. This gives the nominal 
dimension or distance (see Figure 7.7). In cases where all the dimensions 
and tolerances in the chain were not originally in equal-bilateral format 
this value will probably be different than the distance that is measured 
directly from a drawing or CAD model. [Note: This value should be 
positive. If it is negative, some dimensions may be missing, some dimen-
sions may have been assigned the wrong directional sign or some dimen-
sions and tolerances may have the wrong values entered. (Or the design 
could be faulty.) Remember that the total value of the positive dimen-
sions should be greater than the total value of the negative dimensions. 
(See step 3.)]

 9. Apply the total tolerance. Adding and subtracting the tolerance from the 
nominal dimension gives the maximum and minimum distance values 
(see Figure 7.7).

In this example the chain of dimensions and tolerances started at the left sur-
face of the distance being studied at point A and proceeded counterclockwise 
around the part until point B was reached. The chain of dimensions and toler-
ances could also have started at the right side of the distance being studied and 
proceeded clockwise. In most cases it doesn’t matter whether the chain of dimen-
sions and tolerances goes clockwise or counterclockwise, to the left or to the right, 
or up or down—all that matters is that all the dimensions, tolerances and other 
variables that contribute to the tolerance stackup are included in the chain of 
dimensions and tolerances, and that the direction of the dimensions are properly 
included as being in the positive or negative direction.

FIgure 7.5 Worst-case chain of dimensions and tolerances number 5.
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Assembly shIFt

Assembly shift represents the amount that parts can move during assembly due to 
the clearance between a hole and a fastener, a hole and a shaft, a width and a slot 
(like a key and keyway) or between any external feature within an internal fea-
ture. To put it another way, assembly shift accounts for the freedom parts have to 
move from their nominal locations due to the clearance between mating internal 
and external features at assembly.

An internal cylindrical feature (such as a hole) may shift about an external 
cylindrical feature (such as a bolt or a pin) in all directions normal to the axes of 
the features. Consider the example of a flat washer with a bolt passing through 
its center hole shown in Figure 7.8. The washer is free to shift or move in any 
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Worst-Case Tolerance Analysis 63

direction perpendicular to the bolt. All it takes is a slight force to nudge the washer 
one way or the other about the fastener.

Parts are routinely subjected to forces during assembly. If there is clearance 
between mating parts with holes and fasteners, assembly forces may push the 
parts until the holes and fasteners are in contact. Torquing one set of bolts may 
rotate a part about the bolts, making it difficult or impossible to engage a sec-
ond set of fasteners or other mating features. Care must be taken to accurately 
reflect the assembly sequence when performing a tolerance stackup. Gravity is an 
example of a force that is always present (at least here on earth). It is common for 
parts assembled vertically to always be biased downwards, the force of gravity 
pulling the parts and fasteners down against the holes. The effects of gravity and 
assembly sequence are discussed in greater detail in Chapter 18.

Assembly shift is often overlooked and mistakenly omitted from tolerance 
stackups. Most (if not all) tolerance stackups include tolerances specified on the 
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drawing(s), as that variation is clearly specified. The tolerances on the drawing 
and annotated models typically represent the variation allowed by and attributed 
to the manufacturing process. The tolerance values must be functional, that is, 
they must still allow the part to function as intended, but the tolerances speci-
fied on the drawing are typically understood to represent the variational limits 
allowed for the manufacturing process.

Assembly shift is different from tolerances in that it is not specified. Indeed 
it is often not even considered until there is a problem at assembly or until a 
tolerance stackup is performed. Assembly shift is merely a result of clearances 
between mating parts at assembly. It is a measure of how much parts can move 
relative to one another about their locating features.

FIgure 7.8 Shift about a fastener.
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Consider an 8-mm fastener passing through a 10-mm hole. There is 2-mm 
clearance, and the part can shift 2 mm total, or ±1 mm in any direction normal 
to its axis.

Assembly shift is greatest (the most shift is possible) when the hole and the fas-
tener are at their least material conditions (LMC), which are the largest hole and 
the smallest fastener. The difference between the two represents the worst-case 
assembly shift. When considering assembly shift of a clearance hole about a bolt 
or screw, the major diameter of the fastener must be used in the tolerance stackup, 
because the outermost surface of the fastener contacts the surface of the clearance 
hole. A common shortcut, however, is to use the nominal size of the fastener. For 
example, for a metric M8 bolt, 8 mm would be used in the calculations. For an 
inch series .250-20 UNC bolt, .250 in. would be used in the calculations.

If more accurate results are required, use the minimum value for the fastener 
size, which can be obtained from a fastener drawing, a catalog, commercial or 
military specifications, or a source such as the Machinery’s Handbook. Using the 
nominal diameter of a fastener is a liberal approach, as fastener major diameters 
are usually slightly smaller than the nominal size. Using a smaller value for the 
fastener diameter yields a larger assembly shift value when subtracted from the 
maximum hole diameter. However, in many applications using this technique is 
adequate, and the shortcut is taken. The tolerance analyst must be aware of the 
implications of this shortcut and determine if the risk is acceptable. Tolerance 
stackups in this text have been solved using both methods. Where applicable, a 
notation was added to each tolerance stackup stating that the nominal diameter 
was used instead of the major diameter to calculate assembly shift.

Given the hole and fastener combination in Figure 7.9, it is apparent that the 
maximum assembly shift is possible when the hole is manufactured at its largest 
(LMC) size of 10.6 mm. The worst-case assembly shift is determined by sub-
tracting the smallest possible fastener diameter from the largest possible hole 
diameter.

Assembly shift is added to the tolerance stackup as a line item without a sign 
or direction, as it allows the parts to shift in both the positive and negative direc-
tions, similar to an equal-bilateral tolerance. Different than a tolerance, assembly 
shift is a function of mating parts at assembly, and is not associated with a dimen-
sion value, nor is it shown with a dimension origin symbol.

For floating fastener applications where both parts have clearance holes, 
assembly shift is added to the tolerance stackup twice, each line representing the 
amount the holes in each part may shift about the fasteners. The amount each 
part may shift about the fastener is independent of the mating parts and must be 
calculated separately.

For fixed fastener applications where one part has threaded/press-fit holes or 
studs and the other part has clearance holes, assembly shift only needs to be cal-
culated for the part with clearance holes. In fixed fastener cases assembly shift is 
added to the tolerance stackup once representing the amount the clearance holes 
may shift about the fastener.
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Assembly shift is typically not calculated for fasteners within threaded holes 
because fasteners are commonly assumed to be “fixed” within the threaded holes, 
as threads are assumed to be self-centering. From that line of reasoning, the 
threaded holes cannot shift about the threaded fasteners at assembly. This is an 
oversimplification, as there is always some clearance between internal and exter-
nal threads, and assembly forces do bias the threads at assembly. However, due 
to complexity of the geometry, it is very difficult, if not impossible, to quantify 
the amount of assembly shift that will occur between a threaded fastener and the 
threaded hole into which it is inserted. A simplified approach could be to compare 
the difference between the pitch diameters of mating male and female threads, 
which is sometimes called the allowance, and use that value for their assembly 

FIgure 7.9 Worst-case assembly shift.
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shift. Whether this assembly shift would ever be seen is debatable, but in some 
critical cases it may be a good idea to account for the possibility.

The idea that threads mate along the pitch diameter or pitch cylinder is also an 
oversimplification. How actual imperfect threads mate is geometrically complex, 
and the author tends to think of it in a statistical context. There are potentially a 
great number of points in contact between the imperfect helical surfaces of the 
threads contributing to their mating relationship. When the effects of these points 
of contact are considered as a group all along the thread, it is probable that the 
threads approximate being centered.

Additionally, the final contact of the head of the fastener against the mating 
surface most likely biases or tilts the fastener to one side of the threaded hole. 
There is always some amount of angular variation between the mating surface 
and the axis of a threaded hole and between the underside of the head of the fas-
tener and the axis of its screw thread. However, for all intents and purposes this is 
a minor consideration except in the most extreme circumstances, as it occurs last 
in the assembly process and does not affect the fit until disassembly.

Remember, the shortcuts for threaded features described above must be used 
with discretion in critical applications.

Interestingly, assembly shift can also be used to reduce the total variation in cer-
tain cases. It is common in many industries to use slots and oversized holes in mat-
ing parts for the sole purpose of manual adjustment at assembly. The adjustment’s 
sole purpose is to counteract the accumulated tolerances and allow the assembler 
to optimize the relationship between functionally related features. The author has 
designed many assemblies where mating parts had horizontal slots in one part and 
vertical slots in the other part. This allows for a great amount of adjustment, and it 
negates much if not all of the tolerance accumulation in some circumstances. If a 
tolerance stackup was done on such an assembly, the assembly shift (the clearance 
between the slots and the fastener in the direction of the tolerance stackup) would be 
subtracted from the total tolerance. Great care must be exercised in such situations, 
as there is a crucial fact that must be understood: the assembly procedure must be 
absolutely understood to use this technique. It should be formally stated, preferably 
in writing, that the assemblers are to manually adjust the parts at final assembly 
and that the assemblers will use the large assembly shift of the slots to their advan-
tage and find the optimal location for the parts. A problem with this approach is 
that by definition it is subjective and subject to human error. What is “optimal” or 
“aligned” to one assembler may not be the same for another assembler.

Many low-volume assembly methods rely upon their skilled assemblers to 
make adjustments at final assembly. The assemblers are trusted to make good 
decisions and locate the parts correctly. There are three options for handling the 
assembly shift in such situations:

 1. The assembly shift may be included in the tolerance stackup, even 
though the assemblers will likely counteract its effects and use it to their 
advantage. This is probably not a good approach, as it is likely overly 
pessimistic.
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 2. The assembly shift may be eliminated from the tolerance stackup. That 
is, it may not be necessary to include the applicable assembly shift values 
in the tolerance stackup. This is a moderate approach, as it recognizes 
that the assembly shift will not add to the total tolerance predicted by the 
tolerance stackup.

 3. The assembly shift may be subtracted from the total tolerance predicted 
by the tolerance stackup. This reflects the idea that the assemblers will 
use the assembly shift to their full advantage at assembly. However, if 
there is any doubt that the assemblers will use the assembly shift to their 
full advantage and adjust the parts to their absolute optimal location 
every time, it may not be a good idea to subtract the assembly shift from 
the total tolerance predicted by the tolerance stackup. This may be an 
overly optimistic approach.

Many high-volume assembly methods do not allow their assemblers to make 
adjustments at final assembly. Even though the assemblers may possess excellent 
skills and they may have a good understanding of the products being assembled, 
they may not have the time or the authority to make the necessary adjustments. 
Many industries that use assembly lines speed the process up as much as pos-
sible to maximize throughput and increase productivity. Such an environment 
allows parts to end up where they may at assembly, allowing assembly shift to 
fully manifest itself in the process. Most automated or semiautomated assembly 
line methods have no means for adjustment at final assembly. In these cases the 
assembly shift should be included in the tolerance stackup.

There is one other important point regarding adjustment at assembly: the parts 
must be able to be properly adjusted at assembly if the assembly shift is to be 
eliminated or subtracted from the total tolerance. Some parts may be too heavy, 
too large, too small, too awkward, or difficult to access or see the critical dimen-
sion to allow for proper adjustment at assembly. In these cases the assembly shift 
should be included in the tolerance stackup.

This text assumes that there is no adjustment at assembly and that any and all 
possible assembly shift will show up at final assembly. Given that premise, each 
occurrence of assembly shift must be included in the tolerance stackup.

rules For Assembly shIFt

Assembly shift is the amount that parts can move at assembly due to •	
the clearance between an internal feature such as a hole and an external 
feature such as a fastener.
In floating fastener cases assembly shift is added to the tolerance stackup •	
twice, each line representing the amount the clearance holes in each part can 
shift about the fastener. The amount each part may shift about the fastener 
is independent of the mating parts and must be calculated separately.
In fixed fastener cases assembly shift is added to the tolerance stackup once, •	
representing the amount the clearance holes can shift about the fastener.
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Assembly shift is typically not calculated for fasteners within a threaded •	
hole because fasteners are commonly assumed to self-center within the 
threaded holes.
In cases where the results of the tolerance stackup are very critical and •	
the tolerances are tight, it may be necessary to calculate or estimate the 
amount that a threaded fastener may move within a threaded hole.
In cases where oversized holes or slots are used to allow for adjustment •	
at assembly, the assembly shift may be eliminated or even subtracted 
from the total tolerance. This must be done with utmost caution, as the 
tolerance analyst must be absolutely certain that the assembly process 
will allow time for adjustment, the assemblers understand the purpose 
of this extra adjustment, and the parts can be adjusted at assembly; 
i.e., they are not too heavy or awkward to properly be adjusted to an 
optimal position.

Note that the examples and calculations in this section discuss assembly shift as 
translational variation. However, assembly shift may also manifest itself as rota-
tional variation. That is, mating parts may rotate relative to their fasteners and one 
another as a function of assembly shift. This topic is addressed in greater detail in 
Chapter 15 and in Advanced Tolerance Stackup and Analysis by Bryan R. Fischer 
(2011, Advanced Dimensional Management Press, ISBN13: 978-0-9843153-1-4).

the role oF AssumptIons In tolerAnce stAckups

Assumptions play a very important role in tolerance stackups. It is very com-
mon to find that all the required information is not available when performing a 
tolerance stackup. There are a number of reasons, including incompletely dimen-
sioned and toleranced drawings, purposefully incomplete supplier drawings, mis-
takenly incomplete supplier drawings, drawings dimensioned using ± instead of 
GD&T, and incompletely documented parts taken from catalog data sheets, to 
name a few.

Many drawings, especially older drawings, are incompletely dimensioned and 
toleranced. A good example is a part with several nominally coaxial diameters, 
such as the pin in Figure 7.10.

The features are drawn or modeled coaxial, but their coaxial relationship is 
not toleranced, only their sizes are toleranced. Everyone dealing with such a 
part must guess how accurately they must be positioned. A common stance is 
to fall back upon the process: “Hey, these are turned on a lathe in the same 
operation—they’ll be coaxial.” Ask the question: “How much variation can there 
be in their coaxiality?” or “How far apart can their axes be?” The answer will 
almost always fall back on the process capability, say, a few thousandths of an 
inch or the metric equivalent. This is, of course, a guess and does not establish 
legal limits of acceptability in the same sense as a stated tolerance. If a guess is 
deemed acceptable and used in a tolerance stackup, it must be so stated in the 
tolerance stackup report.
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Many supplier or vendor drawings are incomplete, either purposefully for pro-
prietary reasons or as a result of oversight or tradition. A phone call to the supplier 
requesting either the actual tolerance or an estimate must be made. Again, the 
source of the information and the fact that it is an assumption should be stated in 
the report.

Aside from the size dimension and tolerance on a feature of size, all plus/minus 
dimensioned and toleranced components require assumptions to make them work 
in tolerance stackup. As most engineers and shop personnel have been using ± 
dimensions and tolerances for a long time, they are likely unaware of these assump-
tions in interpretation. It is beyond the scope of this text to explain the difference 
between ± tolerancing and GD&T. Suffice it to say that if it is critical that parts 
function and fit at assembly, GD&T is the only way to ensure this will happen.

Catalog parts present a special problem, as it is very common to have no tol-
erances available on a catalog data sheet. More commonly a detail is included 
showing the required mating part geometry. Unfortunately, these are typically 
inadequate from a tolerance analysis point of view, as without the tolerances for 
the catalog component it is unclear how their numbers were derived. Using the 
dimensioning and tolerancing data verbatim from the catalog may lead to an 
undesirable situation in many circumstances. It is a good idea in such cases to call 
the manufacturer and ask for the required information.

Many parts, such as bearings, bushings, press-fit inserts, and any parts that 
are based on some sort of fit, are usually toleranced such that the dimensions 
and tolerances specified in the catalog are necessary for performance. Using 
different dimensions and tolerances than the ones specified in the catalog can 
lead to diminished performance. Care must be taken when dealing with such 
components, as the catalog data usually do not allow for mating features to be 
misaligned, which almost always happens when mating features are subject to 
positional or location tolerances.

Parts more likely to be a problem and require altered tolerances are switches, 
covers, connectors, and other parts where the cutouts are shown in a catalog data 

FIgure 7.10 Coaxial pin without GD&T.
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sheet. Typically these cutout details do not take location or positional tolerances 
into account.

As shown in Chapter 18, fixed and floating fastener calculations are used to 
calculate how much holes must be oversized to account for the size of the mat-
ing fastener or pin and the positional tolerance on the holes. It is common for 
holes to be improperly sized on drawings prepared using the plus/minus system 
because the clearance holes are too small to account for their potential varia-
tion in orientation and location. Most drawings prepared using ± use rectangular 
coordinate dimensions and tolerances, and the holes have locational ± tolerances 
in two directions, X and Y. For the holes to be properly sized, the fixed and float-
ing fastener formulas in Chapter 18 must be used, and the diagonal distance or 
hypotenuse of the rectangular tolerance zone must be calculated and used in the 
formulas. This is rarely done. Many companies use a standard clearance hole 
chart that sizes all clearance holes 1 mm or .0625 in. larger than the fastener. Used 
alone, this method is inadequate and often leads to interference at assembly. If it 
is necessary that a clearance hole does not interfere with a mating fastener, then 
the formulas presented in Chapter 18 must be used.

In all fairness, many manufacturers that do not completely tolerance their com-
ponent drawings simply don’t know the value of the missing tolerance. The best 
they can do is tell you the tolerance their process can produce capably. They may 
not even know this information, and it may require that they do some research to 
get it. The time it takes for them to get back with the information may not work 
with your schedule, and an assumption may be needed to meet a deadline. It is 
common to insert values into the tolerance stackup based on educated guesses, 
label them as such, and replace the guesses in a revised tolerance stackup with the 
actual values when available.

FrAmIng the problem requIres 
AssumptIons: IdeAlIzAtIon

The tolerance analysis techniques presented in this text are for solving one-
dimensional, linear tolerance stackups. These techniques work well for solving 
many of the geometric problems encountered on all sorts of parts and assemblies. 
However, all of these parts and assemblies are three dimensional, and it is likely 
that the geometric problems to be solved are also three dimensional. How is a 
three-dimensional problem solved using one-dimensional techniques? The prob-
lem is idealized. The problem is framed in a way that projects the potential varia-
tion along the direction of the tolerance stackup. The tolerance analyst must be 
confident that the considered tolerances adequately represent all of the tolerances 
that may contribute to the tolerance stackup. As will be seen throughout this text, 
many problems are framed and solved in several ways to make sure the chain 
of dimensions and tolerances includes the required contributors. For example, 
several problems are solved as if all the tolerances only act in a straight line, and 
then the problems are solved as if some of the tolerances allow features to tilt or 
rotate, adding a geometric effect to the analysis.
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Tolerance stackups are performed with these considerations:

All parts are considered in a static state. The tolerance stackup allows •	
parts to shift or rotate relative to one another during assembly, but the 
study is performed in a static condition.

This is typically a worst-case static condition, reflecting worst-case •	
misalignment, minimum clearance or maximum interference. If 
desired, statistics may be used to reduce the predicted worst-case 
total variation.
If more than one position or orientation of a part must be studied, •	
as in the case of a linkage or a mechanism, then a tolerance stackup 
should be done for the considered feature at each important position 
or orientation.

Tolerance stackups are performed at a specified temperature. Unless •	
specified otherwise, tolerance stackups are performed at ambient 
temperature, the temperature at which the parts are assembled and/
or inspected.

If a study is needed to account for differential thermal expansion, •	
then the study should be done at the operating temperature. It may 
be common in some industries to perform tolerance stackups at a 
number of temperatures to account for various stages of cooling or 
heating during operation. It must be understood that where parts are 
assembled at one temperature and operate at a different tempera-
ture, it is important to study both conditions, as the parts must be 
assembled before they can operate.

Tolerance stackups are most accurate when done on parts and assemblies at 
the temperature at which they were inspected, as that is likely the only verifi-
able geometric data obtained for the part geometry. Many more assumptions are 
required for tolerance stackups done at reduced or elevated temperatures, as it is 
likely that the changes in part geometry due to thermal expansion are predicted 
(e.g., by finite element analysis) and not empirical.

Worst-cAse tolerAnce stAckup exAmples

The tolerance stackup examples that follow increase in complexity from finding a 
minimum and maximum distance on a very basic part to finding a minimum and 
maximum distance on a complex bolted assembly with assembly shift. All of the 
examples are based on parts dimensioned and toleranced using the plus/minus 
system. Although ± is fallible and not the best way to dimension and tolerance 
parts, these early examples are intended to be simple and versatile in their appli-
cation. By starting with ±, the material is applicable to a broader swath of indus-
try, including those companies that have not yet adopted GD&T as part of their 
standard engineering practice. These same examples are included in Chapter 8 on 
statistical tolerance stackups, so the reader can compare the results.
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The reporting methods of the following examples also increase in complexity 
from very simple to more complete. Ultimately the reader will be taught to use 
a formal tolerance stackup report form such as the one available from Advanced 
Dimensional Management. These problems, however, are based on simpler report-
ing formats, as it is important at this early stage to keep the topic of tolerance 
analysis as uncluttered as possible. More formal and complete reporting tools and 
practices are covered in depth in later chapters.

The first example shows how to determine the minimum and maximum dis-
tance between two surfaces on a single part. The second example is similar to 
the one presented earlier in this chapter but with slightly different dimensions 
and tolerances. The third example is a very simple assembly. The fourth example 
is an assembly of parts that are assembled in the vertical position. The force of 
gravity affects the parts, and assembly shift must be included in the chain of 
dimensions and tolerances. The fifth example is a complex weldment. The sixth 
example is geometrically similar to the weldment in example five, but the parts 
are bolted together, so assembly shift must be included in the chain of dimensions 
and tolerances.

example 7.1

In this example, a pin is the subject of the study. See Figure 7.11. The goal of 
this tolerance stackup is to determine the minimum and maximum width of the 
groove in the pin. For some reason, the groove was not directly dimensioned 
and toleranced on the drawing, but the width of the groove is important. If 
the part had been dimensioned and toleranced functionally, the width of the 
groove would have been directly dimensioned and toleranced. In that case 
a tolerance stackup would not be required, as the minimum and maximum 

FIgure 7.11 Pin with groove.
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values for the groove width could be easily calculated right from the drawing. 
Unfortunately, drawings are not always dimensioned and toleranced function-
ally, and this example shows how tolerances may accumulate when the dimen-
sioning and tolerancing scheme is not optimized.

The tolerance stackup results are shown in Figure 7.12.

The tolerance stackup sketch in Figure 7.12 shows the chain of dimensions 
and tolerances for this problem. One end of the groove is labeled point A and the 
other end labeled point B. The 45 ±0.5 dimension spans the distance being stud-
ied, so it is labeled as being in the positive direction. All of the dimensions are 
already presented in equal-bilateral format, so conversion is not required. Now 
the remaining dimensions and tolerances in the chain of dimensions and toler-
ances must be identified.

The first dimension in the chain of dimensions and tolerances is 30 ±0.2, 
which starts at the side of the groove at point A and terminates at the head of the 
pin. This dimension is labeled as item 1. The next dimension is 45 ±0.5, which 

Tolerance Value

Nominal Gap
Negative Total
Positive Total

45 43.2

±

±1.2

MIN GAP = 0.6

MAX GAP = 3

45 ±0.5

10 ±0.5

+

45

-

30 ±0.2

A

Tolerances

±0.5

Solve for Minimum and Maximum Gap A-B

Stackup Direction

OVERALL LENGTH

Description

45 
- 43.2

1.8 1.2

N/A
13.2 ±0.5

B
-

+

-

Totals

=
-

13.2

30 GROOVE - HEAD

TIP - GROOVE±0.5

±0.2

2

1 3

Tolerance Stackup Sketch

FIgure 7.12 Pin with groove solved.
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starts at the head of the pin and terminates at the end of the pin. This dimension 
is labeled as item 2. The last dimension is 13.2 ±0.5, which starts at the end of 
the pin and terminates at the other side of the groove at point B. This dimension 
is labeled as item 3.

As stated earlier, the 45 ±0.5 dimension spans the groove width, so it is labeled 
as being in the positive direction, which is left to right in this example. Following 
the chain of dimensions and tolerances from point A to point B, we see that the 
other two dimensions are in the opposite direction, and they are labeled as being 
in the negative direction, which is right to left in this example. A dimension origin 
symbol is placed at the start side of each dimension and an arrowhead is placed 
at the terminating end of each dimension. It is a good idea to visually follow the 
chain of dimensions and tolerances from point A to point B to make sure nothing 
has been missed.

Only the most essential information is included in the tolerance stackup report 
in Figure 7.12. The positive dimension value is entered in the positive (+) direc-
tion dimension column, and the other two dimension values are entered in the 
negative (–) direction dimension column. The equal-bilateral tolerance for each 
dimension is entered in the tolerances column on the same line as the dimension. 
Each dimension is described in the description column.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
The tolerance values are totaled, and this total is subtracted from and added to the 
nominal distance to determine the minimum and maximum distances, respec-
tively. The minimum and maximum distances are reported.

example 7.2

In this example, a part like the one presented at the beginning of this chapter is 
the subject of the study. See Figure 7.13. The goal of this tolerance stackup is to 
determine the minimum and maximum distance between two parallel surfaces 
on the part. The distance being studied is different than in the material pre-
sented earlier in the chapter. This distance was not directly dimensioned and 
toleranced on the drawing. If this distance had been directly dimensioned and 
toleranced a tolerance stackup would not be required, as the minimum and 
maximum values could be easily calculated right from the drawing.

The tolerance stackup results are shown in Figure 7.14. 

The tolerance stackup sketch in Figure 7.14 shows the chain of dimensions and 
tolerances for this problem. One end of the distance is labeled point A and the 
other end labeled point B. The 57 +3/-1 dimension spans the distance being stud-
ied, so it is labeled as being in the positive direction. None of the dimensions and 
tolerances is presented in equal-bilateral format, so conversion is required. Once 
the conversion is complete, the equal-bilateral formatted data can be used in the 
tolerance stackup. Now the remaining dimensions and tolerances in the chain of 
dimensions and tolerances must be identified.
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The first dimension in the chain of dimensions and tolerances is 12 +1/-0.85, 
which starts at point A and terminates at the surface to the left. This dimension 
is labeled as item 1. The next dimension is 17 +1/-0, which starts at the end of 
the previous dimension and terminates at the left side of the part. This dimen-
sion is labeled as item 2. The next dimension is 57 +3/-1, which starts at the left 
side of the part and terminates at the right side of the part. This dimension is 
labeled as item 3. The last dimension is the limit dimension 19/17, which starts 
at the right side of the part and terminates at point B. This dimension is labeled 
as item 4.

As stated earlier, the 57 +3/-1 (converted to 58 ±2) dimension spans the dis-
tance A–B, so it is labeled as being in the positive direction, which is left to right 
in this example. Following the chain of dimensions and tolerances from point A 
to point B, we see that the other three dimensions are in the opposite direction, 
and they are labeled as being in the negative direction, which is right to left 
in this example. A dimension origin symbol is placed at the start side of each 
dimension and an arrowhead is placed at the terminating end of each dimension. 
It is a good idea to visually follow the chain of dimensions and tolerances from 
point A to point B to make sure nothing was missed.

Only the most essential information is included in the tolerance stackup report 
in Figure 7.14. The positive dimension value is entered in the positive (+) direction 
dimension column, and the negative dimension values are entered in the negative 
(-) direction dimension column. The equal-bilateral tolerance for each dimen-
sion is entered in the tolerances column on the same line as the dimension. Each 

FIgure 7.13 Simple part.
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dimension is described in the description column. In this case, each dimension is 
described by its item number.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
The tolerance values are totaled, and this total is subtracted from and added to the 
nominal distance to determine the minimum and maximum distances, respec-
tively. The minimum and maximum distances are reported.

example 7.3

In this example, a simple assembly is studied. See Figure 7.15. The goal of 
this tolerance stackup is to determine the minimum and maximum distance 
between opposing surfaces on two parts in the assembly. This distance was not 

Tolerance Value

Nominal Distance
Negative Total
Positive Total

58 47.575

±

12.075

18

±4.425

MIN DISTANCE = 6

MAX DISTANCE = 14.85

±0.925

±1

+

58

- Tolerances

±2

Solve for Minimum and Maximum Distance A-B

Stackup Direction

DIM 2

DIM 3

DIM 4

Description

58
-47.575
10.425 4.425

17.5 ±0.5

DIM 1

17.5 ±0.5 18 ±1

12.075 ±0.925

DISTANCE A-B

58 ±2

-

-

-

1

3 +

2

Totals

=
-

Tolerance Stackup Sketch

A B 4

FIgure 7.14 Simple part solved.
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directly dimensioned and toleranced on the assembly drawing. If this distance 
had been directly dimensioned and toleranced a tolerance stackup would not 
be required, as the minimum and maximum values could be easily calculated 
right from the drawing.

The tolerance stackup results are shown in Figure 7.16.

The tolerance stackup sketch in Figure 7.16 shows the chain of dimensions and 
tolerances for this problem. One end of the distance is labeled point A and the other 
end labeled point B. The distance is labeled as Gap A-B. The 93 ±1.5 dimension 
spans the distance being studied, so it is labeled as being in the positive direction. 
Some of the dimensions and tolerances are not presented in equal-bilateral format, 
so conversion is required. Once the conversion is complete, the equal-bilateral for-
matted data can be used in the tolerance stackup. Now the remaining dimensions 
and tolerances in the chain of dimensions and tolerances must be identified.

The first dimension in the chain of dimensions and tolerances is 93 ±1.5, which 
starts at point A and terminates at the left inside surface. This dimension is labeled 
as item 1. The next dimension is 8 ±1, which is the thickness of the leftmost part. 
This dimension is labeled as item 2. The next dimension is the limit dimension 
24/22, which is the thickness of the adjacent part to the right. This dimension is 
labeled as item 3. The next dimension is 14 +1/-2, which is the thickness of the 
next part to the right. This dimension is labeled as item 4. The next dimension is 
19.5 +1.5/-0, which is the thickness of the next part to the right. This dimension is 
labeled as item 5. The next dimension is 2.5 +0.5/-0.75, which is the thickness of 
the next part to the right. This dimension is labeled as item 6. The last dimension 
is 11 ±1.5, which terminates at point B. It is the thickness of the last part to the 
right. This dimension is labeled as item 7.

FIgure 7.15 Simple assembly.
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As stated earlier, the 93 ±1.5 dimension spans Gap A-B, so it is labeled as being 
in the positive direction, which is right to left in this example. Following the chain of 
dimensions and tolerances from point A to point B, we see that all the other dimen-
sions are in the opposite direction, and they are labeled as being in the negative 
direction, which is left to right in this example. A dimension origin symbol is placed 
at the start side of each dimension and an arrowhead is placed at the terminating 
end of each dimension. It is a good idea to visually follow the chain of dimensions 
and tolerances from point A to point B to make sure nothing was missed.

Only the most essential information is included in the tolerance stackup report 
in Figure 7.16. The positive dimension value is entered in the positive (+) direction 
dimension column, and the negative dimension values are entered in the negative 
(–) direction dimension column. The equal-bilateral tolerance for each dimen-
sion is entered in the tolerances column on the same line as the dimension. Each 

Nominal Gap
Negative Total
Positive Total

93 78.125

±

11

2.375

±7.875

±1.5

±0.625

+ - Tolerances

±0.75

Solve for Minimum and Maximum Gap A-B

DIM 5

DIM 6

DIM 7

Description

93
-78.125
14.875 7.875

13.5 ±1.5

93

23

DIM 1±1.5

DIM 4

DIM 3

DIM 2±1

±1

8

20.25

=
-

Tolerance Value

MAX GAP = 22.75

MIN GAP = 7

Totals

Tolerance Stackup Sketch

93 ±1.5

+
1

8 ±1

-
3 23 ±1

13.5 ±1.5

-
2

-
4

20.25 ±0.75
-
5

2.375 ±0.625
-
6

Stackup

GAP A-B

B

A

Direction

93 ±1.5

+
1

8 ±1

-
3 23 ±1

13.5 ±1.5

-
2

-
4

20.25 ±0.75
-
5

2.375 ±0.625
-
6

11 ±1.5
-
7

FIgure 7.16 Simple assembly solved.
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dimension is described in the description column. In this case, each dimension is 
described by its item number.

The dimension values in each column are totaled, and the negative total is 
subtracted from the positive total, which gives the “nominal” distance being stud-
ied. The tolerance values are totaled, and this total is subtracted from and added 
to the “nominal” distance to determine the minimum and maximum distances, 
respectively. The minimum and maximum distances are reported.

example 7.4

In this example, an assembly with parts assembled in the vertical direction is 
studied. See Figure 7.17. The assembly will be greatly affected by the force of 
gravity, which will most likely pull the bracket (part number 3) down against 
the fasteners. The fasteners will in turn be pulled down against the holes in the 
hanger (part number 2). This will add assembly shift to the chain of dimensions 
and tolerances twice, once for the holes in the hanger and once for the holes 
in the bracket. It is assumed that the frame (part number 1) and the hanger are 
fixed in space.

Individual part drawings for items 2 and 3 are shown in Figure 7.18.

The goal of this tolerance stackup is to determine the maximum distance 
between the upper surface of the frame and the lower surface of the bracket. This 
distance was not directly dimensioned and toleranced on the assembly drawing. 
If this distance had been directly dimensioned and toleranced, a tolerance stackup 
would not be required, as the maximum value could be easily calculated right 
from the drawing.

The tolerance stackup results are shown in Figures 7.19 and 7.20.

FIgure 7.17 Hanger assembly (with gravity and assembly shift).
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The tolerance stackup sketch in Figure 7.19 shows the chain of dimensions 
and tolerances for this problem. The upper end of the distance is labeled point A 
and the lower end labeled point B. The distance is labeled as A–B. No dimension 
spans the distance being studied, all three dimensions in the chain act in the same 
direction, and will therefore be labeled as being in the positive direction. All of 
the dimensions are already presented in equal-bilateral format, so conversion is 
not required. Now the dimensions and tolerances in the chain of dimensions and 
tolerances must be identified.

The first dimension in the chain of dimensions and tolerances is 6 ±2, which 
starts at point A and terminates at the top of the hanger. This dimension is labeled 
as item 1. The next dimension is 40 ±1.5, which is the distance from the top of 
the hanger to the centerline of the holes. This dimension is labeled as item 2. 
The third item in the chain of dimensions and tolerances is assembly shift. This 

FIgure 7.18 Parts for hanger assembly.

FIgure 7.19 Worst-case hanger assembly and tolerance stackup sketch.
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is the assembly shift of the fasteners within the holes in the hanger. The fourth 
item in the chain of dimensions and tolerances is also assembly shift. This is the 
assembly shift of the holes in the bracket about the fasteners. The last dimension 
is 20 ±1, which is the distance from the centerline of the holes in the bracket to 
the bottom of the bracket. This dimension is labeled as item 5.

Notice that the two occurrences of assembly shift are numbered as items 3 
and 4. They are numbered as they are encountered in the chain of dimensions 
and tolerances.

As stated earlier, all three dimensions act in the same direction to increase the 
total distance between points A and B, so all the dimensions are labeled as being 
in the positive direction, which is top to bottom in this example. A dimension 
origin symbol is placed at the start of each dimension and an arrowhead is placed 
at the terminating end of each dimension. It is a good idea to visually follow the 
chain of dimensions and tolerances from point A to point B to make sure nothing 
was missed.

Only the most essential information is included in the tolerance stackup 
report in Figure 7.20. The positive dimension values are entered in the positive 
(+) direction dimension column. The equal-bilateral tolerance for each dimen-
sion is entered in the tolerances column on the same line as the dimension. Each 
dimension is described in the description column. In this case, each dimension 
is described by its item number and by a short text description. Both occurrences 
of assembly shift are entered into the tolerance stackup report on the appropri-
ate lines. Assembly shift is entered as an equal-bilateral tolerance value per the 
previous section—there are no dimension values associated with the assembly 
shift values.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
In this example, there are no dimensions in the negative direction, so the sum of 
the positive direction dimensions is used as the nominal distance. The tolerance 

Nominal Distance
Negative Total
Positive Total

66 0 ±7.1

±1.3

±1.3

+ - Tolerances

±1

Solve for Maximum Distance A-B

DIM 5: PART 3 HOLES - FLANGE

Description

66
-0
66

±1.5

6

DIM 2: PART 2 EDGE - HOLES

DIM 1: PART 1 - PART 2±2

40

20

=
-

MIN DISTANCE =

MAX DISTANCE = 73.1

Tolerance Value

±

Totals

7.1

FIgure 7.20 Tolerance stackup report solved.
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values are totaled, and this total is added to the nominal distance to determine 
the maximum distance. In this example, only the maximum distance is reported, 
as that was the purpose of this tolerance stackup. The minimum value could have 
been reported as well, but this example shows that sometimes only one extreme 
is of interest.

example 7.5

In this example, an inseparable assembly (or weldment) is studied. See 
Figure 7.21. The goal of this tolerance stackup is to determine the minimum 
and maximum distance between parts 5 and 6 in the assembly. This distance 
was not directly dimensioned and toleranced on the assembly drawing. If this 
distance had been directly dimensioned and toleranced, a tolerance stackup 
would not be required, as the minimum and maximum values could be easily 
calculated right from the drawing.

The tolerance stackup results are shown in Figures 7.22 and 7.23.

FIgure 7.21 Complex welded assembly.
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FIgure 7.22 Complex welded assembly (tolerance stackup sketch).

=  Nominal Gap
- Negative Total

Positive Total

1
2
3
4
5
6
7

Dim
No

Part
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±
±
±
±

±
±
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3
4
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2
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2
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1
0.3
0.2
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0.1

0.5
0.2
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Flange to Flange Dist Between LH & RH Item 2
Standoff Thickness
LH Plate Thickness
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RH Angle Brkt Web Thickness
RH Plate Thickness
Thickness of RH Plate and Boss

35.5
29.4
6.1 2.4

8.5
3.7 Clearance

Worst-Case Tolerance Stackup

FIgure 7.23 Tolerance stackup report solved.
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The tolerance stackup sketch in Figure 7.22 shows the chain of dimensions 
and tolerances for this problem. One end of the distance is labeled point A and 
the other end labeled point B. The distance is labeled as Gap A-B. The 32/30 
limit dimension spans the distance being studied, so it is labeled as being in the 
positive direction. Some of the dimensions and tolerances are not presented in 
equal-bilateral format, so conversion is required. Once the conversion is com-
plete, the equal-bilateral formatted data can be used in the tolerance stackup. 
Now the remaining dimensions and tolerances in the chain of dimensions and 
tolerances must be identified.

The first dimension in the chain of dimensions and tolerances is the limit 
dimension 11.6/11.4, which starts at point A and is the distance the pin (part num-
ber 5) protrudes from part number 4. This dimension is labeled as item 1. The 
next dimension is 2 ±0.2, which is the thickness of part number 4. This dimension 
is labeled as item 2. The next dimension is 8.6 ±0.3, which is the thickness of the 
spacer (part number 3). This dimension is labeled as item 3. The next dimension 
is the limit dimension 32/30, which is the distance between the flange faces of 
the left and right brackets. This dimension is labeled as item 4. The next dimen-
sion is 2.6 +0/–0.2, which is the thickness of the flange on the right bracket. This 
dimension is labeled as item 5. The next dimension is 2 ±0.2, which is the thick-
ness of part number 7. This dimension is labeled as item 6. The last dimension 
is 7.5 +0.3/–0.7, which terminates at point B. It is the thickness of parts 6 and 7 
combined. This dimension is labeled as item 7.

As stated earlier, the 32/30 limit dimension spans Gap A-B, so it is labeled as 
being in the positive direction, which is left to right in this example. Following the 
chain of dimensions and tolerances from point A to point B, we see that some of 
the remaining dimensions are in the positive direction and some are in the nega-
tive direction, which is right to left in this example. The directions of the remain-
ing dimensions are labeled accordingly. A dimension origin symbol is placed at 
the start side of each dimension and an arrowhead is placed at the terminating end 
of each dimension. It is a good idea to visually follow the chain of dimensions and 
tolerances from point A to point B to make sure nothing was missed.

For this problem a little more information is included in the tolerance stackup 
report in Figure 7.23. There are new columns for the dimension number (“Dim 
No.”) and the part number (“Part No.”) This makes the report a bit more complete, 
and makes it easier to cross-reference with the tolerance stackup sketch. The posi-
tive dimension values are entered in the positive (+) direction dimension column, 
and the negative dimension values are entered in the negative (–) direction dimen-
sion column. The equal-bilateral tolerance for each dimension is entered in the 
± column on the same line as the dimension. Each dimension is described in the 
description column.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
The tolerance values are totaled, and this total is subtracted from and added to the 
nominal distance to determine the minimum and maximum distances, respec-
tively. The minimum and maximum distances are reported.
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example 7.6

In this example, a complex assembly is studied. See Figure 7.24. The assembly 
is very similar to the weldment in the previous example, except the brackets are 
bolted to the base plate instead of being welded. This will add a great deal of 
potential variation, as assembly shift will be added to the chain of dimensions and 
tolerances four times: twice for the holes in the base plate and once for the holes 
in each bracket. The base plate and the bracket are detailed in Figure 7.25.

The goal of this tolerance stackup is the same as in Example 5: determine 
the minimum and maximum distance between parts 5 and 6 in the assembly. 
This distance was not directly dimensioned and toleranced on the assembly 
drawing. If this distance had been directly dimensioned and toleranced, a tol-
erance stackup would not be required, as the minimum and maximum values 
could be easily calculated right from the drawing

The tolerance stackup results are shown in Figures 7.26 and 7.27.

FIgure 7.24 Complex bolted assembly.
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The tolerance stackup sketch in Figure 7.26 shows the chain of dimensions 
and tolerances for this problem. One end of the distance is labeled point A and 
the other end labeled point B. The distance is labeled as “Gap A-B.” The 56/54 
limit dimension spans the distance being studied, so it is labeled as being in the 
positive direction. Some of the dimensions and tolerances are not presented in 
equal-bilateral format, so conversion is required. Once the conversion is com-
plete, the equal-bilateral formatted data can be used in the tolerance stackup. 
Now the remaining dimensions and tolerances in the chain of dimensions and 
tolerances must be identified.

The first dimension in the chain of dimensions and tolerances is the 11.6/11.4 
limit dimension, which starts at point A and is the distance the pin (part number 

FIgure 7.25 Parts for complex bolted assembly.
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5) protrudes from part number 4. This dimension is labeled as item 1. The next 
dimension is 2 ±0.2, which is the thickness of part number 4. This dimension is 
labeled as item 2. The next dimension is 8.6 ±0.3, which is the thickness of the 
spacer (part number 3). This dimension is labeled as item 3. The next dimension 
is 12.1 ±1, which is the distance between the flange face and the center of the 
holes in the left bracket. This dimension is labeled as item 4. The next item in 
the chain of dimensions and tolerances is assembly shift. This is the assembly 
shift of the holes in the left bracket about the fasteners. This assembly shift is 
labeled as item 5. The next item in the chain of dimensions and tolerances is 
also assembly shift. This is the assembly shift of the fasteners within the left 
pair of holes in the base plate. This assembly shift is labeled as item 6. The 
next dimension is the 56/54 limit dimension, which is the distance between the 
left pair of holes and the right pair of holes in the base plate. This dimension 
is labeled as item 7. The next item in the chain of dimensions and tolerances is 
assembly shift. This is the assembly shift of the fasteners within the right pair 
of holes in the base plate. This assembly shift is labeled as item 8. The next 

FIgure 7.26 Complex bolted assembly tolerance stackup sketch.
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item in the chain of dimensions and tolerances is also assembly shift. This is 
the assembly shift of the holes in the right bracket about the fasteners. This 
assembly shift is labeled as item 9. The next dimension is 12.1 ±1, which is the 
distance between the flange face and the center of the holes in the right bracket. 
This dimension is labeled as item 10. The next dimension is 2.6 +0/-0.2, which 
is the thickness of the flange on the right bracket. This dimension is labeled as 
item 11. The next dimension is 2 ±0.2, which is the thickness of part number 7. 
This dimension is labeled as item 12. The last dimension is 7.5 +0.3/-0.7, which 
terminates at point B. It is the thickness of parts 6 and 7 combined. This dimen-
sion is labeled as item 13.

As stated earlier, the 56/54 limit dimension (converted to 55 ±1) spans Gap 
A-B, so it is labeled as being in the positive direction, which is left to right in 
this example. Following the chain of dimensions and tolerances from point A to 
point B, we see that some of the remaining dimensions are in the positive direc-
tion and some are in the negative direction, which is right to left in this example. 
The directions of the remaining dimensions are labeled accordingly. A dimension 
origin symbol is placed at the start side of each dimension and an arrowhead is 
placed at the terminating end of each dimension. It is a good idea to visually fol-
low the chain of dimensions and tolerances from point A to point B to make sure 
nothing was missed.

The tolerance stackup report for this problem is shown in Figure 7.27. This 
report is formatted similar to the report in the previous example. The positive 
dimension values are entered in the positive (+) direction dimension column, and 
the negative dimension values are entered in the negative (–) direction dimen-
sion column. The equal-bilateral tolerance for each dimension is entered in the 
± column on the same line as the dimension. Each dimension is described in the 
description column. All four occurrences of assembly shift are entered into the 

Worst-Case Tolerance Stackup

Dim
No

Part
No + - +/- Description

1 5 11.5 +/- 0.1 Pin Length
2 4 2 +/- 0.2 LH Plate Thickness
3 3 8.6 +/- 0.3 Standoff Thickness
4 2 12.1 +/- 1 CL Hole - Edge on LH Angle Brkt
5 2 +/- 1.3
6 1 +/- 1.3
7 1 55 +/- 1 CL - CL Holes Dim on Base Plate
8 1 +/- 1.3
9 2 +/- 1.3

10 2 12.1 +/- 1 CL Hole - Edge on RH Angle Brkt
11 2 2.5 +/- 0.1 RH Angle Brkt Flange Thickness
12 7 2 +/- 0.2 RH Plate Thickness
13 6 & 7 7.3 +/- 0.5 Thickness of RH Plate & Boss

59.5 53.6 +/- 9.6 Worst Case Tolerance

Positive Total 59.5
Negative Total -53.6

Nominal Gap 5.9 +/- 9.6

Max Gap 15.5 Clearance
Min Gap -3.7 Interference!!!

Totals

Assy Shift in LH Angle Brkt Holes @ LMC: 6.6 - 4 = 2.6 / 2 = +/-1.3
Assy Shift in Base Plate LH Holes @ LMC: 6.6 - 4 = 2.6 / 2 = +/-1.3

Assy Shift in Base Plate RH Holes @ LMC: 6.6 - 4 = 2.6 / 2 = +/-1.3
Assy Shift in RH Angle Brkt Holes @ LMC: 6.6 - 4 = 2.6 / 2 = +/-1.3

FIgure 7.27 Complex bolted assembly, spreadsheet with solution.
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tolerance stackup report on the appropriate lines. Assembly shift is entered as an 
equal-bilateral tolerance value per the previous section—there are no dimension 
values associated with the assembly shift values.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
The tolerance values are totaled, and this total is subtracted from and added to the 
nominal distance to determine the minimum and maximum distances, respec-
tively. The minimum and maximum distances are reported. Notice that in this 
example the maximum distance is 15.5 mm clearance, and the minimum distance 
is 3.7 mm interference. Changing the geometry of the assembly by bolting the 
parts together instead of welding added quite a bit of variation to the tolerance 
stackup. Figure 7.28 shows the complex bolted assembly with the worst-case pre-
dicted interference.

FIgure 7.28 Complex bolted assembly solved (interference).
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tolerAnce stAckups And AssemblIes

MoVinG across an inTerFace FroM one ParT To 
The oTher in a Tolerance sTackuP

Most tolerance stackups are done on assemblies to find a distance between fea-
tures on distinct parts. The chain of dimensions and tolerances starts at one end of 
the distance being studied, makes its way from part to part, and ends at the other 
end of the distance being studied. This section discusses how to move from one 
part to another in the tolerance stackup.

There are two common types of interfaces encountered in tolerance stackups: 
mating planar surfaces, and clearance holes in mating parts or clearance holes 
and threaded holes that share common fasteners. This section presents general 
guidelines for traversing an interface from one part to another in the chain of 
dimensions and tolerances. These are only guidelines; there are cases where these 
guidelines must be modified.

The guidelines are based on the following assumptions: the mating features 
in the interface are part of the tolerance stackup, their dimensions and tolerances 
contribute to the tolerance stackup, and they are not directly part of the distance 
being studied. It is also assumed that the dimension and tolerance values are in 
the same direction as the tolerance stackup direction. If they are not, the dimen-
sions and/or tolerance values must be trigonometrically projected into tolerance 
stackup direction as required. Lastly it is assumed that the dimensions and toler-
ances are in equal-bilateral format. If they are not, they must be converted to 
equal-bilateral format.

The first set of guidelines addresses traversing a planar interface (two nomi-
nally flat mating surfaces) between mating parts. The second set of guidelines 
addresses traversing a feature of size interface, such as coaxial clearance holes 
in mating parts, or coaxial clearance and threaded holes, with common fasteners. 
The fixed and floating fastener situations described in Chapter 18 are examples of 
a feature of size interface.

Planar inTerFace: TraVersinG a Planar inTerFace FroM 
one ParT To anoTher in The Tolerance sTackuP

 1. For ± dimensions and tolerances:
 a. The dimension to the interfacial surface on the first part is included 

in the tolerance stackup.
 b. The ± location tolerance associated with the dimension is included 

in the tolerance stackup.
 c. Now the tolerance stackup moves from the interfacial surface on the 

first part to the mating surface on the second part.
 d. Steps 1.a and 1.b are repeated in reverse order for the second part.
 2. For GD&T:
 a. If the planar feature is a referenced datum feature:
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 i. The basic dimension to the datum feature is included in the toler-
ance stackup.

 ii. If there is a profile tolerance specified for the datum feature, 
lines for profile tolerance and datum feature shift are added to 
the tolerance stackup report.

 (1) The values for profile and datum feature shift are entered 
if the location of the datum feature contributes to the toler-
ance stackup. (The value for datum feature shift may be 
zero; see Chapters 9, 13 and 14.)

 (2) The values for profile and datum feature shift are set to zero 
and the lines are marked “N/A” if the location of the datum 
feature does not contribute to the tolerance stackup.

 (3) If the location of the surface does not affect the tolerance 
stackup, but the profile tolerance controls the form of the 
feature, the profile tolerance may be included in the toler-
ance stackup as described in Chapter 20.

 iii. If the datum feature has a form tolerance, the form tolerance is 
typically not included in the chain of dimensions and tolerances. 
However, the form tolerance may be included in the tolerance 
stackup per the guidance in Chapter 20, if desired.

 iv. Special cases may require using an orientation tolerance or a 
lower segment composite profile tolerance in the tolerance 
stackup. These are uncommon applications and must be care-
fully addressed on a case-by-case basis. For more information 
on composite tolerances see Chapter 9.

 v. Now the tolerance stackup moves from the interfacial surface on 
the first part to the mating surface on the second part.

 vi. Steps 2.a.i to 2.a.iv are repeated in reverse order for the second 
part.

 b. If the planar feature is not a datum feature:
 i. The basic dimension from the datum reference frame related to 

the feature is included in the tolerance stackup.
 ii. Lines for profile and datum feature shift are added to the toler-

ance stackup report. The values for profile and datum feature 
shift are entered. (The value for datum feature shift may be zero; 
see Chapters 9, 13 and 14.)

 iii. Special cases may require using an orientation tolerance or a 
lower segment composite profile tolerance in the tolerance 
stackup. These are uncommon applications and must be care-
fully addressed on a case-by-case basis. For more information 
on composite tolerances, see Chapter 9.

 iv. Now the tolerance stackup moves from the interfacial surface on 
the first part to the mating surface on the second part.

 v. Steps 2.b.i to 2.b.iii are repeated in reverse order for the second 
part.
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Generally speaking, these guidelines also apply to interfacial surfaces that are 
complex-curved or warped, such as parabolic surfaces. Great care must be taken 
when dealing with such surfaces in a tolerance stackup, as these surfaces may 
share some properties with planar surfaces, and they may share some properties 
with features of size. This depends greatly on the shape of the mating surfaces 
(how close they are to being nominally flat, or how close they are to mimicking 
the geometry of a feature of size), how they contribute to the tolerance stackup, 
and the direction of the tolerance stackup.

FeaTure-oF-size inTerFace: TraVersinG a FeaTure-oF-size inTerFace 
(MaTinG clearance and/or Threaded holes WiTh coMMon 
FasTeners) FroM one ParT To anoTher in The Tolerance sTackuP

 1. For ± dimensions and tolerances:
 a. The dimension to the feature of size on the first part is included in 

the chain of dimensions and tolerances. (This is the dimension in the 
direction of the tolerance stackup where rectangular or polar coordi-
nate dimensioning is used.)

 b. The ± location tolerance associated with the dimension is included 
in the tolerance stackup.

 c. If the features are clearance holes, assembly shift is calculated and 
added to the chain of dimensions and tolerances for the holes in the 
first part. If the features are threaded or press-fit holes, assembly 
shift is not added.

 d. Now the tolerance stackup moves from the interfacial feature on the 
first part to the mating feature on the second part.

 e. Steps 1.a to 1.c are repeated in reverse order for the second part.
 2. For GD&T:
 a. If the feature of size (hole, pin, etc.) is a referenced datum feature:
 i. The basic dimension to the datum feature is included in the toler-

ance stackup.
 ii. If a positional or orientation tolerance is specified for the datum 

feature, lines for the positional/orientation tolerance, bonus tol-
erance and datum feature shift are added to the tolerance stackup 
report.

 (1) The values for position/orientation, bonus tolerance and 
datum feature shift are entered if the location of the datum 
feature contributes to the tolerance stackup. (The values for 
bonus tolerance and datum feature shift may be zero; see 
Chapter 9.)

 (2) The values for position/orientation, bonus tolerance and 
datum feature shift are set to zero and the lines are marked 
“N/A” if the location of the datum feature does not contrib-
ute to the tolerance stackup. (This is common where the 
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datum feature of size is the primary or secondary datum 
feature in a referenced feature control frame; see Chapters 
9, 13 and 14.)

 iii. Assembly shift is calculated and added to the chain of dimen-
sions and tolerances for the datum feature of size in the first part. 
Assembly shift is typically not added if the datum features are 
threaded holes.

 iv. Now the tolerance stackup moves from the datum feature on the 
first part to the datum feature on the second part.

 v. Steps 2.a.i to 2.a.iii are repeated in reverse order for the second 
part.

 b. If the feature of size (hole, pin, etc.) is a not a datum feature:
 i. The basic dimension from the datum reference frame related to 

the feature is included in the tolerance stackup.
 ii. Lines for positional tolerance, bonus tolerance and datum fea-

ture shift are added to the tolerance stackup report. The values 
for position, bonus tolerance and datum feature shift are entered. 
(The values for bonus tolerance and datum feature shift may be 
zero; see Chapters 9, 13 and 14.)

 iii. Assembly shift is calculated and added to the chain of dimen-
sions and tolerances for the holes in the first part. Assembly shift 
is typically not added if the features are threaded holes.

 iv. Now the tolerance stackup moves from the interfacial feature on 
the first part to the mating feature on the second part.

 v. Steps 2.b.i – 2.b.iii are repeated in reverse order for the second 
part.

 3. Special cases may require using an orientation tolerance or a lower seg-
ment composite position tolerance in the tolerance stackup. This is not 
common and must be addressed on a case-by-case basis. For more infor-
mation, see Chapter 9.

These guidelines address the most common situations encountered. There are 
many special cases and circumstances that affect whether and how dimensions 
and tolerances should be included in the chain of dimensions and tolerances. 
Unfortunately, no set of rules or guidelines is universally applicable. The toler-
ance analyst must carefully consider the problem and determine whether and how 
each dimension and tolerance may affect the tolerance stackup result.

the term Chain of Dimensions anD ToleranCes

Describing the dimensions and tolerances that contribute to a tolerance stackup 
as a chain of dimensions and tolerances is unique to this text. It is a techni-
cally accurate description, as the dimensions in the tolerance stackup lay head 
to tail and can be visualized and followed like the links in a chain. An older 
and less accurate practice was to describe tolerance stackups as loops, implying 
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that a loop could be followed from point A to point B. Sometimes, as is seen in 
Examples 7.1, 7.2 and 7.3, the chain of dimensions and tolerances can be followed 
along a circular course, which could be considered as a loop. A loop implies a 
circular or elliptical course, starting at one end and looping around to the other 
end. However, not all tolerance stackups follow a circular or elliptical course. In 
Example 7.4 the contributing dimensions in the tolerance stackup are all in the 
same direction. The chain of dimensions and tolerances follows a straight line, 
which is most certainly not a loop. The chain of dimensions and tolerances in 
Examples 7.5 and 7.6 generally follow a counterclockwise course, but change 
direction several times along the way. These are not loops either. So, in the inter-
est of technical accuracy, the term Chain of Dimensions and Tolerances will be 
used throughout this text.
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8 Statistical Tolerance 
Analysis

Statistical tolerance analysis determines the probable or likely maximum varia-
tion possible for a selected dimension. Similar to worst-case tolerance analysis, 
all tolerances and other variables are added to obtain the total variation. This 
method, however, more realistically assumes that it is highly improbable that all 
the dimensions in the tolerance stackup will be at their worst-case low limit or 
high limit at the same time. Remember, the worst-case tolerance stackup result 
requires some dimensions to be at their low limit and others to be at their high 
limit. So the direction of the deviation as well as the amount of deviation must be 
just so to achieve a worst-case condition.

It is more likely that the actual variation will be different than what is predicted 
by the worst-case model. In many cases, the sum of the dimensions and tolerances 
will likely approximate a normal distribution. Most or all of the dimensions will 
likely be closer to their nominal value than either extreme. Also, some of the dimen-
sions that the worst-case model required to be at their upper limit may actually be 
closer to their lower limit, and vice versa. The combination of these factors leads 
to the idea of a statistical tolerance stackup. Generally, statistical tolerance analysis 
yields a smaller value for the total variation than a worst-case tolerance analysis 
performed on the same stackup. That is, statistical tolerance analysis techniques 
usually predict less variation than the worst-case results for a tolerance stackup. 
This can be very beneficial from a functional point of view, as a lower overall pre-
dicted variation will allow the design engineer the latitude to increase the tolerances 
allowed for manufacturing or design the fits between mating parts tighter, lead-
ing to smaller gaps and higher perceived quality, or some combination of both. Of 
course, statistic tolerancing should only be used in cases where it is applicable.

A question arises as to when it is appropriate to use statistical versus worst-
case tolerance analysis. The answer to this question depends on a number of fac-
tors, including the number of tolerances in the tolerance stackup, the quantity of 
parts to be manufactured, manufacturing process controls, design sensitivity, past 
company practices, and willingness to accept risk, to name a few. A simple rule 
of thumb is as the number of tolerances in a tolerance stackup increases, the ben-
efits and validity of using a statistical analysis increases. There are various rules 
in industry that state that for more than 3, 4, 6, 10, etc., dimensions a statistical 
analysis is the right choice.

This author does not adhere to the idea of an arbitrary number of dimensions 
being an automatic reason to switch from a worst-case to a statistical approach. 
No doubt, as the number of tolerances in a tolerance stackup increases, a statistical 
solution not only may be a good idea, but may more accurately represent the 
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variation that will be seen at assembly. The number of tolerances alone, however, 
is insufficient reason to select a statistical approach. All factors, especially those 
factors relating to manufacturing and process controls, must be considered and 
weighed against the risk of an overly conservative or overly liberal result.

Statistical tolerance analyses are based on several conditions being in place. 
These include

The manufacturing processes for the parts must be controlled processes. •	
This requires, among other things, that manufacturing nominal is the 
same as design nominal. (This is not always the case, however.)
Processes must be centered and output normal or Gaussian distributions. •	
(See Figure 8.1.) This presents a problem where unequal bilateral or uni-
lateral tolerances have been specified. Six Sigma statistical tolerance 
analysis strategies address the tendencies of distributions to move off 
center or drift over time. Chapter 21 introduces the idea of mean shift as 
it relates to process centering.
Parts must be randomly selected for assembly.•	
This statement is based on the idea of interchangeability, from mechani-•	
cal engineering, and the idea of independence (or independent variables), 
from statistics.
Technically, for certain statistical tolerance analysis models, each variable •	
that contributes to the tolerance stackup must be independent from the other 
variables that affect the tolerance stackup. This requirement comes from 
statistics and requirements for random (or unrelated) variables. That is, each 
variable must be random and vary independently from the other variables in 
the tolerance stackup. This is often not the case with manufactured parts.
Consider a machined part with two tolerances (variables) that contrib-•	
ute to a tolerance stackup. It is possible that the tolerances are related, 

FIgure 8.1 Gaussian distribution.
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perhaps from the associated features being machined in the same setup, 
or using one feature as the datum feature for the other. It is very likely 
that two features machined in the same setup will show similar trends in 
variation, both affected by the particular setup.
The same could be said for the tolerances of all features of a cast part or •	
all features produced by a common part of the die in a mold.
These variables are not truly independent, as they share common influ-•	
ences in the manufacturing process.
The design must be able to tolerate the possibility that some small per-•	
centage of the as-produced parts or assemblies exceed the calculated 
statistical result.
The enterprise must be willing to tolerate the possibility that some parts or •	
assemblies will be rejected due to exceeding the calculated statistical result.

There are several statistical methods available for tolerance analysis. Root-
sum-square (RSS) and Monte Carlo simulations are the two most common. 
Root-sum-square is commonly used on manually modeled and spreadsheet-based 
statistical tolerance stackups.

As presented in Chapter 3, design nominal and manufacturing nominal are 
rarely if ever the same. This presents a problem when considering the above 
assumptions. The requirements for the RSS statistical tolerance analysis methods 
used in this text are that manufacturing processes shall be centered and output 
normal distributions. This correlates to the Cp and Cpk values encountered in statis-
tical process control (SPC), which address process spread and process centering. 
It is beyond the scope of this text to address the statistical implications regarding 
these apparent discontinuities in great detail, but these topics are discussed a bit 
in Chapter 21. These topics are addressed in greater detail in Advanced Tolerance 
Stackup and Analysis by Bryan R. Fischer (2011). One solution to the difference 
between the design nominal and manufacturing nominal and the fact that some 
processes aren’t as controlled as they should be is to multiply the statistical result 
by a coefficient greater than 1. This practice also addresses the fact that most of 
the conditions listed in the previous paragraph are not always 100% applicable to 
every dimension and tolerance. Multiplying the RSS result by a coefficient greater 
than 1 gives the adjusted statistical result.

Monte Carlo simulation is typically used with computer-based tolerance analy-
sis simulation software, but may also be used with spreadsheet models. Simply 
put, Monte Carlo simulations take all the variables in a tolerance stackup, assign 
each a random value within their range, derive a result, save the results, iterate this 
process thousands of times, average the results and possibly present predicted sta-
tistical distributions. This is a purely statistical approach. As stated above, Monte 
Carlo analysis is often used with 3D tolerance analysis software tools; however, 
at least one 3D tolerance analysis software package uses more precise modeling 
algorithms. These are very powerful tools and are great for solving 3D tolerance 
stackups, as these tools allow the tolerance analyst to look at many combinations 
of translational and rotational variation. These tools are also fairly expensive and 
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may be complex to learn and use. 3D simulation tools are becoming easier to use 
with each release, but are still complex enough to warrant having dedicated staff to 
use them effectively. Refer to the information and case study in Chapter 21, which 
presents material on 3D tolerance analysis and includes a brief introduction to Six 
Sigma concepts and Sigmetrix’s CETOL 6 Sigma 3D analysis software. CETOL 6 
Sigma is a powerful 3D tolerance analysis modeling tool that does not use Monte 
Carlo simulation. Thus, it solves for worst-case and statistical variation.

As presented in Chapter 7, worst-case tolerance analysis is used to calculate 
and predict the maximum variation possible, and the minimum and maximum 
limits of the subject of the tolerance stackup. With worst-case, the results strictly 
provide numerical information, vector values representing the variation and limits 
resulting from adding the variation to and subtracting it from the nominal value. 
With worst-case tolerance analysis, all we are able to learn from the tolerance 
stackup is how much variation is possible and how that variation affects the sub-
ject of the tolerance stackup. With statistical tolerance analysis, the same type of 
numerical information may be obtained. Statistical values for the probable toler-
ance may be calculated, and similar to worst-case, these probable tolerances may 
be added to or subtracted from the nominal distance or angle to obtain statistical 
minimum and statistical maximum limits. As stated above, the statistical result is 
usually less than the worst-case result, so the statistical numbers will be different 
than the worst-case numbers. In this regard, statistical tolerance analysis is almost 
exactly the same as worst-case tolerance analysis, except the variation is not the 
maximum possible variation; it is the maximum probable variation that is likely 
to be encountered. The material that follows, which explains the RSS method, 
uses the statistical results and calculates the statistical minimum and maximum 
values for each tolerance stackup under consideration. However, there is another 
way to use statistical tolerance analyses.

Statistical tolerance analyses may also be used to obtain predictions of the 
number of defects that may be encountered (percent defects) for a population of 
parts and assemblies. The statistical tolerance analysis results may be set up to 
show how many parts or assemblies will fall within a certain range of variation, 
and by contrast, how many parts or assemblies will fall outside that range. The 
methods for performing these tolerance analyses are exactly the same as those 
that follow, except additional data is needed for the variables that contribute to the 
tolerance stackup. More statistical information is needed, specifically SPC data, 
and thus a better understanding of the manufacturing processes and their results 
is required. Such in-depth information and understanding is not always avail-
able, so the statistical approach used here is simplified and intended to determine 
probable variation, not percent defects. Six Sigma methods require more sophisti-
cated SPC and statistical data, such as standard deviations, Cp and Cpk values, and 
present variation, percent defects, and statistical distribution data in their results. 
Chapter 21 provides a very brief introduction to Six Sigma concepts, and good 
examples of 3D tolerance analysis software.

Aside from Chapter 21, the statistical material in this text uses the RSS method 
for statistical solutions. This method takes each tolerance value, squares it, adds 
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the squared tolerance values, and takes the square root of the result, hence the 
name root-sum-square (RSS). The formula can be seen in Figure 8.2. This result 
is the RSS statistical tolerance. There are several variations on this method, using 
combinations of worst-case and statistical tolerancing, adjusting the result by mul-
tiplying it by a value >1, or using standard deviations instead of tolerance values 
to obtain percent defects. Again, this text uses the RSS approach, and uses toler-
ances rather than standard deviations. This method is more universally applica-
ble, especially where statistical process control data is not available. For examples 
and a discussion of tolerance analysis using Six Sigma Strategies, expanded use 
of statistical data, and calculation of percent rejects, refer to Advanced Tolerance 
Stackup and Analysis by Bryan R. Fischer (2011). The reader is also directed 
to the Dimensioning and Tolerancing Handbook by Paul J. Drake, Jr. (1999, 
McGraw-Hill), which contains several chapters devoted to the study of various 
statistical tolerancing techniques.

I have been asked many times what the RSS tolerance stackup result rep-
resents in terms of sigma (σ) or standard deviations. Students want to know if 
an RSS tolerance stackup represents a ±1σ, ±3σ, ±6σ, etc., distribution. It is 
generally assumed that if all the individual tolerances entered into the tolerance 
stackup are produced by processes controlled to ±3σ, then the RSS tolerance 
stackup result also represents ±3σ. To put it another way, it is generally assumed 
that the level of process controls of the inputs represents the level of process 
controls of the output (see Figure 8.3). Likewise if all the component tolerances 
are assumed to be ±1σ, ±2σ, or ±6σ, then the RSS tolerance stackup result rep-
resents ±1σ, ±2σ, or ±6σ, respectively. The better you know your processes, the 
more accurate the statistical tolerance stackup result. It is very important to learn 
about the manufacturing processes where possible and to obtain reliable data 
from statistically controlled processes.

In practice, it is likely that the processes used to manufacture all the part fea-
tures in a tolerance stackup and their associated tolerances are not controlled to 
the same level. That is, the tolerances in a tolerance stackup are probably manu-
factured using a few ±2σ processes, a few ±3σ processes, a few ±4σ processes, 
etc., and perhaps even some processes where the level of control is unknown. So, 
in many environments it is likely that the tolerances in a tolerance stackup rep-
resent a mixture of process capabilities. In some environments, especially where 
SPC is not practiced and process data are not collected, process capabilities for 
the individual tolerances are simply not known. This is especially true where 
other factors enter into the equation, such as datum feature shift or assembly 
shift. Assembly shift is particularly problematic, as it is a function of the assembly 

RSS Tolerance  =     T1
2 + T2

2 + T3
2 + ... Tn

2

Where:
Tn = Tolerances in the Tolerance Stackup

FIgure 8.2 Root-sum-square formula for statistical tolerancing.
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process, and unless the assembly process is monitored and measured like every 
other process, it is likely not controlled. In manual assembly operations, assembly 
shift often manifests itself in its worst-case form. See Chapters 7 and 9 for more 
information on assembly shift. Again, this is all the more reason to use an adjust-
ment factor when interpreting statistical results.

A step-by-step explanation of how to perform statistical tolerance stackups 
follows. This is exactly the same process as presented in Chapter 7, except for 
a few additional steps in which the tolerance values are squared and the square 
root of their sum is taken and multiplied by an adjustment factor as described 
above. These methods can be easily performed simultaneously using specialized 
spreadsheet software.

stAtIstIcAl tolerAnce stAckup WIth dImensIons

Differences from worst-case are highlighted in italics.

 1. Select the distance (gap or interference) whose variation is to be 
determined. Label one end of the distance A and the other end B (see 
Figure 8.4).

 2. Determine if a one-, two-, or three-dimensional analysis is required.
 a. If a two-dimensional analysis is required, determine if both direc-

tions can be resolved into one dimension using trigonometry. If not, 
a linear tolerance stackup is not appropriate, and a computer pro-
gram should be used for the tolerance analysis.

FIgure 8.3 Standard deviations of individual tolerances = standard deviation of 
assembly.
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 b. If a three-dimensional analysis is required, a linear tolerance stackup 
is probably not appropriate, and a computer program should be used 
for the tolerance analysis. See Chapter 21 for more information about 
3D tolerance analysis.

 3. Determine a positive direction and a negative direction.
 a. The positive direction in a tolerance stackup is easy to assign. The 

positive direction is the direction from point A to point B. Once the 
sides of the gap or distance being studied are labeled as A and B, the 
positive direction is the direction pointing from A toward B. (Note: 
the method used to determine the positive and negative directions 
is defined differently in this edition of the text. The method defined 
here is simpler.)

 b. Positive dimensions are indicated by placing a “+” sign adjacent to 
the dimension value (see Figure 8.5). Dimensions should also be 
assigned a direction by placing a dimension origin symbol at the end 
where the dimension starts and an arrowhead at the other end where 
the dimension terminates. All dimensions in the chain of dimensions 
and tolerances that are followed in the direction from A toward B 
should be labeled as positive dimensions. All dimensions that are 
followed in the opposite direction should be labeled as negative 
dimensions.

 c. Now build the chain of dimensions and tolerances. Always start at 
Point A. If the direction of the dimension originating at A points 
toward B, then label it positive using a “+” sign, a dimension ori-
gin symbol, and arrowhead as described in item 3.a above. If the 
dimension points away from B, label it negative using a “–” sign (see 

FIgure 8.4 Statistical chain of dimensions and tolerances number 1.
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Figure 8.6). Identify the chain of dimensions and tolerances from 
point A to point B, and label all dimensions in the same direction 
positive or negative.

 d. Follow the chain of dimensions and tolerances from point A to point 
B. You should be able to follow a continuous path from the start to 
the end of each dimension in the chain from point A to point B (see 
Figure 8.7). In this example, the first dimension starts at point A 
and ends at the left edge of the part. The second dimension starts 
where the first dimension ends, and ends at the right edge of the part. 
The third dimension starts where the second dimension ends. The 
fourth dimension starts where the third dimension ends, and ends 
at point B. If the dimensions are not properly labeled, the nominal 
distance may be negative after the negative total is subtracted from 
the positive total. If this happens, check the + or – labels assigned to 
the dimensions, making sure that the sum of the positively labeled 
dimensions is larger than the sum of the negatively labeled dimen-
sions. Remember that the total value of the positive dimensions must 
include distance A-B.

 4. Convert all dimensions and tolerances to equal-bilateral format (± the 
same value; see Figure 8.8). Instructions for how to do this are included 
in Chapter 4.

 5. Now all the dimensions and tolerances are entered into a chart and 
totaled for reporting purposes. Place each positive dimension value in 
the positive column on a separate line. Place each negative dimension 
value in the negative column on a separate line (see Figure 8.9.)

FIgure 8.5 Statistical chain of dimensions and tolerances number 2.
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FIgure 8.6 Statistical chain of dimensions and tolerances number 3.

FIgure 8.7 Statistical chain of dimensions and tolerances number 4.
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FIgure 8.8 Statistical chain of dimensions and tolerances number 5.
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FIgure 8.9 Statistical chain of dimensions and tolerances number 6.
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 6. Place the tolerance value for each dimension in the tolerance column 
adjacent to each dimension. This value is half the total variation allowed 
by the tolerance.

 7. Take each tolerance value and square it. Place this value in the Statistical 
Tolerance Column next to each tolerance (see Figure 8.10).

 8. Add the entries in each column, entering the results at the bottom of the 
chart (see Figure 8.11).

 9. Take the square root of the sum of statistical tolerances (RSS). Enter this 
result at the bottom of the chart. This is the RSS Tolerance Value (see 
Figure 8.12).

 10. Subtract the negative total from the positive total. This gives the nominal 
dimension or distance (see Figure 8.13).
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FIgure 8.10 Statistical chain of dimensions and tolerances number 7.
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 11. Apply the total statistical tolerance. Adding and subtracting the statisti-
cal tolerance from the nominal dimension gives the likely or probable 
maximum and minimum distance values (see Figure 8.13).

 12. If it is desired to take a slightly more conservative approach, multiply 
the RSS tolerance by an adjustment factor (such as 1.5 in this example), 
perform that step here, substituting the larger adjusted RSS value for 
the RSS value (see Figure 8.14).

Far and away the easiest method to solve linear tolerance stackup problems is to 
use a custom report format designed for a spreadsheet program such as Microsoft 
Excel or OpenOffice. The additional mathematical steps can be built into the 
spreadsheet; once the data is entered, the worst-case, statistical, and adjusted 
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Tolerances

POSITIVE
TOTAL

NEGATIVE TOTAL

TOTAL TOLERANCE VALUE

TOTAL SQUARED
TOLERANCE VALUE

TOTALS 4556.5 ±3.5

+ -

±3.75

Squared
Tolerances

16.5

17.5

11

56.5

±1

±0.5

±0.5

±1.5

±0.25

±1

±2.25

±0.25

17.5 ±0.5

MISSING
DISTANCE

11 ±1

16.5 ±0.5

-

A B

-

-

FIgure 8.11 Statistical chain of dimensions and tolerances number 8.



Statistical Tolerance Analysis 109

56.5 ±1.5
+

-+ Tolerances Tolerances
Squared

56.5 45 ±3.5 ±3.75

TOTAL TOLERANCE VALUE

TOTAL SQUARED
TOLERANCE VALUE

TOTALS

RSS TOLERANCE VALUE

±1.94

16.5

17.5

11

56.5

±1

±0.5

±0.5

±1.5

±0.25

±1

±2.25

±0.25

POSITIVE
TOTAL

NEGATIVE TOTAL

17.5 ±0.5

MISSING
DISTANCE

11 ±1

16.5 ±0.5

-

A B

-

-

FIgure 8.12 Statistical chain of dimensions and tolerances number 9.
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56.5 ±1.5
+

MIN DIST. = 9.56

MAX DIST. = 13.44
POSITIVE TOTAL
NEGATIVE TOTAL

RSS TOLERANCE VALUE

NOMINAL DISTANCE 11.5 ±1.94
-45
56.5

Tolerances

TOTALS

+ -
Squared

Tolerances

±0.516.5

11

17.5

4556.5

56.5

±1

±3.5

±0.5

±1.5

±0.25

±1

±3.75

±2.25

±0.25

±1.94RSS =

17.5 ±0.5

MISSING
DISTANCE

11 ±1

16.5 ±0.5

-

A B

-

-

FIgure 8.13 Statistical chain of dimensions and tolerances number 10.
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statistical solutions are calculated and displayed simultaneously, making it easy 
to compare the results of both methods. The math and the format are inseparable, 
making for an easy-to-use and easy-to-understand problem solving and reporting 
tool. It cannot be overstated how important it is to use a clear and easy-to-read 
reporting format, as communication of the tolerance stackup results is almost 
always required. Using such a tool as described above consistently makes it easier 
for everyone involved in a project to understand the information quickly. It saves 
time and money.

Advanced Dimensional Management offers a suite of spreadsheet tools for 
solving worst-case and statistical linear tolerance stackups, their Tolerance 
Stackup Software Toolset, which runs in MS Excel 2003, 2007, 2010, etc. An 
example report is shown in Figure 8.15. Chapter 14 discusses tolerance stackup 
report forms and many of the attributes of Advanced Dimensional Management’s 
Tolerance Stackup Software Toolset.

56.5 ±1.5
+

MIN DIST. = 8.59

MAX DIST. = 14.41
POSITIVE TOTAL
NEGATIVE TOTAL

ADJUSTED RSS
TOLERANCE VALUE

NOMINAL DISTANCE 11.5 ±2.91
-45
56.5

ADJUSTED RSS: 1.5 * ±1.94 = ±2.91

±1.94

±0.25

±2.25

±3.75

±1

±0.25

Tolerances
Squared

56.5

56.5

+
16.5 ±0.5

11

45

17.5

±1

RSS =

±3.5

±0.5

±1.5

- Tolerances

TOTALS

17.5 ±0.5

MISSING
DISTANCE

11 ±1

16.5 ±0.5

-

A B

-

-

FIgure 8.14 Statistical chain of dimensions and tolerances number 11.
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The tolerance stackup report form shown in Figure 8.15 contains the following 
information:

Product name•	
Model number (if applicable)•	
Date•	
Revision of study•	
Direction of study•	
Units•	
Problem statement•	
Objective of study•	
Component or assembly name•	
Item number (for reference)•	
Item description•	
Tolerance value (±)•	
Tolerance source and calculations•	
Worst-case results•	
Statistical results•	
Adjusted statistical results•	
Notes at bottom if needed•	

Use of a consistent, standard format is very important. It makes learning to 
perform complex tolerance stackups easier as it facilitates a consistent approach 
to solving tolerance analysis problems. Data is gathered, calculations are made, 
and data is entered in the format the same way every time. It also makes it easier 
for your customers, those people who must interpret the data you provide and 
understand the work you have done.

Note that in Figure 8.15 assumptions have been noted and sources of data are 
listed where applicable. It is common to have to search for information when 
performing tolerance stackups. Sometimes assumptions and supplier data are the 
only sources for the required information. Make sure to include the sources for 
your information.

stAtIstIcAl tolerAnce stAckup exAmples

The tolerance stackup examples that follow are the same as in Examples 7.1 to 7.6 
that were solved worst-case in Chapter 7. The reader can compare the statistical 
results with the worst-case results, which are also presented here. This gives the 
reader the opportunity to see the effect that statistical techniques and manipula-
tion have on the results of the tolerance stackups. As in the previous chapter, all 
of the examples are based on parts dimensioned and toleranced using the plus/
minus (±) system.

As presented earlier in this chapter, solving tolerance stackups for the root-
sum-square (RSS) and adjusted RSS results is easy and only requires a few more 
steps than solving for the worst-case result. Because the majority of the steps are 
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Program: Stack Information:

Product: Part Number Rev Stack No:
12345678-001 A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Enclosure 12345678-002 A 1 +/- 0.5000 19%

2 +/- 0.2900 11%
3 8.5000 +/- 0.0000 0%
4 +/- 0.2000 8%
5 +/- 0.0000 0%
6 +/- 0.0000 0%

7 +/- 0.6650 25%

Ground Plate 12345678-004 A 8 +/- 0.2250 9%
9 +/- 0.1000 4%
10 +/- 0.0000 0%
11 6.0000 +/- 0.0000 0%
12 +/- 0.5000 19%
13 +/- 0.1500 6%

Dimension Totals 8.5000 6.0000
2.5000

Nom Tol Min Max
RESULTS:  2.5000 +/- 2.6300 -0.1300 5.1300

2.5000 +/- 1.0721 1.4279 3.5721
2.5000 +/- 1.6082 0.8918 4.1082

Notes:

Assumptions:

Suggested Action:

Datum Feature Shift: (DFB @ LMC - DFSB) / 2

Option 1: Determine if Ground Plate Contacts Enclosure Walls

Assembly Shift: (Mounting HolesLMC - FLMC) / 2

Position: DFB Dia 5+/-0.1 Holes
Bonus Tolerance
Datum Feature Shift: (DFB @ LMC - DFSB) / 2
Dim: Datum B - Edge of Ground Plate
Profile: Edge Along Pt B

Electronics Packaging Program AV-11

Edges of Ground Plate must not Touch Walls of Enclosure

BR Fischer

Profile 1, A, Bm

N/A - Threads

= ((5 + 0.15) - 3.82) / 2

AV-11-010a
07/04/02
A
mm
Along Plane of Ground Plate (Y Axis)

Position dia 0.4 @ MMC A

N/A - DFA not a Feature of Size

= (0.1 + 0.1) / 2
N/A - DFA not a Feature of Size
6 Basic on Dwg
Profile 1, A, Bm

= (3.422 - (3.242 - 0.4)) / 2
8.5 Basic on Dwg

= ((5 + 0.15) - (5 - 0.15)) / 2

- Assume threads are self centering.  Do not include bonus tolerance on line 5.

- May want to use two holes as locators instead of all eight.  See Stack Opt - 2.

- Used smallest screw major dia in Assembly Shift Calculations on line 7.

- M4 Screw Dimensions: Major Dia: 4 / 3.82     - M4 Tapped Hole Dimensions: Minor Dia: 3.422 / 3.242

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

- Used min and max screw thread minor dia in Datum Feature Shift Calculations on line 2.

Position dia 0.45 @ MMC A

Description
Ground Plate Enclosure Assembly: Option 1 with 8 Holes as Datum Feature B

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

Profile: Edge Along Pt A
Datum Feature Shift: (DFB @ LMC - DFSB) / 2

Position: DFB M4 Holes
Dim: Edge of Enclosure - Datum B

Bonus Tolerance
Datum Feature Shift: (DFB @ LMC - DFSB) / 2

FIgure 8.15 Sample tolerance stackup report form.
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the same as discussed in Chapter 7, only the additional steps required to obtain 
the statistical results will be discussed here.

example 8.1

In this example, a pin is the subject of the study. (See Figure 8.16.) The goal of 
this tolerance stackup is to determine the minimum and maximum width of the 
groove in the pin.

The tolerance stackup results are shown in Figure 8.17.

The tolerance stackup sketch in Figure 8.17 shows the chain of dimensions 
and tolerances for this problem, which is the same as when solving the problem 
worst-case.

The tolerance stackup report in Figure 8.17 includes a new column for the 
squared tolerances; the other columns are the same as in the worst-case example 
in Chapter 7. Several additional lines are added below the chart to report the RSS 
tolerance value and the adjusted RSS tolerance value.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
Each tolerance value is squared, and the squared values are totaled. The square root 
is taken of the sum of the squared tolerances, which is the RSS tolerance. For these 
examples, the adjusted RSS tolerance will be used, which in this case means the 
RSS tolerance is multiplied by 1.5. The adjusted RSS tolerance is subtracted from 
and added to the nominal distance to determine the statistical minimum and maxi-
mum distances, respectively. The minimum and maximum distances are reported.

The worst-case tolerance is ±1.2. The adjusted RSS tolerance is ±1.1. The 
worst-case minimum groove width was reported as 0.6 and the maximum was 3.0 

FIgure 8.16 Pin with groove.
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45 43.2 ±1.2

45 ±0.5

10 ±0.5

+

45

-

30 ±0.2

A

Tolerances

±0.5 OVERALL LENGTH

Description

N/A
13.2 ±0.5

B

±0.25

Tolerances
Squared

±0.54

Solve for Statistical Minimum and Maximum Gap A-B

Stackup Direction

Totals

1.8
-43.2

Adjusted RSS Tolerance Value

Negative Total
Nominal Gap

Positive Total
-
=

45
MAX GAP = 2.9

MIN GAP = 0.7

RSS Tolerance Value

Adjusted RSS Tolerance Value

± 1.1

 ±1.1

*1.5

±0.74

30

13.2

GROOVE - HEAD

TIP - GROOVE

±0.2

±0.5

±0.04

±0.25

2 +

Tolerance Stackup Sketch

1 - 3 -

Note: Because there are only three dimensions in this stackup, it is recommended
that the statistical method not be used.  Use the worst-case method shown
in Problem 1 in the previous section.

The statistical solution is shown here for comparison only.

FIgure 8.17 Pin with groove solved statistically.
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in Chapter 7. The adjusted RSS minimum groove width is 0.7, and the maximum 
is 2.9. Because there are only three dimensions and tolerances in this tolerance 
stackup, it is probably a better idea to use the worst-case results.

example 8.2

In this example, a part like the one presented at the beginning of this chapter 
is the subject of the study. (See Figure 8.18.) The goal of this tolerance stackup 
is to determine the minimum and maximum distance between two parallel 
surfaces on the part. The distance being studied is different than in the material 
presented earlier in the chapter.

The tolerance stackup sketch in Figure 8.19 shows the chain of dimensions 
and tolerances for this problem, which is the same as when solving the prob-
lem worst-case. 

The tolerance stackup report in Figure 8.19 includes a new column for the 
squared tolerances; the other columns are the same as in the worst-case example 
in Chapter 7. Several additional lines are added below the chart to report the RSS 
tolerance value and the adjusted RSS tolerance value.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
Each tolerance value is squared, and the squared values are totaled. The square root 
is taken of the sum of the squared tolerances, which is the RSS tolerance. For these 
examples, the adjusted RSS tolerance will be used, which in this case means the 
RSS tolerance is multiplied by 1.5. The adjusted RSS tolerance is subtracted from 

FIgure 8.18 Simple part.
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Adjusted RSS Tolerance Value

Nominal Distance
Negative Total
Positive Total

58 47.575

±

±4.425

MIN DISTANCE = 6.72

MAX DISTANCE = 14.14

+ - Tolerances Description

58
-47.575
10.425 3.71

58 ±2

Tolerances

±2.47

±6.11

RSS Tolerance Value

*1.5

 ±3.71 Adjusted RSS Tolerance Value

Squared

Totals

Solve for Statistical Minimum and Maximum Distance A-B

Stackup Direction

=
-

±2

±0.5

±0.925

±118

17.5

12.075

58

±1

DIM 3

±0.25

±0.856

±4

DIM 2

DIM 4

DIM 1

Tolerance Stackup Sketch

17.5 ±0.5

2 -

DIM A-B

12.075 ±0.925

18 ±1
BA 4 -

+3

-1

FIgure 8.19 Simple part solved statistically.
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and added to the nominal distance to determine the statistical minimum and maxi-
mum distances, respectively. The minimum and maximum distances are reported.

The worst-case tolerance is ±4.425. The adjusted RSS tolerance is ±3.71. The 
worst-case minimum distance was reported as 6, and the maximum was 14.85 in 
Chapter 7. The adjusted RSS minimum distance is 6.72, and the maximum is 14.14.

example 8.3

In this example, a simple assembly is studied. (See Figure 8.20.) The goal of 
this tolerance stackup is to determine the minimum and maximum distance 
between opposing surfaces on two parts in the assembly.

The tolerance stackup sketch in Figure 8.21 shows the chain of dimensions 
and tolerances for this problem, which is the same as when solving the prob-
lem worst-case. 

The tolerance stackup report in Figure 8.21 includes a new column for the 
squared tolerances; the other columns are the same as in the worst-case example 
in Chapter 7. Several additional lines are added below the chart to report the RSS 
tolerance value and the adjusted RSS tolerance value.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
Each tolerance value is squared, and the squared values are totaled. The square root 
is taken of the sum of the squared tolerances, which is the RSS tolerance. For these 
examples, the adjusted RSS tolerance will be used, which in this case means the 
RSS tolerance is multiplied by 1.5. The adjusted RSS tolerance is subtracted from 

FIgure 8.20 Simple assembly.
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1
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-
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-
2

-
4
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-
5
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-
6
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-
7

FIgure 8.21 Simple assembly solved statistically.
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and added to the nominal distance to determine the statistical minimum and maxi-
mum distances, respectively. The minimum and maximum distances are reported.

The worst-case tolerance is ±7.875. The adjusted RSS tolerance is ±4.67. The 
worst-case minimum gap was reported as 7, and the maximum was 22.75 in Chapter 
7. The adjusted RSS minimum gap is 10.205, and the maximum is 19.545.

example 8.4

In this example, an assembly with parts assembled in the vertical direction is 
studied. (See Figure 8.22.) The goal of this tolerance stackup is to determine 
the maximum distance between the upper surface of the frame and the lower 
surface of the bracket.

The assembly will be greatly affected by the force of gravity, which will most 
likely pull the bracket (part number 3) down against the fasteners. The fasteners 
will in turn be pulled down against the holes in the hanger (part number 2). It 
is assumed that the frame (part number 1) and the hanger are fixed in space. 
Individual part drawings for items 2 and 3 are shown in Figure 8.23.

FIgure 8.22 Hanger assembly (with gravity and assembly shift).

FIgure 8.23 Parts for hanger assembly.
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The tolerance stackup results are shown in Figures 8.24 and 8.25. The toler-
ance stackup sketch in Figure 8.24 shows the chain of dimensions and tolerances 
for this problem, which is the same as when solving the problem worst-case.

The tolerance stackup report in Figure 8.25 includes a new column for the 
squared tolerances; the other columns are the same as in the worst-case example 
in the previous chapter. Several additional lines are added below the chart to 
report the RSS tolerance value and the adjusted RSS tolerance value.

FIgure 8.24 Statistical worst-case hanger assembly and tolerance stackup sketch.

66 0 ±7.1

±1.3

±1.3

+ - Tolerances

±1 DIM 5: PART 3 HOLES - FLANGE

DIM 3: ASSY SHIFT PART 2: 6.3(H) + 0.3(ST) - 4(F) = 2.6 / 2 = ±1.3  

DIM 4: ASSY SHIFT PART 3: 6.3(H) + 0.3(ST) - 4(F) = 2.6 / 2 = ±1.3  

Description

±1.5

6

DIM 2: PART 2 EDGE - HOLES

DIM 1: PART 1 - PART 2±2

40

20

±2.25

±1

Tolerances

±1.69

±1.69

±3.26

±4

Squared
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RSS Tolerance Value

-0
66

Adjusted RSS Tolerance Value
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Negative Total

66

*1.5

MIN DISTANCE = 

MAX DISTANCE = 70.89

Adjusted RSS Tolerance Value ±4.89

± 4.89

Solve for Statistical Maximum Gap A-B

Totals

-
=

FIgure 8.25 Tolerance stackup report solved statistically.
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The dimension values in the positive column are totaled, which is the nominal 
distance being studied. Each tolerance value is squared, and the squared values 
are totaled. The square root is taken of the sum of the squared tolerances, which 
is the RSS tolerance. For these examples, the adjusted RSS tolerance will be used, 
which in this case means the RSS tolerance is multiplied by 1.5. The adjusted RSS 
tolerance is added to the nominal distance to determine the statistical maximum 
distance. The maximum distance is reported.

The worst-case tolerance is ±7.1. The adjusted RSS tolerance is ±4.89. The 
worst-case maximum distance was reported as 73.1 in Chapter 7. The adjusted 
RSS maximum distance is 70.89.

example 8.5

In this example, an inseparable assembly (or weldment) is studied. (See 
Figure 8.26.) Notice the dimensions and tolerances have been converted to 

FIgure 8.26 Complex welded assembly.
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equal-bilateral format. The goal of this tolerance stackup is to determine the 
minimum and maximum distance between parts 5 and 6 in the assembly. 

The tolerance stackup results are shown in Figures 8.27 and 8.28. The toler-
ance stackup sketch in Figure 8.27 shows the chain of dimensions and tolerances 
for this problem, which is the same as when solving the problem worst-case.

The tolerance stackup report in Figure 8.28 includes a new column for the 
squared tolerances; the other columns are the same as in the worst-case example 
in Chapter 7. Several additional lines are added below the chart to report the RSS 
tolerance value and the adjusted RSS tolerance value.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
Each tolerance value is squared, and the squared values are totaled. The square 
root is taken of the sum of the squared tolerances, which is the RSS tolerance. For 
these examples, the adjusted RSS tolerance will be used, which in this case means 
the RSS tolerance is multiplied by 1.5. The adjusted RSS tolerance is subtracted 
from and added to the nominal distance to determine the statistical minimum 
and maximum distances, respectively. The minimum and maximum distances 
are reported.

FIgure 8.27 Complex welded assembly (tolerance stackup sketch).
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The worst-case tolerance is ±2.4. The adjusted RSS tolerance is ±1.8. The 
worst-case minimum gap was reported as 3.7 and the maximum was 8.5 in 
Chapter 7. The adjusted RSS minimum gap is 4.3, and the maximum is 7.9.

example 8.6

In this example, a complex assembly is studied. (See Figure 8.29.) The assem-
bly is very similar to the weldment in the previous example, except the brackets 
are bolted to the base plate instead of being welded. The goal of this toler-
ance stackup is to determine the minimum and maximum distance between 
parts 5 and 6 in the assembly. The base plate and the bracket are detailed in 
Figure 8.30.

The tolerance stackup results are shown in Figures 8.31 and 8.32. The toler-
ance stackup sketch in Figure 8.31 shows the chain of dimensions and tolerances 
for this problem, which is the same as when solving the problem worst-case.

The tolerance stackup report in Figure 8.32 includes a new column for the 
squared tolerances; the other columns are the same as in the worst-case example 
in Chapter 7. Several additional lines are added below the chart to report the RSS 
tolerance value and the adjusted RSS tolerance value.

The dimension values in each column are totaled, and the negative total is sub-
tracted from the positive total, which gives the nominal distance being studied. 
Each tolerance value is squared, and the squared values are totaled. The square 
root is taken of the sum of the squared tolerances, which is the RSS tolerance. For 
these examples, the adjusted RSS tolerance will be used, which in this case means 
the RSS tolerance is multiplied by 1.5. The adjusted RSS tolerance is subtracted 
from and added to the nominal distance to determine the statistical minimum 

Nominal Gap
Negative Total
Positive Total

1
2
3
4
5
6
7

Dim
No

Part
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Totals

± Adjusted RSS Tolerance
-

Max Gap
Min Gap

5

7
6 & 7

2

3
4

2 31
2.5
2

8.6
2

11.5

7.3
35.5 29.4

1
0.3
0.2
0.1

0.1

0.5
0.2

2.4

Flange to Flange Dist Between LH & RH Item 2
Standoff Thickness
LH Plate Thickness
Pin Length

RH Angle Brkt Web Thickness
RH Plate Thickness
Thickness of RH Plate and Boss

35.5
29.4
6.1 1.8

7.9
4.3

Statistical Tolerance Stackup

1.20±
1.8±
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Adjusted RSS Tolerance ( RSS * 1.5 ) 

Totals

Solve for Statistical Minimum and Maximum Gap A-B

=
-

Squared
Tolerances

±

0.09

0.25

0.01
0.04

1

0.01
0.04

±
±
±
±
±
±
±
±

±
±

±

±
±

±
±

1.44

FIgure 8.28 Tolerance stackup report solved statistically.
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FIgure 8.29 Complex bolted assembly.
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FIgure 8.30 Parts for complex bolted assembly.
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FIgure 8.31 Complex bolted assembly solved statistically.
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and maximum distances, respectively. The minimum and maximum distances 
are reported.

The worst-case tolerance is ±9.6. The adjusted RSS tolerance is ±4.79. The 
worst-case minimum gap was reported as -3.7, which indicates interference, and 
the maximum was a 15.5 clearance in Chapter 7. The adjusted RSS minimum gap 
is a 1.1 clearance, and the maximum is a 10.7 clearance. In Figure 8.33, all posi-
tive dimensions are biased toward their smallest value, and all negative dimen-
sions are biased toward their largest value. The values of the tolerances are within 
their ranges, but are not at their extremes, due to statistical manipulation. The 
holes in the angle brackets (part 2) shift inward against the fasteners, and the 
fasteners shift inward against the holes in the base plate. This leads to the small-
est statistical gap, which in this case is 1.1-mm clearance. Given the number of 
contributors in the chain of dimensions and tolerances, it is probably a good idea 
to use the statistical result.

Statistical Tolerance Stackup

Dim
No

Part
No + - Description

1 5 11.5 +/- 0.1 +/- 0.01 Pin Length
2 4 2 +/- 0.2 +/- 0.04 LH Plate Thickness
3 3 8.6 +/- 0.3 +/- 0.09 Standoff Thickness
4 2 12.1 +/- 1 +/- 1 CL Hole - Edge on LH Angle Brkt

5 2 +/- 1.3 +/- 1.69

6 1 +/- 1.3 +/- 1.69
7 1 55 +/- 1 +/- 1 CL - CL Holes Dim on Base Plate

8 1 +/- 1.3 +/- 1.69

9 2 +/- 1.3 +/- 1.69
10 2 12.1 +/- 1 +/- 1 CL Hole - Edge on RH Angle Brkt
11 2 2.5 +/- 0.1 +/- 0.01 RH Angle Brkt Web Thickness
12 7 2 +/- 0.2 +/- 0.04 Thickness of RH Plate
13 6 & 7 7.3 +/- 0.5 +/- 0.25 Thickness of RH Plate & Boss

59.5 53.6 +/- 9.6
+/- 3.19 RSS Tolerance
+/- 4.79 Adjusted RSS Tolerance ( RSS * 1.5)

Positive Total 59.5
Negative Total -53.6

Nominal Gap 5.9 +/- 4.79 Adjusted RSS Tolerance

Max Gap 10.7
Min Gap 1.1 Clearance!

Assy Shift in LH Angle Brkt Holes @ LMC: 
6.6 - 4 = 2.6 / 2 = +/-1.3

Assy Shift in Base Plate LH Holes @ LMC: 
6.6 - 4 = 2.6 / 2 = +/-1.3

Assy Shift in Base Plate RH Holes @ LMC: 
6.6 - 4 = 2.6 / 2 = +/-1.3

Assy Shift in RH Angle Brkt Holes @ LMC: 
6.6 - 4 = 2.6 / 2 = +/-1.3

+/-

Totals

Squared 
Tolerances

  +/- 10.2

FIgure 8.32 Complex bolted assembly spreadsheet with statistical solution.
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FIgure 8.33 Complex bolted assembly solved statistically (clearance).
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9 Geometric 
Dimensioning and 
Tolerancing in 
Tolerance Analysis

Geometric dimensioning and tolerancing (GD&T) is a symbolic language used 
to define part and assembly geometry and its allowable variation. As a symbolic 
language, GD&T transcends the borders and barriers of spoken language and 
is understood across borders, across continents and across the world. The two 
purposes of GD&T described in the first sentence above are distinct but overlap-
ping, and are sometimes confused by casual users. One use of GD&T is to define 
the geometry of perfect, as-designed, as-modeled and as-drawn parts and assem-
blies—generally, this is the purpose of dimensioning. In most cases, dimensions 
represent the as-intended perfect state of part and assembly geometry. Exceptions 
to this include nominal sizes for screw threads and pipe sizes, which are often dif-
ferent than the stated value. Also common in ISO standards is the use of tolerance 
classes or grades, which sometimes designate size limits that do not encompass 
the nominal (or basic) size, such as a Ø20 mm shaft with size limits of Ø20.1 and 
Ø20.2. The other use of GD&T is to define the allowable geometric variation for 
as-produced parts and assemblies. This is the tolerancing portion of GD&T, and 
includes directly toleranced dimensions (±) and geometric tolerances. In addition 
to the tolerances themselves, other symbols and methods are needed to completely 
define the dimensioning and tolerancing schemes for parts and assemblies. So, if 
properly employed, GD&T is used to precisely define the perfect, as-intended 
state of part and assembly geometry, and GD&T is used to precisely define the 
variation allowed from that perfect ideal condition.

The most important difference between drawings created using GD&T and ± 
dimensioning and tolerancing is that GD&T creates coordinate systems based on 
datum reference frames, and all features on a part are unambiguously related to 
these coordinate systems. Properly applied, GD&T specifies which part features 
are to be used as datum features, creating the basis for each coordinate system. 
The rest of the features on the part are related to these coordinate systems through 
geometric tolerances in feature control frames.

Tolerance stackups done on parts and assemblies that have been properly 
dimensioned and toleranced with GD&T are more meaningful than those with 
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parts defined by dimensions and ± tolerances alone. This is because tolerance 
stackups performed on parts with GD&T require far fewer assumptions regarding 
how to interpret the tolerance specifications.

Mating parts should have coordinated datum reference frames, with the inter-
facing surfaces specified as primary datum features. From these surfaces, two 
coordinate systems are established, one on each part. Relating features on each 
part to these datum reference frames minimizes variation between related fea-
tures on each part.

On simple parts, there may be only one datum reference frame, and all part 
features are related to it or the datum features themselves. More complex parts 
may have many datum reference frames due to geometry or functional necessity. 
Each datum reference frame on a part must be related to the other datum refer-
ence frames on the part, either directly or indirectly. For example, take the part 
in Figure 9.1. There are four datum reference frames on this part. If the tolerance 
between features related to different datum reference frames needs to be studied 
in a tolerance stackup, the accumulated variation between the features and their 
datum reference frames must be studied.

A new revision of the ASME Y14.5 standard was released in 2009; this is 
ASME Y14.5-2009. The new revision of the standard represents a major step 
forward in the development of geometric dimensioning and tolerancing stan-
dards. Terminology and symbology from the ASME Y14.5-2009 standard has 
been included in this book, alongside the terminology from ASME Y14.5M-1994 
and applicable ISO standards. Refer to the section at the end of this chapter for 
more information about the changes, improvements and new symbology found in 
ASME Y14.5-2009.

FIgure 9.1 Complex part with four datum reference frames.
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generAl comments About Asme And Iso 
dImensIonIng And tolerAncIng stAndArds And 
ApplIcAbIlIty oF the gd&t content In thIs book

The GD&T-based material in this book was initially developed to address speci-
fications based on the ASME Y14.5M-1994 standard. As I wrote the first edition, 
I realized that the material must also apply to ISO standards and the standards 
derived from them, such as British standards (BSI) and German standards (DIN). 
There is a tremendous amount of commonality between GD&T as defined in 
ASME Y14 series standards and GD&T as defined in the various ISO standards. 
Much of the symbology has been harmonized and coordinated to use the same 
symbols in both sets of standards where possible.

In some cases, different symbols are used in the standards. Sometimes these 
symbols are used to provide a tool that is unique to that standard, such as the cir-
cle-E (envelope) symbol defined in ISO 8015-1985, or the circle-I (independency) 
symbol in ASME Y14.5-2009. Note that these symbols exist in these standards 
because the two sets of standards, while generally harmonized, include very dif-
ferent stances on the preferred default state for features of size, such as holes, 
shafts, keys, and keyways. This difference in philosophy is significant, and affects 
more areas than these two symbols, sometimes causing a symbol to have a differ-
ent meaning in ASME and ISO standards.

In the context of tolerance analysis, the reasons for the differences between the 
ASME and ISO dimensioning and tolerancing standards do not matter. All that 
matters is that the tolerance analyst understands the meaning of the specifications 
used on the drawings or models being studied, and that he or she makes sure the 
specifications are modeled correctly in the tolerance stackup. For the most part, 
GD&T specifications in ASME and ISO have the same meaning; their meanings are 
so similar that for tolerance analysis purposes the differences can be ignored, so no 
additional discussion is needed. Some geometric tolerances have slightly different 
meanings and usage in ISO and ASME, such as concentricity (or coaxiality) and 
symmetry. However, from a tolerance analysis point of view, these differences do 
not affect how the tolerance would be modeled and included in most tolerance stack-
ups. Thus, the material that follows is equally valid for tolerance stackups done on 
parts and assemblies dimensioned and toleranced using ASME or ISO standards.

One area of significant difference is simultaneous requirements. Simultaneous 
requirements and its effect on tolerance stackups are presented near the end of 
this chapter. While simultaneous requirements is a default condition in the ASME 
Y14.5 standard, simultaneous requirements is only a default in very limited cases 
in ISO. The implementation of simultaneous requirements in ISO dimensioning 
and tolerancing standards is so limited that for all intents and purposes simul-
taneous requirements essentially does not exist in ISO. Again, the difference in 
philosophy of the ISO standards developers leads to this distinction. There seems 
to be a longstanding prevalent point of view in the ISO standards development 
community that allowing more variation is better for business, and thus they have 
adopted this extremely limited approach to simultaneous requirements. The effect 
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of this stance for tolerance analysis is that more variation is generally allowed in 
the ISO system than the ASME system given a similar set of specifications. This 
means more variation must be included in a tolerance stackup done on parts and 
assemblies dimensioned and toleranced using ISO standards. I am not saying that 
the ISO system is faulty or that the ISO standards are wrong; I am merely saying 
that their default conditions tend to allow more variation and, thus, lead to toler-
ance stackups with larger allowable variation. Although it is early in this chapter 
to discuss this, at issue is datum feature shift. Because simultaneous requirements 
is essentially not implemented in ISO standards, in all but a few cases, datum 
feature shift must be added to every geometric tolerance that references datum 
features of size at maximum material condition (MMC) or least material condi-
tion (LMC). In some ways, this makes tolerance analysis on ISO-defined parts 
and assemblies easier, because the tolerance analyst has less to consider when 
deciding whether to include datum feature shift or not. In tolerance stackups done 
on ISO-defined parts and assemblies, datum feature shift is added to almost every 
tolerance where it may occur. See the material later in this chapter for more infor-
mation about datum feature shift and simultaneous requirements.

This is not a rant about ISO standards or their approach to dimensioning and 
tolerancing standardization—far from it. ISO has developed very elegant math-
ematical definitions and valuable tools for describing variation that are not found 
in ASME Y14.5. And, like ASME, ISO continues to develop new and better tools 
for their users. It is merely important for the tolerance analyst to understand that 
although the two systems share common symbols and are essentially very similar, 
and thus appear the same to the reader, there are significant differences between 
the two systems.

To close these statements on ASME and ISO standards, realize that all of the 
content in this chapter for converting geometric tolerances and including them in 
the tolerance stackup applies to ISO and ASME standards. Some of the outliers, 
the geometric tolerances unique to ASME or ISO, are not addressed in this text. 
However, one exception to this commonality is present in the text—the informa-
tion that follows covering unequal-bilateral and unilateral profile tolerances is 
currently only allowed in ASME Y14.5 and not in ISO. These tools and tech-
niques will very likely be in the next revisions of ISO 1101 and ISO 1660, as 
they are essential for complete product definition. These tools and techniques are 
especially important in industries where complex product geometry is common, 
such as automotive, aerospace and consumer electronics.

A concise overview of the new material and symbols in the ASME Y14.5-2009 
standard has been added to the end of this chapter. New terminology from ASME 
Y14.5-2009 has been added throughout the book as well. Also, Figures 9.2 to 9.5 
include the ISO, ASME Y14.5M-1994, and ASME Y14.5-2009 symbology.

convertIng gd&t Into equAl-bIlAterAl ± tolerAnces

The previous examples depicted parts and assemblies that were toleranced with 
traditional ± tolerances for size and location. These tolerances were then converted 
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into equal-bilateral ± tolerances as required. Using the techniques presented here, 
parts and assemblies dimensioned with GD&T must also be converted to equal-
bilateral ± tolerances before a tolerance analysis can be completed.

Plus/minus dimensions and tolerances are still used with drawings based on 
GD&T, but their use should be limited to defining features of size and the depth 
or length of features such as holes and pins. For many reasons, ± dimensions and 
tolerances should not be used to locate features.

Several types of geometric tolerances and the conversion procedure will be 
discussed in this section. The discussion is a simplification of what actually must 
be considered in comparing geometrically dimensioned and toleranced parts with 
parts dimensioned and toleranced using the ± system.

ProFile Tolerances

Profile tolerances can be readily translated into ± tolerances. Profile tolerances 
specify a total width tolerance zone that follows the shape of a nominal surface 
(or true profile). The tolerance zone may be equal-bilaterally, unequal-bilaterally 
or unilaterally displaced about the nominal surface, much like a ± tolerance. For 
typical single segment profile tolerances as shown in Figure 9.2, the total profile 
tolerance zone is equally and bilaterally displaced about the nominal surface, and 
the equivalent ± tolerance is half the profile tolerance value. This is a simplifica-
tion, as a profile tolerance is usually associated with a datum reference frame, 
which affects the location and orientation of the tolerance zone.

ASME Y14.41-2003 Product Definition Data Practices and ASME Y14.5-
2009 Dimensioning and Tolerancing include a new symbol for specifying pro-
file tolerances on 3D digital models and on drawings. This is the unequally 
disposed modifier (circle-U symbol). The symbol was originally released in the 
ASME Y14.41-2003 standard and has since been added to ASME Y14.5-2009. 
Figures 9.2 to 9.5 include application examples of this new symbol alongside the 
earlier methods.

Profile tolerances are far superior to traditional ± tolerances in several ways. 
First, as previously mentioned, they are usually related to a datum reference 
frame, which precisely locates the tolerance zone relative to other toleranced fea-
tures. Second, they may be applied unambiguously to any surface, regardless of 
its shape, location and orientation; ± tolerances fall far short of this universal 
applicability and are only clear in their intent for defining size limits for a single 
feature of size.

As described in Chapter 3 and shown in Figure 3.1, ± tolerances may be expressed 
as a limit dimension, equal-bilateral, unequal-bilateral, unilateral positive or uni-
lateral negative tolerances. Aside from the limit dimension method, profile offers 
tolerancing methods analogous to ±, with the added benefits described above.

For profile tolerances specified on an equal-bilateral basis, the tolerance zone 
boundaries are offset an equal distance from the true profile. The true profile is 
the specified geometry defined by the basic dimensions shown on the drawing 
or obtained from a model. The distance the profile tolerance zone boundaries 
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FIgure 9.2 Equal bilateral profile tolerance.
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are offset is equal to half the specified profile tolerance value. One boundary is 
offset from the surface into the material of the part and the other boundary is off-
set from the surface into space. Using terminology from ASME Y14.5-2009, the 
tolerance zone boundary offset into the material of the part represents the least 
material boundary (LMB), and the tolerance zone boundary offset into space 
represents the maximum material boundary (MMB) for the surface.

The equal-bilateral profile tolerance shown in Figure 9.2 may be converted 
as follows:

Given an equal-bilaterally displaced profile tolerance•	

 Profile 4 Profile tolerance = total tolerance

Divide the profile tolerance by two to obtain the ± equal-bilateral toler-•	
ance value

 Equal-bilateral tolerance value = 4/2 = 2

Take the value of the basic dimension locating the surface as nominal•	

 20

 Nominal dimension value = 20

Conversion complete:

 Equal-bilateral equivalent = 20 ± 2

Note: The dimension value and the tolerance value will be placed on separate 
lines in the tolerance stackup report.

The equal-bilateral profile tolerance shown in Figure 9.3 may be converted 
as follows:

Given an equal-bilaterally displaced profile tolerance on a curved surface •	
(considered at tangential point at top)

 Profile 4 Profile tolerance = total tolerance

Divide the profile tolerance by two to obtain the ± equal-bilateral toler-•	
ance value

 Equal-bilateral tolerance value = 4/2 = 2



138 Mechanical Tolerance Stackup and Analysis, Second Edition

FIgure 9.3 Equal-bilateral profile tolerance: curved surface.
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Take the value of the basic dimension locating the surface as nominal•	

 20

 Nominal dimension value = 20

Conversion complete:

 Equal-bilateral equivalent = 20 ± 2

Note: The dimension value and the tolerance value will be placed on separate 
lines in the tolerance stackup report. The methods described in these examples 
work well for planar surfaces that are perpendicular to the direction of the toler-
ance stackup. For curved or sloped surfaces, additional steps may be necessary to 
convert the tolerances.

A profile tolerance applied to a curved or sloped surface creates a three-dimen-
sional tolerance zone offset from the surface. Any point on the surface must be 
located within the tolerance zone along a line perpendicular to the nominal surface. 
Consequently, care must be taken when including this type of surface in a tolerance 
stackup. If the surface or the contributing portion of the surface is not perpendicu-
lar to the direction of the tolerance stackup, trigonometry will likely be necessary 
to resolve the tolerance value into the direction of the tolerance stackup.

If the portion of the surface being considered is not directly located by a basic 
dimension parallel to the direction of the tolerance stackup, the dimension must 
be determined by other means. If the drawing was created using CAD, the easi-
est method is to measure the distance to the surface using the CAD program. If 
the surface is a plane at an angle to the direction of the study, trigonometry may 
be used to locate a point on the surface. For irregularly curved surfaces it may 
be impossible to locate a point on the surface without the aid of a CAD program. 
This calculated or measured dimension value will be used as the nominal dimen-
sion in the tolerance stackup.

Often, when performing tolerance stackups on complex, irregularly curved 
surfaces and parts, the tolerance stackup is done without dimensions. Only the 
variation is analyzed (tolerances only), and the nominal dimension or gap is taken 
directly from the CAD model. The dimension shift described in Chapter 4 must 
be calculated and included for all the dimensions and tolerances in the tolerance 
stackup that were converted into equal-bilateral format.

unequal-bilaTeral ProFile Tolerances

Unequal-Bilateral profile tolerances specify unequal variation in each direction 
from nominal. The variation is not centered about the nominal value. These are 
similar to unequal-bilateral +\- tolerances.

The unequal-bilateral profile tolerance shown in Figure 9.4 may be converted 
as follows:
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Given an unequal-bilaterally displaced profile tolerance•	

 Profile 4 Profile tolerance = total tolerance

Convert the unequal profile tolerance into the unequal ± tolerance value•	
The total tolerance zone is 4 mm wide. The zone extends from 3 mm 

outside the nominal surface to 1 mm inside the nominal surface. 
These values can be directly converted into + and – tolerances.

 3 mm outward (toward MMB) = +3 tolerance value
 1 mm inward (toward LMB) = –1 tolerance value

 +3 Unequal-bilateral ± tolerance value
 –1

Take the value of the basic dimension locating the surface as nominal•	

 20

 Nominal dimension value = 20

Establish upper and lower limits.•	
Add the plus tolerance to the nominal value; this is the upper limit.
Subtract the minus tolerance from the nominal value; this is the lower 

limit.

 Upper limit = 20 + 3 = 23
 Lower limit = 20 – 1 = 19

Divide the total tolerance by two to obtain the equal-bilateral tolerance •	
value.

 4 = ±2 Equal-bilateral tolerance value

Add the equal-bilateral tolerance value to the lower limit. This is the •	
adjusted nominal value. Establish the adjusted nominal value.

 19 + 2 = 21

(Note: The adjusted nominal value can also be obtained by subtracting 
the equal-bilateral tolerance value from the upper limit. Or it can 
be obtained by adding the upper and lower limits and dividing their 
sum by 2 as follows [(23 + 19)/2 = 21].)
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FIgure 9.4 Unequal-bilateral profile tolerance.
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Conversion complete:

 Equal-bilateral equivalent = 21 ±2

Note: The dimension value and the tolerance value will be placed on separate 
lines in the tolerance stackup report.

unilaTeral ProFile Tolerances

Unilateral profile tolerances specify variation only in one direction from nominal, 
either into or out from the part surface (true profile). The nominal value represents 
one end of the tolerance range. These are similar to unilateral ± tolerances, in that 
the tolerance specifications may be considered as follows:

Unilateral outward (or positive): Similar to plus (+) something/minus (–) •	
nothing. This method specifies the amount the as-produced surface may 
protrude out into space from nominal (the true profile). Using terminol-
ogy from ASME Y14.5-2009, the LMB profile tolerance zone boundary 
is the true profile and the MMB tolerance zone boundary is offset the 
specified distance from the true profile. This method only allows mate-
rial to be added to the nominal surface.
Unilateral inward (or negative): Similar to plus (+) nothing/minus (–) •	
something. This method specifies the amount the as-produced surface 
may protrude into the part material from nominal (the true profile). 
Using terminology from ASME Y14.5-2009, the MMB profile tolerance 
zone boundary is the true profile and the LMB tolerance zone boundary 
is offset the specified distance from the true profile. This method only 
allows material to be subtracted to the nominal surface.

The unilateral profile tolerance shown in Figure 9.5 may be converted as 
follows:

Given a unilaterally displaced profile tolerance•	

 Profile 4 Profile tolerance = total tolerance

Convert the unilateral profile tolerance into the unilateral ± tolerance value •	
The total tolerance zone is 4 mm wide. The zone extends from 4 mm 
outside the nominal surface to 0 mm inside the surface. These values can 
be directly converted into + and – tolerances.

 4 mm outward (toward MMB) = +4 Tolerance value
 0 mm inward (toward LMB) = –0 Tolerance value

 +4 Unilateral ± tolerance value
 –0



Geometric Dimensioning and Tolerancing in Tolerance Analysis 143

FIgure 9.5 Unilateral profile tolerance.
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Take the value of the basic dimension locating the surface as nominal•	

 20

 Nominal dimension value = 20

Establish upper and lower limits. •	
Add the plus tolerance to the nominal value; this is the upper limit. 
Subtract the minus tolerance from the nominal value; this is the lower 

limit. 

 Upper limit = 20 + 4 = 24
 Lower limit = 20 – 0 = 20

Divide the total tolerance by two to obtain the equal-bilateral tolerance •	
value.

 Equal-bilateral tolerance value = 4/2 = ±2

Add the equal-bilateral tolerance value to the lower limit. This is the •	
adjusted nominal value. Establish the adjusted nominal value.

 20 + 2 = 22

(Note: The adjusted nominal value can also be obtained by subtracting 
the equal-bilateral tolerance value from the upper limit. Or it can 
be obtained by adding the upper and lower limits and dividing their 
sum by 2 as follows [(24 + 20)/2 = 22].)

Conversion complete:

 Equal-bilateral equivalent = 22 ± 2

Note: The dimension value and the tolerance value will be placed on sepa-
rate lines in the tolerance stackup report. The same procedure may be performed 
to convert a unilaterally inward profile tolerance (+ nothing/– something) to an 
equal-bilateral ± tolerance.

coMPosiTe ProFile Tolerances

Composite profile tolerances are specified in composite (multiple segment) fea-
ture control frames. The tolerance zones defined in the upper and lower segments 
of a composite profile feature control frame are described in Figure 9.6. The pro-
file tolerance specified in the uppermost segment of the feature control frame 
represents the total allowable variation in location of the feature(s) to a datum 
reference frame. Typically the tolerance defined in the uppermost segment is used 
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FIgure 9.6 Composite profile.
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in tolerance stackups. The profile tolerance defined in the uppermost segment of 
a composite feature control frame is exactly the same as a single segment profile 
tolerance feature control frame with the same contents.

The tolerance zone(s) defined in the uppermost segment of a composite profile 
feature control frame are basically located to a datum reference frame and thus 
control the location of the feature(s) to the datum reference frame.

The tolerance zones defined in the lower segments of a composite feature con-
trol frame are not basically located to a datum reference frame—they may only 
be basically oriented to a datum reference frame and are basically located to each 
other in the case of a pattern.

In some cases, the profile tolerance specified in a lower segment may be of 
more importance, but it is less common. The profile tolerance specified in a lower 
segment may be used in a tolerance stackup if the tolerance stackup is between 
features in a pattern. For example, consider the two side surfaces of the groove in 
Figure 9.7. Both surfaces are toleranced using the same composite profile feature 
control frame. Using this technique makes the surfaces into a pattern; they are 
grouped together by virtue of the tolerancing scheme.

The profile tolerance specified in a lower segment may also be used with 
more advanced tolerancing techniques, such as where simultaneous require-
ments is explicitly stated beneath two or more composite feature control 
frames related to the same datum reference frame. This technique also com-
bines the features toleranced by the composite feature control frames into a 
single pattern.

Even though there is a difference between the upper segment tolerance and 
the lower segment tolerance, both are included and formatted in the tolerance 
stackup report the same way as a single segment profile tolerance. Two lines are 
entered into the tolerance stackup report; the profile tolerance is entered on the 
first line and datum feature shift is entered on the second line. The technique for 
including profile tolerance information in a tolerance stackup sketch and a toler-
ance stackup report is presented in Chapters 13 and 14.

As a general rule, if the location of the feature (or pattern of features) affects 
the distance being studied, the upper segment profile tolerance should be used in 
the tolerance stackup. The upper segment profile tolerance is also used in the tol-
erance stackup when the feature(s) toleranced with the composite feature control 
frame and a feature toleranced with a different feature control frame on the same 
part are included in the chain of dimensions and tolerances.

As a general rule, the profile tolerance defined in the lower segment of a 
composite feature control frame is used in the tolerance stackup when the chain 
of dimensions and tolerances includes only the toleranced features within a pat-
tern and does not include any other features on the same part. If the distance 
being studied is only affected by the feature-to-feature relationship within the 
pattern of features, the lower segment profile tolerance should be used in the 
tolerance stackup.

Several examples that show the uppermost segment and the lower segments of 
composite profile feature control frames used in tolerance stackups follow.
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FIgure 9.7 Composite profile tolerancing sample part.
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example 9.1

Refer back to the part shown in Figure 9.7. In this example, the goal of the tol-
erance stackup is to determine how close the groove may be to the left edge 
of the part. The groove walls are toleranced with composite profile, and the 
left edge of the part is datum feature B. The profile tolerance in the upper seg-
ment of the composite feature control frame is used in the tolerance stackup 
because the upper segment tolerance locates the groove walls to the datum ref-
erence frame. The tolerance stackup sketch for this example is shown in Figure 
9.8. The tolerance stackup report for this example is shown in Figure 9.9. The 
upper segment profile tolerance would also be used if the goal of the tolerance 
stackup was to determine the distance between one of the groove walls and 
the Ø6 ±0.1 hole, because both features are related to the same datum refer-
ence frame. In that example, the chain of dimensions and tolerances would 
start at the groove wall, pass through the datum reference frame and terminate 
at the hole.

FIgure 9.8 Composite profile tolerance stackup sketch.
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Program: Stack Information:

Product: Part Number Rev Stack No:
- A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Part with Groove 123-002 A 1 +/- 1.2500 83%

2 +/- 0.0000 0%
3 20.0000 +/- 0.0000 0%
4 0.2500 +/- 0.2500 17%
5 +/- 0.0000 0%

Dimension Totals 20.0000 0.2500
19.7500

Nom Tol Min Max
RESULTS:  19.7500 +/- 1.5000 18.2500 21.2500

19.7500 +/- 1.2748 18.4752 21.0248
19.7500 +/- 1.9121 17.8379 21.6621

Notes:

Assumptions:

Suggested Action:

Determine the Minimum Distance Between the Groove Wall and the Left Edge of the Part

Tolerance Analysis and Stackup Manual

It is Important to Know the Minimum Distance Between the Groove Wall and the Left Edge of the Part

Description
Part with Groove

Horizontal

Perpendicularity 0.5, A on Dwg - See Notes

Profile 2.5, A, B, C (Upper Segment)

N/A

N/A
20 Basic on Dwg

BR Fischer

Figure 9-9
07/04/02
A

  of +/-0.25, with a Zone Shift of 0.25, which is half the Perpendicularity tolerance value.  The Zone Shift is indicated by placing the 0.25 value in the "- Dims" column on the same line as 

mm

  between Datum Feature B and the Groove to decrease, so it must be accompanied by a negative Zone Shift.  The Perpendicularity tolerance is added as an equal-bilateral tolerance

  Perpendicularity tolerance.  See Chapter 20 for more information.

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

   Datum A.  Therefore the tolerance analyst may choose to include the Perpendicularity tolerance in the Tolerance Stackup.   The Perpendicularity tolerance only allows the distance 

- The Upper Segment Profile Tolerance is used in this Tolerance Stackup.
- The Perpendicularity tolerance applied to Datum Feature B allows portions of the Datum Feature to tilt and / or have form error relative to Datum B, which is perfectly perpendicular to 

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

Datum Feature Shift:

Profile: Edge Along Pt A
Datum Feature Shift

Perpendicularity: (Datum Feature B)
Dim: Groove Wall - Datum B

FIgure 9.9 Composite profile tolerance stackup: groove distance.
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example 9.2

Again refer back to the part shown in Figure 9.7. In this example the goal of 
the tolerance stackup is to determine the minimum and maximum allowable 
groove width. Since both groove walls are toleranced with the same com-
posite profile feature control frame, the walls are considered a pattern, and 
the profile tolerance specified in the lower segment is used in the tolerance 
stackup. Notice that the chain of dimensions and tolerances does not pass 
through the datum reference frame and only includes the 5-mm basic dimen-
sion between the groove walls and their respective lower segment profile toler-
ances and datum feature shift. The tolerance stackup sketch for this example is 
shown in Figure 9.10. The tolerance stackup report for this example is shown 
in Figure 9.11.

FIgure 9.10 Composite profile tolerance stackup sketch.
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Program: Stack Information:

Product: Part Number Rev Stack No:
- A Date:

Revision
Problem: Units: mm

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Part with Groove 123-002 A 1 +/- 0.5000 50%

2 +/- 0.0000 0%
3 5.0000 +/- 0.0000 0%
4 +/- 0.5000 50%
5 +/- 0.0000 0%

Dimension Totals 5.0000 0.0000
5.0000

Nom Tol Min Max
RESULTS:  5.0000 +/- 1.0000 4.0000 6.0000

5.0000 +/- 0.7071 4.2929 5.7071
5.0000 +/- 1.0607 3.9393 6.0607

Notes:

Assumptions:

Suggested Action:

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

Figure 9-11
07/04/02
A

Horizontal
BR Fischer

Profile 1, A (Lower Segment)

Profile 1, A (Lower Segment)

N/A

N/A
5 Basic on Dwg

Tolerance Analysis and Stackup Manual

It is Important to Know the Minimum and Maximum Groove Width

Description
Part with Groove

Determine the Minimum and Maximum Groove Width

Datum Feature Shift

Profile: Edge Along Pt A
Datum Feature Shift

Profile: Edge Along Pt A
Dim: Right Groove Wall - Left Groove Wall

FIgure 9.11 Composite profile tolerance stackup: groove width.
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PosiTional Tolerances

Positional tolerances can also be easily translated into ± tolerances. Positional 
tolerances specify a cylindrical or total width tolerance zone for features of size, 
such as the holes and slots shown in Figure 9.12. For spherical features of size, a 
spherical positional tolerance zone may be specified. Positional tolerances may be 
included in a tolerance stackup for a number of reasons. It may be because there is 
a fit relationship between two or more parts, or it may be to determine the distance 
between the edge of a feature of size and another surface, such as the distance 
between a hole and the edge of a part or between a shaft and an adjacent part.

Care must be taken when converting positional tolerances into ± tolerances, 
as the material condition modifier associated with the positional tolerance must 

FIgure 9.12 Part with positional tolerancing and modifiers.
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also be considered. Material condition modifiers are shown in Figure 9.13. These 
include RFS (regardless of feature size), MMC and LMC.

Regardless of feature size (•	 RFS). RFS is the default condition if no mate-
rial condition modifier is present. The RFS tolerance specifies a fixed 
size tolerance zone. The tolerance zone size does not change with the 
size of the as-produced feature (see Figure 9.14). A positional tolerance 
specified RFS is the total width or diameter of a tolerance zone. So, a 
positional tolerance specified RFS with a width value of 1, or a cylindri-
cal value of ∅1, can be quickly converted into ±0.5, regardless of the 
size of the as-produced feature.
Maximum material condition (•	 MMC). When an MMC modifier is 
applied to a positional tolerance, the tolerance zone varies directly with 
size of the as-produced feature. When the feature is produced at its MMC 
(smallest internal, largest external), it must be within the tolerance zone 
specified. As the size of the feature deviates from its MMC, the toler-
ance zone increases proportionately (see Figure 9.15).
Least material condition (•	 LMC). When an LMC modifier is applied to 
a positional tolerance, the tolerance zone varies directly with size of the 
as-produced feature. When the feature is produced at its LMC (largest 
internal, smallest external), it must be within the specified tolerance. 
As the size of the feature deviates from its LMC, the tolerance zone 
increases proportionately (see Figure 9.16).

positional tolerance, Assembly shift, and misalignment
Positional tolerances are often specified using the MMC modifier. This allows the 
greatest latitude in manufacturing, since the positional tolerance zone increases 
with the size of the feature, permitting more parts to pass inspection, potentially 
lowering part cost. This method of tolerancing is based on the premise that the 
only functional concern is for a fastener, shaft, etc., to pass through the hole, and 
the additional positional tolerance as the hole increases in size from MMC to 
LMC is not objectionable. This is not always the case, however.

Specifying a positional tolerance at MMC for holes leads to the greatest pos-
sible mislocation when the hole is produced at LMC. This is due to the bonus tol-
erance (the additional allowable positional error as the holes deviate from MMC 
toward LMC). Assembly shift is also greatest when the holes are their largest size, 
which is LMC.

In cases where alignment is also a functional concern, MMC tolerancing may 
not be the best choice, as the additional (bonus) positional tolerance may be func-
tionally detrimental. RFS may be a better choice, even though it appears to be a 
tighter tolerance than MMC, due to the lack of bonus tolerance. All functional 
considerations should be weighed when determining which tolerancing method 
is most appropriate. The following examples describe how positional tolerance, 
bonus tolerance and assembly shift contribute to part misalignment. Avoid the 
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Least Material Condition - LMC

Maximum Material Condition - MMCM

Material Condition Modifiers for Geometric Tolerance

L

Regardless of Feature Size - RFSS

Applied to Geometric Tolerance in a Feature Control Frame

Maximum Material Condition - MMC (ASME Y14.5M-1994)M

Modifiers for Datum Feature References

L

Regardless of Feature Size - RFS (ASME Y14.5M-1994)S

Applied to Datum Feature Reference in a Feature Control Frame

Maximum Material Boundary - MMB (ASME Y14.5-2009)

Usually       is not specified explicitly.  Absence of a modifier
infers RFS (or RMB) for datum features referenced per ASME
Y14.5M-1994 and ASME Y14.5-2009.

If applied to datum feature references in a feature control frame,
the modifiers above are called:
Material Condition Modifiers - ASME Y14.5M-1994
Material Boundary Modifiers - ASME Y14.5-2009

Usually       is not specified explicitly.  Absence of a modifier
infers RFS for geometric tolerances specified per ASME
Y14.5M-1994 and ASME Y14.5-2009.

If applied to the geometric tolerance in a feature control frame,
the modifiers above are called Material Condition Modifiers in
ASME Y14.5M-1994 and ASME Y14.5-2009.

Least Material Condition - LMC (ASME Y14.5M-1994)
Least Material Boundary - LMB (ASME Y14.5-2009)

Regardless of Material Boundary - RMB (ASME Y14.5-2009)

S

S

FIgure 9.13 Material condition modifiers and material boundary modifiers.
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FIgure 9.14 RFS tolerance chart.
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FIgure 9.15 MMC tolerance chart.
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temptation to always use MMC. It is not always the right choice. Specifying geo-
metric tolerances at MMC may reduce part costs; the part cost should be lower in 
cases where the bonus tolerance allows more parts to pass inspection and scrap 
is reduced. However, specifying geometric tolerances to apply at MMC also adds 
variation to the part, at the assembly level, as seen in Figures 9.17 to 9.24.

This additional variation may manifest itself as misaligned part features 
at assembly, causing assembled components to fail to meet their geometric 

FIgure 9.16 LMC tolerance chart.



158 Mechanical Tolerance Stackup and Analysis, Second Edition

FIgure 9.18 Misalignment with holes at MMC number 2, with positional error.

FIgure 9.17 Misalignment with holes at MMC number 1, nominal.
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FIgure 9.19 Misalignment with holes at MMC number 3, maximum misalignment.

1.4 A B C

A

B

C
20

12

M8 FASTENER

Ø9.4 HOLES
(MMC)

2X Ø10 ±0.6 HOLES

M8 FASTENER

ON DRAWING

MISALIGNMENT CALCULATIONS WITH HOLES @ MMC:

UPPER PART TO FASTENER
   MMC HOLE Ø                                                         9.4
- FASTENER Ø                                                        - 8
= ASSEMBLY SHIFT FOR UPPER PART              = 1.4
+ POSITIONAL TOLERANCE                                 + 1.4
= TOTAL MISALIGNMENT FOR UPPER PART     = 2.8
                                                                             =  ±1.4

LOWER PART TO FASTENER
   MMC HOLE Ø                                                         9.4
- FASTENER Ø                                                        - 8
= ASSEMBLY SHIFT FOR LOWER PART             = 1.4
+ POSITIONAL TOLERANCE                                 + 1.4
= TOTAL MISALIGNMENT FOR LOWER PART    = 2.8
                                                                             =  ±1.4

TOTAL MISALIGNMENT ABOUT FASTENER
    PLUS / MINUS MISALIGNMENT UPPER          = ±1.4
+  PLUS / MINUS MISALIGNMENT LOWER         = ±1.4
TOTAL MISALIGNMENT FOR BOTH PARTS       = ±2.8

FIgure 9.20 Misalignment with holes at MMC number 4, drawing and calculations.
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FIgure 9.22 Misalignment with holes at LMC number 2, with positional error.

FIgure 9.21 Misalignment with holes at LMC number 1, nominal.
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FIgure 9.23 Misalignment with holes at LMC number 3, maximum misalignment.

M8 FASTENER

ON DRAWING

Ø10.6 HOLES
(LMC)

A

2X Ø10 ±0.6 HOLES

12

B

20
C

1.4 A B C

M8 FASTENER

MISALIGNMENT CALCULATIONS WITH HOLES @ LMC:

UPPER PART TO FASTENER
   LMC HOLE Ø                                                        10.6
- FASTENER Ø                                                        - 8
= ASSEMBLY SHIFT FOR UPPER PART              = 2.6
+ POSITIONAL TOLERANCE @ LMC                    + 2.6
= TOTAL MISALIGNMENT FOR UPPER PART     = 5.2
                                                                                =  ±2.6

LOWER PART TO FASTENER
   LMC HOLE Ø                                                        10.6
- FASTENER Ø                                                        - 8
= ASSEMBLY SHIFT FOR LOWER PART             = 2.6
+ POSITIONAL TOLERANCE @ LMC                   + 2.6
= TOTAL MISALIGNMENT FOR LOWER PART    = 5.2
                                                                                =  ±2.6

TOTAL MISALIGNMENT ABOUT FASTENER
    PLUS / MINUS MISALIGNMENT UPPER          = ±2.6
+  PLUS / MINUS MISALIGNMENT LOWER         = ±2.6
TOTAL MISALIGNMENT FOR BOTH PARTS       = ±5.2

WORST-CASE MISALIGNMENT!

FIgure 9.24 Misalignment with holes at LMC number 4, drawing and calculations.
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requirements. Ultimately the cost of fixing the assembly will probably be greater 
than the part cost savings. See Chapter 12 for more information on specifying 
material condition modifiers.

coMPosiTe PosiTional Tolerance

Composite positional tolerances are specified in composite (multiple segment) 
feature control frames as shown in Figure 9.25. The positional tolerance specified 
in the uppermost segment of the feature control frame represents the total allow-
able variation in location of the feature(s) to a datum reference frame. Typically 
the tolerance defined in the uppermost segment is used in tolerance stackups. 
The positional tolerance defined in the uppermost segment of a composite feature 

FIgure 9.25 Composite position tolerancing, back panel detail: option 1.
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control frame is exactly the same as a single segment positional tolerance feature 
control frame with the same contents.

The tolerance zone(s) defined in the uppermost segment of a composite posi-
tion feature control frame are basically located to a datum reference frame, so the 
feature(s) are also located to the datum reference frame.

The tolerance zone(s) defined in the lower segments of a composite feature 
control frame are not basically located to a datum reference frame—they may 
only be basically oriented to a datum reference frame and are basically located to 
each other in the case of a pattern.

Even though there is a difference between the upper segment tolerance and 
the lower segment tolerance, both are included and formatted in the tolerance 
stackup report the same way as a single segment positional tolerance. Three lines 
are entered into the tolerance stackup report; the positional tolerance is entered on 
the first line, the bonus tolerance is entered on the second line, and datum feature 
shift is entered on the third line. The technique for including positional tolerance 
information in a tolerance stackup sketch and a tolerance stackup report is pre-
sented in Chapters 13 and 14.

In some cases, the positional tolerance specified in a lower segment may be 
of more importance, but it is less common. The positional tolerance specified 
in a lower segment may be used in a tolerance stackup if the tolerance stackup 
is between features in a pattern. The positional tolerance specified in a lower 
segment may also be used with more advanced tolerancing techniques, such as 
when simultaneous requirements is explicitly stated beneath two or more com-
posite feature control frames related to the same datum reference frame. Using 
this technique combines the features toleranced by the composite feature control 
frames into a single pattern. The positional tolerance specified in a lower segment 
is also commonly used for the values of T1 or T2 in the fixed and floating fastener 
formulas discussed in Chapter 18. In fact, probably the most common application 
of composite positional tolerancing is where the tolerance in the upper segment 
locates a pattern of features to a datum reference frame with a relatively large tol-
erance, and the tolerance in the lower segment locates the features within the pat-
tern with a smaller tolerance that is required for mating. Of course, this technique 
presumes that the feature-to-feature location within the pattern is more critical 
than the relationship of the pattern to the datum reference frame.

As a general rule, if the location of the pattern of features affects the distance 
being studied, the upper segment positional tolerance should be used in the toler-
ance stackup. The upper segment positional tolerance is also used in the tolerance 
stackup when the pattern of features toleranced with the composite feature con-
trol frame and a feature toleranced with a different feature control frame on the 
same part are included in the chain of dimensions and tolerances.

As a general rule, the positional tolerance defined in the lower segment of a 
composite feature control frame is used in the tolerance stackup when the chain of 
dimensions and tolerances only includes the features within the pattern and does 
not include any other features on the same part. If the distance being studied is 
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only affected by the feature-to-feature relationship within the pattern of features, 
the lower segment positional tolerance should be used in the tolerance stackup.

Several examples that show the uppermost segment and the lower segments of 
composite position feature control frames used in tolerance stackups follow.

example 9.3

Consider the back panel shown in Figure 9.25. There are two patterns of four 
holes, each toleranced with a distinct composite feature control frame. The 
holes in one pattern are marked X and the holes in the other pattern are marked 
Y. A connector such as the one shown in Figure 9.26 is mounted to each set of 
holes using M4 fasteners.

Several tolerance stackups are required in this example.

The required size of the holes must be determined. The floating fastener for-
mula from Chapter 18 should be used to solve this problem. This formula states 
that the minimum size of the hole is based on the sum of the maximum fastener 
diameter and the positional tolerance on the clearance hole. The formula is H = 
F + T. This formula only determines what is required for mating, and without 
elaborating the point, the feature-to-feature tolerance is within the pattern. So, the 

FIgure 9.26 Composite position, connector detail.
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lower segment tolerance will be used in the floating fastener formula for T, which 
represents the positional tolerance applied to the minimum size hole. Remember, 
the lower segment tolerance defines the hole-to-hole relationship. Solving for H by 
adding the values for F and T, we see that H = 4 + 1 = 5. The minimum clearance 
hole diameter on both parts is 5, so the fasteners will pass through the holes.

It is also important that the two connectors remain separated after assembly—
there must be a gap between the connectors (see Figure 9.27). The gap is high-
lighted by the dimension with the question “What is the minimum gap?” In this 
example, the left connector is located by the pattern of holes marked Y and the 
right connector is located by the pattern of holes marked X. Each pattern has been 
toleranced with its own composite position feature control frame. To determine 
the minimum distance between the connectors, the chain of dimensions and toler-
ances must start at the inside edge of the left connector, pass through its mounting 
holes, through the mating holes on the back panel, to the mating holes for the 
right connector on the back panel, through the mounting holes for the right con-
nector, and terminate at the inside edge of the right connector. It must be stated 
that the chain of dimensions and tolerances actually should have included the 
basic dimensions from the left pattern of holes to the datum feature C and back to 
the right pattern of holes. Because the patterns are directly related by the 15 mm 
basic dimension and the datum features are not datum features of size, these extra 

FIgure 9.27 Composite position, connector module assembly: option 1.
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dimensions have been omitted. Note that there is no change in the result. It should 
also be noted that this tolerance stackup could have been solved by following the 
chain of dimensions and tolerances in the reverse order.

The tolerance stackup sketch for this problem is shown in Figure 9.28, and 
the tolerance stackup report is shown in Figure 9.29. In this example, the upper 
segment positional tolerances are used for line items 9 and 13, as the two patterns 
are both located to the datum reference frame by their respective upper segment 
positional tolerances. Notice that using this tolerancing scheme there is a worst-
case interference of 0.8 between the connectors.

example 9.4

Again, consider the back panel shown in Figure 9.30. In this example the two 
patterns of four holes are grouped together into a pattern of eight holes and 
toleranced with a single composite feature control frame. As in Example 9.3, a 
connector is mounted to each set of holes using M4 fasteners.

In Example 9.3 the lower segment positional tolerance was used in the float-
ing fastener formula to determine the required size for the clearance holes. The 
lower segment tolerance is the same in Example 9.4 as in Example 9.3, so there is 
no change required in the size of the holes; the hole-to-hole relationship in each 
four hole pattern is still subject to the same diameter 1 positional tolerance.

The tolerance stackup to determine if the connectors remain separated after 
assembly is almost exactly the same as in Example 9.3. As in Example 9.3, there 
are 23 line items in the tolerance stackup. The only difference is that since both 
patterns of four holes on the back panel are toleranced together with the same 
composite feature control frame, the lower segment tolerance will be used in the 
chain of dimensions and tolerances. The tolerance stackup sketch for the option 
2 parts is shown in Figure 9.31. The lower segment positional tolerances appear 
on lines 9 and 13 in the option 2 tolerance stackup report shown in Figure 9.32. 
Notice that using this tolerancing scheme there is no longer any interference; 
there is now a worst-case clearance of 0.7 between the connectors. It is important 
to recognize that in Example 9.4 the connector mounting holes in the back panel 
are toleranced as a single pattern. As stated earlier in this section, the lower seg-
ment positional tolerance is used when the tolerance stackup is within a pattern 
of features.

Consider Examples 7.6 and 8.6, the complex bolted assembly. In this exam-
ple, the ∅6.3 ±0.3 mounting holes in items 1 and 2 locate item 2 to item 1. The 
location of the holes and assembly shift affect the distance (Gap A–B) being 
studied. In Figure 9.33, the assembly from Example 7.6 is repeated, but with 
positional tolerances applied to the mounting holes in items 1 and 2. Detail 
drawings of the base plate and the bracket are shown with GD&T applied in 
Figure 9.34. Notice that the dimensions between the mounting holes in the 
base plate and between the flanges and the mounting holes in the brackets have 
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FIgure 9.28 Composite position, tolerance stackup sketch of connector module assem-
bly: option 1.
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Program: Stack Information:

Product: Part Number Rev Stack No:
Opt-1 A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Connector 123-002 A 1 +/- 1.0000 12.0%
(Left) 2 +/- 0.6000 7.2%

3 5.0000 +/- 0.0000 0%
4 +/- 0.0000 0%
5 +/- 0.0000 0%
6 +/- 0.0000 0%

7 +/- 0.6000 7.2%

Back Panel 123-001 A 8 +/- 0.6000 7.2%
9 +/- 1.2500 15.1%
10 +/- 0.1000 1.2%
11 +/- 0.0000 0.0%
12 17.5000 +/- 0.0000 0%
13 +/- 1.2500 15.1%
14 +/- 0.1000 1.2%
15 +/- 0.0000 0.0%
16 +/- 0.6000 7.2%

Connector 123-002 A 17 +/- 0.6000 7.2%

(Right) 18 +/- 0.0000 0%
19 +/- 0.0000 0%
20 +/- 0.0000 0%
21 5.0000 +/- 0.0000 0%
22 +/- 1.0000 12.0%
23 Datum Feature Shift: (DFB @ LMC - DFSB) / 2 +/- 0.6000 7.2%

Dimension Totals 17.5000 10.0000
7.5000

Nom Tol Min Max
RESULTS:  7.5000 +/- 8.3000 -0.8000 15.8000

7.5000 +/- 2.7028 4.7972 10.2028
7.5000 +/- 4.0542 3.4458 11.5542

Notes:
2 - M4 Screw Dimensions: Used 4mm as Major Diameter of Threads
3 - The Positional Tolerance on the Connector's Datum Feature B Holes does not contribute to the Stackup.  Because the holes are the secondary Datum Feature, they are the 
     basis from which all other features on the part are located in the direction of the Stackup.  

Assumptions:

Suggested Action:

Bonus Tolerance
Datum Feature Shift

Profile: Edge Along Pt A
Datum Feature Shift: (DFB @ LMC - DFSB) / 2 

Position: DFB Holes
Dim: Edge of Connector - Datum B

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

1 - Datum Feature Shift is not included for the Back Panel in this Tolerance Stackup because Datum Features A, B & C are not Features of Size.

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

- Using the tolerance in the Upper Segment on Lines 9 & 13, the worst-case Tolerance Stackup result is 0.8 Interference.

N/A - DFA not a Feature of Size

= ((5.1 + 0.1) - 4) / 2    (See Note 2)

= ((5.1 + 0.1) - 4) / 2    (See Note 2)
Position dia 2.5 @ MMC A, B, C (Upper Segment)

= ((5.1 + 0.1) - 4) / 2    (See Note 2)

= ((5.1 + 0.1) - 4) / 2    (See Note 2)

N/A - DFA not a Feature of Size
= (30 Basic - 20 Basic) / 2 on Dwg
Profile 2, A, Bm

= (0.1 + 0.1) / 2
N/A - (See Note 1)
17.5 Basic on Dwg
Position dia 2.5 @ MMC A, B, C (Upper Segment)
= (0.1 + 0.1) / 2
N/A - (See Note 1)

N/A - (See Note 3)
N/A - (See Note 3)

Figure 9-29
07/04/02
A
mm
Horizontal

N/A - (See Note 3)

Profile 2, A, Bm

N/A - (See Note 3)

= (5.1 + 0.1 - (5.1 - 0.1 - 1)) / 2
= (30 Basic - 20 Basic) / 2 on Dwg

BR Fischer

Tolerance Analysis and Stackup Manual

The Connectors Must not Contact Each Other at Assembly

Description
Connector Module Assembly: Option 1

Dim: Datum B - Edge of Connector
Profile: Edge Along Pt B

Determine if Connectors Make Contact at Assembly

Assembly Shift: (Mounting HolesLMC - F) / 2

Assembly Shift: (Mounting HolesLMC - F) / 2
Position (Holes on Left)
Bonus Tolerance

Dim: CL Left Holes - CL Right Holes
Datum Feature Shift

Datum Feature Shift
Assembly Shift: (Mounting HolesLMC - F) / 2

Position (Holes on Right)
Bonus Tolerance

= (5.1 + 0.1 - (5.1 - 0.1 - 1)) / 2

Assembly Shift: (Mounting HolesLMC - F) / 2

Position: DFB Holes
Bonus Tolerance
Datum Feature Shift

FIgure 9.29 Composite position tolerance stackup: option 1.
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FIgure 9.30 Composite position, back panel detail: option 2.
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FIgure 9.31 Composite position tolerance stackup sketch: option 2.
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Program: Stack Information:

Product: Part Number Rev Stack No:
Opt-2 A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Connector 123-002 A 1 +/- 1.0000 14.7%
(Left) 2 +/- 0.6000 8.8%

3 5.0000 +/- 0.0000 0%
4 +/- 0.0000 0%
5 +/- 0.0000 0%
6 +/- 0.0000 0%

7 +/- 0.6000 8.8%

Back Panel 123-001 A 8 +/- 0.6000 8.8%
9 +/- 0.5000 7.4%
10 +/- 0.1000 1.5%
11 +/- 0.0000 0.0%
12 17.5000 +/- 0.0000 0%
13 +/- 0.5000 7.4%
14 +/- 0.1000 1.5%
15 +/- 0.0000 0.0%
16 +/- 0.6000 8.8%

Connector 123-002 A 17 +/- 0.6000 8.8%

(Right) 18 +/- 0.0000 0%
19 +/- 0.0000 0%
20 +/- 0.0000 0%
21 5.0000 +/- 0.0000 0%
22 +/- 1.0000 14.7%
23 Datum Feature Shift: (DFB @ LMC - DFSB) / 2 +/- 0.6000 8.8%

Dimension Totals 17.5000 10.0000
7.5000

Nom Tol Min Max
RESULTS:  7.5000 +/- 6.8000 0.7000 14.3000

7.5000 +/- 2.1633 5.3367 9.6633
7.5000 +/- 3.2450 4.2550 10.7450

Notes: 1 - Datum Feature Shift is not included for the Back Panel in this Tolerance Stackup because Datum Features A, B & C are not Features of Size.
2 - M4 Screw Dimensions: Used 4mm as Major Diameter of Threads
3 - The Positional Tolerance on the Connector's Datum Feature B Holes does not contribute to the Stackup.  Because the holes are the secondary Datum Feature, they are the 

Assumptions:

Suggested Action:

Bonus Tolerance
Datum Feature Shift

Profile: Edge Along Pt A
Datum Feature Shift: (DFB @ LMC - DFSB) / 2 

Position: DFB Holes
Dim: Edge of Connector - Datum B

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

     basis from which all other features on the part are located in the direction of the Stackup.  

- Using the tolerance in the Lower Segment on Lines 9 & 13, the worst-case Tolerance Stackup result is 0.7 Clearance.

N/A - DFA not a Feature of Size

= ((5.1 + 0.1) - 4) / 2    (See Note 2)

= ((5.1 + 0.1) - 4) / 2    (See Note 2)
Position dia 1 @ MMC A (Lower Segment)

= ((5.1 + 0.1) - 4) / 2    (See Note 2)

= ((5.1 + 0.1) - 4) / 2    (See Note 2)

N/A - DFA not a Feature of Size
= (30 Basic - 20 Basic) / 2 on Dwg
Profile 2, A, Bm

= (0.1 + 0.1) / 2
N/A - (See Note 1)
17.5 Basic on Dwg
Position dia 1 @ MMC A (Lower Segment)
= (0.1 + 0.1) / 2
N/A - (See Note 1)

N/A - (See Note 3)
N/A - (See Note 3)

Figure 9-32
07/04/02
A
mm
Horizontal

N/A - (See Note 3)

Profile 2, A, Bm

N/A - (See Note 3)

= (5.1 + 0.1 - (5.1 - 0.1 - 1)) / 2
= (30 Basic - 20 Basic) / 2 on Dwg

BR Fischer

Tolerance Analysis and Stackup Manual

The Connectors Must not Contact Each Other at Assembly

Description
Connector Module Assembly: Option 2

Dim: Datum B - Edge of Connector
Profile: Edge Along Pt B

Determine if Connectors Make Contact at Assembly

Assembly Shift: (Mounting HolesLMC - F) / 2

Assembly Shift: (Mounting HolesLMC - F) / 2
Position (Holes on Left)
Bonus Tolerance

Dim: CL Left Holes - CL Right Holes
Datum Feature Shift

Datum Feature Shift
Assembly Shift: (Mounting HolesLMC - F) / 2

Position (Holes on Right)
Bonus Tolerance

= (5.1 + 0.1 - (5.1 - 0.1 - 1)) / 2

Assembly Shift: (Mounting HolesLMC - F) / 2

Position: DFB Holes
Bonus Tolerance
Datum Feature Shift

FIgure 9.32 Composite position tolerance stackup: option 2.
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been changed to basic dimensions. The holes are also 0.6 mm smaller, which 
is because the floating fastener formula and GD&T were used, leading to a 
less ambiguous dimensioning and tolerancing scheme. The tolerance stackup 
sketch for this problem is shown in Figure 9.35. Notice the addition of bonus 
tolerance and datum feature shift in the tolerance stackup report in Figure 9.36. 
This tolerance stackup report is very similar to the tolerance stackup report 
form that will be discussed in Chapter 13. Every dimension, geometric toler-
ance, bonus tolerance and datum feature shift that may contribute to the toler-
ance stackup is shown in the tolerance stackup sketch and the tolerance stackup 
report. Notice that some values are set equal to zero, because they don’t actually 
affect the tolerance stackup. The techniques and rules for completing the toler-
ance stackup report and creating the tolerance stackup sketch are presented in 
detail in Chapters 13 and 14.

The positional tolerances assigned to the 5.7 ± 0.3 holes in items 1 and 2 were 
converted to equal-bilateral tolerances. Since the positional tolerances are speci-
fied to apply when the features are at their maximum material condition (MMC, 
smallest hole), bonus tolerance must be added to the tolerance stackup. The bonus 
tolerance, which has no effect on mating and allows more parts to pass inspection, 

FIgure 9.33 Complex assembly with GD&T.
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FIgure 9.34 Part details for complex assembly with GD&T.
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has a negative effect on overall alignment, as the holes are allowed to be farther 
out of position when they are produced at their largest LMC size.

It should be noted that the tolerancing scheme and tolerance values in this 
example are not exactly equivalent to Examples 7.6 and 8.6. Bonus tolerance, 
datum feature shift and the profile tolerances applied to the bracket flange faces 
are not included in these examples. These additional tolerances affect the result 
of this tolerance stackup, but this result is still less than the result in Examples 
7.6 and 8.6. This does not mean that changing the dimensioning and toleranc-
ing scheme from ± to GD&T always leads to a smaller tolerance stackup result, 
but functional dimensioning and tolerancing schemes usually result in less over-
all variation. Indeed that is the exact reason for using functional dimensioning 
and tolerancing schemes. Geometric tolerances could have been specified RFS, 
and different datum features could have been chosen and referenced RFS (RMB; 
ASME Y14.5-2009) to further reduce the variation, eliminating all the occur-
rences of bonus tolerance and datum feature shift.

FIgure 9.35 Tolerance stackup sketch for complex assembly with GD&T.
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In Examples 7.6 and 8.6 there was a 55 ± 1 dimension and tolerance between 
the holes in the base plate. The holes had to be sized to account for the possibil-
ity that all of the ±1 variation may apply to a single hole, one hole shifted and/or 
tilted and the other hole perfect. Using ± leads to many possible interpretations, 
such as where all the tolerance applies to one hole, or where the tolerance is split 
evenly between the holes in the pattern. Both are equally legitimate interpreta-
tions, which should help the reader to see why ± should not be used to locate fea-
tures. GD&T is far superior, as it provides unambiguous specifications. Positional 
tolerance zones are easy to understand and have one meaning.

In Figure 9.34 the positional tolerance is diameter 1.4 for the holes in the base 
plate. This is pretty much equivalent to the ±1 between the holes in Examples 
7.6 and 8.6. The ±1 tolerance was split between the holes, each hole in the base 
plate in Examples 7.6 and 8.6 could be considered to be ±0.5 from its exact loca-
tion. When the left-hand and right-hand holes are considered together, each ±0.5 

Statistical Tolerance Stackup

Dim
No

Part
No + - Description

1 5 11.5 +/- 0.1
2 4 2 +/- 0.2
3 3 8.6 +/- 0.3
4 2 +/- 0.3
5 2 +/- 1
6 2 12.1 +/- 0
7 2 +/- 0
8 2 +/- 0
9 2 +/- 0
10 2 +/- 1
11 1 +/- 1
12 1 +/- 0.7
13 1 +/- 0.3
14 1 +/- 0
15 1 55 +/- 0
16 1 +/- 0.7
17 1 +/- 0.3
18 1 +/- 0
19 1 +/- 1
20 2 +/- 1
21 2 +/- 0
22 2 +/- 0
23 2 +/- 0
24 2 12.1 +/- 0
25 2 +/- 0.3
26 2 +/- 1
27 2 2.5 +/- 0.1
28 7 2 +/- 0.2
29 6 & 7 7.3 +/- 0.5

59.5 53.6 +/- 10 Worst Case Tolerance
+/- 2.79 RSS Tolerance
+/- 4.18 Adjusted RSS Tolerance ( RSS * 1.5)

Positive Total 59.5
Negative Total -53.6

Nominal Gap 5.9 +/- 4.18 Adjusted RSS Tolerance

Max Gap 10.08 Clearance
Min Gap 1.72 Clearance

Standoff Thickness

+/-

 Assembly Shift: LH Angle Brkt Holes @ LMC: 6 (H) - 4 (F) = 2 / 2 = +/-1

Dim: LH Plate Thickness
Dim: Pin Length

Profile of Flange Face on LH Angle Brkt 

RH Angle Brkt Flange Thickness
Thickness of RH Plate
Thickness of RH Plate & Boss

Position of LH Dia 5.7 DFB Holes on Base Plate
Bonus Tolerance: (0.3 + 0.3) / 2 = +/-0.3
Datum Feature Shift: N/A - DFA not a Feature of Size

Datum Feature Shift: ((5.7 + 0.3) - (5.7 - 0.3 - 1.4)) / 2 = +/-1

Dim: CL LH DFB Holes - CL RH DFB Holes on Base Plate  (Basic)

Position of RH Dia 5.7 DFB Holes on Base Plate
Bonus Tolerance: (0.3 + 0.3) / 2 = +/-0.3
Datum Feature Shift: N/A - DFA not a Feature of Size

 Assembly Shift: Base Plate LH Holes @ LMC: 6 (H) - 4 (F) = 2 / 2 = +/-1

 Assembly Shift: RH Angle Brkt Holes @ LMC: 6 (H) - 4 (F) = 2 / 2 = +/-1

Datum Feature Shift: ((5.7 + 0.3) - (5.7 - 0.3 - 1.4)) / 2 = +/-1

Position of Dia 5.7 DFB Holes on LH Angle Brkt: N/A
Dim: Flange Face - CL DFB Holes on LH Angle Brkt  (Basic) 

Bonus Tolerance: N/A
Datum Feature Shift: N/A 

 Assembly Shift: Base Plate LH Holes @ LMC: 6 (H) - 4 (F) = 2 / 2 = +/-1

Profile of Flange Face on RH Angle Brkt
Dim: CL DFB Holes - Flange Face on RH Angle Brkt  (Basic) 

Position of Dia 5.7 DFB Holes on RH Angle Brkt: N/A
Bonus Tolerance: N/A
Datum Feature Shift: N/A 

FIgure 9.36 Tolerance stackup report for complex assembly with GD&T.
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tolerance from their nominal position gives (±0.5) + (±0.5) = ±1. Assuming there 
was a ±0.5 tolerance relating the holes to the edge in the perpendicular direction, 
a square ±0.5 = 1 tolerance zone would exist. Using a circumscribed tolerance 
zone for conversion, a square ±0.5 tolerance zone converts to a cylindrical toler-
ance zone of diameter 1.4. Strictly speaking, since the base plate in Examples 
7.6 and 8.6 is incompletely dimensioned and toleranced, and there is no ±0.5 
tolerance in the perpendicular direction, the ±1 tolerance zone could have been 
converted to diameter 1. But that is a faulty approach because if the part was com-
pletely dimensioned and toleranced, there would be a tolerance in the perpendicu-
lar direction. The method of converting ± square and rectangular tolerance zones 
to cylindrical positional tolerance zones is covered in Chapter 10.

In Examples 7.6 and 8.6 there was a ±1 dimension and tolerance between the 
holes in the bracket and the flange face. Because of the imprecision of the plus/
minus system, it is unclear whether the ±1 tolerance applies to the holes or to the 
flange. There are several ways to interpret the specifications. For the sake of argu-
ment, this example splits the ±1 (2 mm total) tolerance between the holes and the 
flange. As with the base plate, a diameter 1.4 tolerance is specified for the holes. 
This leaves 0.6 for the profile tolerance applied to the flange face. In this case, it is 
exactly clear how the tolerances apply to the features, as each tolerance is clearly 
specified.

Using this approach the result is lower than the result using ±. The adjusted 
RSS result shown in Figure 9.36 is 4.18 versus 4.79 in Example 8.6.

conVerTinG PosiTional Tolerances To equal-bilaTeral ± Tolerances

Positional tolerances are relatively easy to convert into equivalent ± location toler-
ances. The method used to convert a positional tolerance depends on the material 
condition modifier (RFS, MMC or LMC) applied to the tolerance, and whether 
the tolerance is applied to features that affect the location of other features in the 
tolerance stackup.

positional tolerance conversion
Converting positional tolerances specified at MMC to equal-bilateral ± tolerances 
where the location of the features affects the tolerance stackup result:

 1. Convert the specified positional tolerance at MMC.
 a. Divide the specified positional tolerance by 2.
 b. This is the equivalent equal-bilateral ± positional tolerance at 

MMC.
 2. Convert the ± size tolerance into the bonus tolerance.
 a. Add the absolute values of the + and – tolerance values to obtain 

the bonus tolerance.
 i. If the dimension is a limit dimension, subtract the lower limit 

from the upper limit.
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 ii. The total bonus tolerance is equal to the total size tolerance, 
which is equal to the upper size limit minus the lower size limit.

 b. This is the total bonus tolerance.
 c. Divide the result by 2.
 d. This is the equivalent equal-bilateral ± bonus tolerance
 3. Together the positional tolerance specified at MMC + the bonus toler-

ance represent the positional tolerance at LMC. They are to be entered 
as separate line items in the tolerance stackup. See Chapter 14 for more 
information.

example:

Given the feature control frame in Figure 9.37:

 1. Calculate equivalent ± equal-bilateral positional tolerance at MMC
 a. Positional tolerance at MMC = 2
 b. Positional tolerance/2 = 2/2 = ±1
  Equivalent ± equal-bilateral positional tolerance at MMC = ±1
 2. Calculate the equivalent equal-bilateral ± bonus tolerance
 a. Size tolerance = ±0.3 = 0.3 + 0.3 = 0.6
 b. Bonus tolerance = 0.6
 c. Bonus tolerance/2 = 0.6/2 = ±0.3
  Equivalent ± equal-bilateral bonus tolerance = ±0.3

Converting positional tolerances specified at MMC to equal-bilateral ± tolerances 
where the location of the features does not affect the tolerance stackup result:

 1. Convert the specified positional tolerance at MMC.
 a. Divide the specified positional tolerance by 2.
 b. This is the equivalent equal-bilateral ± positional tolerance at 

MMC.

example:

Given the feature control frame in Figure 9.38:

 1. Calculate equivalent ± equal-bilateral positional tolerance at MMC
 a. Positional tolerance at MMC = 2
 b. Positional tolerance/2 = 2/2 = ±1
  Equivalent ± equal-bilateral positional tolerance at MMC = ±1

FIgure 9.37 Feature control frame for positional tolerance conversion number 1.
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The bonus tolerance is not considered in these applications, as it has no effect 
on the variation between the features being studied. Care must be taken when 
determining which of the methods to employ, as these rules of thumb are not 
catch alls that work in every situation. Unfortunately for those of you desiring 
easy rules of thumb, the tolerance analyst must think carefully about the prob-
lem being studied and recognize the variables that affect the total tolerance. 
Time and practice make it easier to recognize when and where to include the 
bonus tolerance.

Here is a suggestion for making it easier to determine whether the bonus tol-
erance should be included in the tolerance stackup: Consider the feature of size 
with the positional tolerance and visualize if its location affects the distance being 
studied. If so, add the bonus tolerance value to the tolerance stackup; if not, set the 
bonus tolerance value to zero.

Similar methods are used for features toleranced at their least material condi-
tion. Features toleranced regardless of feature size (RFS) are always converted 
using the second method, as there is no bonus tolerance associated with RFS.

dAtum FeAture shIFt

Datum feature shift represents the variation that may be introduced when inspect-
ing features related to datum features of size specified at LMC or MMC. When 
datum features of size are referenced at MMC or LMC, their datum feature simu-
lators may be smaller or larger than the datum features of size, which allows the 
part to shift or move relative to the datum feature simulators. The worst-case dif-
ference in size between the datum features and their simulators is the amount of 
datum feature shift. The term datum feature shift means the datum features can 
shift during the inspection process; there is not a one-to-one relationship between 
the datum features and the datum feature simulators.

According to paragraph 2.11.3 in the ASME Y4.5M-1994, standard, datum 
features of size are to be simulated at their applicable virtual condition size, LMC 
size, or MMC size, whichever is applicable. Paragraphs 4.11.5, 4.11.6 and 4.11.7 
in ASME Y14.5-2009 discuss the same concepts in much greater detail using 
the new boundary-based terminology. The concepts and calculations required for 
determining datum feature simulator size are the same regardless of which terms 
are used. However, in ASME Y14.5-2009 the boundary/datum feature simulator 
size concept has been expanded to include other types of features that are not 
traditional (regular) features of size. The material in this text related to datum 
feature shift only directly addresses datum feature shift derived from traditional 
(regular) datum features of size. Regular features of size are the same features of 

FIgure 9.38 Feature control frame for positional tolerance conversion number 2.
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size defined in ASME Y14.5M-1994, including cylindrical features of size (holes, 
shafts), width features of size (keys, keyways), and spherical features of size 
(internal and external spheres). Two considerations must be made to determine 
which datum feature simulator size is appropriate.

 1. Determine whether the datum feature is referenced at LMC or MMC 
(LMB or MMB in ASME Y14.5-2009).

 2. Determine if there is a geometric tolerance specified that controls the 
datum feature of size’s center geometry per the rules below:

If a datum feature of size •	 is not toleranced with a geometric toler-
ance that controls the datum feature’s center geometry (such as flat-
ness, straightness, orientation or position), then the datum feature of 
size is simulated at its appropriate LMC or MMC size.
If a datum feature of size •	 is toleranced with a geometric tolerance 
that controls the datum feature’s center geometry (such as flatness, 
straightness, orientation or position), then the datum feature of size 
is simulated at its appropriate virtual condition size.

The most common application is where datum features of size are specified at 
MMC (MMB in ASME Y14.5-2009). Locating holes and slots, clearance holes, 
pins and studs used as datum features are all examples where MMC may be 
specified.

It is less common to see datum features of size specified at LMC (LMB in 
ASME Y14.5-2009). However, there are places it is necessary and functionally 
beneficial. Unfortunately, specifying datum features of size at LMC (or LMB) 
leads to problems at inspection, as the datum feature simulator may not fit within 
or around a datum feature of size produced at MMC. For example, the LMC vir-
tual condition of an internal datum feature of size such as a hole is simulated by 
a pin that is larger than the hole! Such simulation can only be done using virtual 
gaging techniques, such as a coordinate measuring machine (CMM.)

The material condition modifier following the datum feature reference in 
a feature control frame determines how the datum feature is simulated (see 
Figure 9.39). (Remember that Rule Number 2 in ASME Y14.5M-1994 and 
ASME Y14.5-2009 states that RFS is implied when no material condition modi-
fier is specified.)

daTuM FeaTure shiFT: daTuM FeaTure oF 
size siMulaTed aT iTs MMc size

A datum feature of size is referenced at MMC (MMB in ASME Y14.5-2009) in 
the positional tolerance feature control frame shown in Figure 9.40. The datum 
feature is simulated at its MMC size because there are no applicable geometric 
tolerances controlling its center geometry.
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FIgure 9.40 Datum feature shift: datum feature of size to be simulated at MMC.

FIgure 9.39 Datum feature shift: meaning of material condition modifiers.
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Datum feature shift calculations for the part in Figure 9.40:

The specifications in Figure 9.40 show that the datum feature of size •	
should be simulated at its MMC size.
MMC size =•	

∅10.0 nominal size 
– 0.2 size tolerance

= ∅9.8 MMC size

This is the size of the datum feature simulator.
LMC (largest) size of the hole =•	

∅10.0 nominal size 
+ 0.2 size tolerance

= ∅10.2 LMC size

Datum feature shift =•	

∅10.2 LMC size
– ∅9.8 MMC size

= 0.4 datum feature shift

Divide the datum feature shift/2:•	

 0.4/2 = ±0.2

This is the equal-bilateral ± equivalent.

Figure 9.41 shows the LMC datum feature of size in its nominal position on 
the MMC size datum feature simulator. The part can move or shift as much as the 
clearance between the datum feature and the datum feature simulator allows.

Figure 9.42 shows the part with the datum feature of size shifted about its 
datum feature simulator. The datum feature shift is relatively small because the 
datum feature of size has a small size tolerance and the datum feature simulator 
is sized at the datum feature’s MMC size.

Datum feature shift is calculated similarly to how assembly shift is calculated. 
The largest possible clearance between the datum feature simulator and the datum 
feature is calculated diametrally and divided by two, which gives the ± equal-
bilateral equivalent. In the example above, the datum feature shift is merely the 
difference between the LMC and MMC sizes of the datum feature. Where certain 
geometric tolerances are applied to the datum feature, their specified value must 
also be subtracted from or added to the total as seen in Figures 9.43 and 9.44 and 
the calculations that follow.
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FIgure 9.41 Datum feature shift: datum feature of size to be simulated at MMC with 
datum feature simulator, no shift.
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FIgure 9.42 Datum feature shift: datum feature of size to be simulated at MMC with 
datum feature simulator, shifted.
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daTuM FeaTure shiFT: daTuM FeaTure oF size 
siMulaTed aT MMc VirTual condiTion size

Datum features of size are referenced at MMC (MMB in ASME Y14.5-2009) in 
the profile feature control frame shown in Figure 9.43. The datum features are 
simulated at their MMC virtual condition size because the datum features of size 
have a positional tolerance controlling their center geometry.

Figure 9.44 shows the LMC datum features of size in their nominal position on 
the MMC virtual condition size datum feature simulators. The part can move or 
shift as much as the clearance between the datum features and the datum feature 
simulators allows.

Figure 9.45 shows the part with the datum features of size shifted about their 
datum feature simulators. The datum feature shift is relatively large because the 
datum feature of size has a larger size tolerance and the datum feature simulator 
is sized at the datum feature’s MMC virtual condition size.

FIgure 9.43 Datum feature shift: datum feature of size to be simulated at MMC vir-
tual condition.
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Datum feature shift calculations for the part in Figure 9.43:

The specifications in Figure 9.43 show that the datum features of size •	
should be simulated at their MMC virtual condition size.
The MMC virtual condition size =•	

∅10.0 nominal size
– 0.6 size tolerance

– ∅1.4 positional tolerance
= ∅8.0 MMC virtual condition size

This is the size of the datum feature simulators.
The LMC (largest) size of the holes =•	

∅10.0 nominal size
+ 0.6 size tolerance

= ∅10.6 LMC size

FIgure 9.44 Datum feature shift: datum feature of size to simulated at MMC virtual 
condition with datum feature simulator, no shift.
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Datum feature shift =•	

∅10.6 LMC size
– ∅8.0 MMC virtual condition size

= 2.6 datum feature shift

Divide the datum feature shift/2:•	

  2.6/2 = ±1.3

This is the equal-bilateral ± equivalent.

Datum feature shift is a tolerance stackup contributor that is very frequently 
overlooked, primarily because GD&T specifications are misunderstood. There 
are two ways it is added to a tolerance stackup, each depending either on the tol-
erancing defaults employed or if specific notations are added to the drawing.

These defaults are simultaneous requirements and separate requirements. As 
discussed in the next section, simultaneous requirements is the default condition 
for drawings prepared to ASME Y14.5M-1994 and ASME Y14.5-2009. It may 

FIgure 9.45 Datum feature shift: datum feature of size to be simulated at MMC vir-
tual condition with datum feature simulator, shifted.
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be overridden by local notes, or it may be overridden by a corporate or global 
standard. Note that in ISO standards the concept of simultaneous requirements is 
only implemented on a very limited basis. It is only defined in Section 4.4 of ISO 
5458:1998 Positional Tolerancing as it pertains to nominally coaxial patterns of 
features. Thus, the default in ISO for all other cases is separate requirements.

It is important for the tolerance analyst to be absolutely sure which default is 
in place when doing a tolerance stackup. How datum feature shift is treated and 
how many times it is added to the tolerance stackup depends on which default is 
in place as seen in the following section.

Form tolerAnces: cIrculArIty, cylIndrIcIty, 
FlAtness And strAIghtness

Generally speaking, form tolerances are not included in most tolerance stackups. 
While there are certain situations where form tolerances are included in a toler-
ance stackup, in most situations form tolerances are not included. The reason is 
that in almost all situations, form tolerances are refinements of other geometric 
tolerances that also control location; usually, the effect of locational variation 
(variation of location) is far more critical to function than the effect of variation 
of form or orientation. In those cases where form tolerances are included in a 
tolerance stackup, usually only a small percentage of the tolerance is included, as 
the probability of just the right combination of variation occurring on the affected 
mating surfaces is very low. In fact, the probability is so low that in most cases 
ignoring this variation is a more accurate representation of the variation encoun-
tered between features on mating parts. Chapter 20 includes a detailed discussion 
and explanation of the effect of form (flatness) tolerances on interfacial surfaces. 
This explanation may also be extended to orientation tolerances applied to nomi-
nally flat surfaces.

See Chapter 14 for more information about how to include form tolerances in 
a tolerance stackup report. See Chapter 20 for more in-depth coverage of form 
tolerances in tolerance stackups.

orIentAtIon tolerAnces: AngulArIty, 
pArAllelIsm And perpendIculArIty

Orientation tolerances are commonly excluded from tolerance stackups. Most part 
features are located by another tolerance, such as position or profile, and the ori-
entation tolerance merely limits how much the feature may tilt. In almost all situ-
ations, orientation tolerances are refinements of other geometric tolerances that 
also control location; usually, the effect of locational variation (variation of loca-
tion) is far more critical to function than the effect of variation of orientation.

Situations where orientation tolerances would be included are in tolerance 
stackups on optical devices that look or sense something projected over some dis-
tance, but a projected tolerance zone was not used. Consider a telescope mounted 
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in a tripod that is focused on a subject 1000 meters away. While the location at 
which the telescope is mounted affects what is viewed through the telescope, the 
orientation of the telescope plays a larger role in what is seen. Let’s assume that 
this telescope has some sort of spherically adjustable mounting mechanism, so 
the mounted telescope may rotate spherically about a point above the tripod. The 
rotation of the telescope is analogous to orientation; it is orientation by another 
name. Let’s assume that the telescope is initially oriented so the subject 1000 
meters away is centered in the field of view. Now, assume the telescope is rotated 
or tilted 1º from its initial state: 1º may seem like a small number, but its effect 
when projected over such a large distance is magnified. After rotating 1º, at 1000 
meter distance, the field of view is now centered on a point that is 17.5 meters from 
the original location. To state this in different terms, the effect of the 1º change in 
orientation resulted in a translational displacement of 17.5 meters normal to the 
initial line of sight. Of course, these concepts are essentially components of simple 
trigonometry, and this scenario is easily calculated using right angle trigonometry 
or the law of cosines. This is an extreme example of a scenario where orientation 
is tremendously important. A similar scenario might be where a laser is mounted 
on a nominally flat surface that is controlled by a parallelism tolerance, and the 
orientation of the surface directly affects the orientation of the laser.

Another scenario where orientation may affect a tolerance stackup relates to 
the way orientation tolerances may affect the form of interfacial surfaces on mat-
ing parts. Orientation tolerance applied to nominally flat surfaces may control 
the form of those surfaces if a more restrictive form-controlling tolerance has 
not been specified. In these cases, if it is decided to include the effect of the ori-
entation tolerance in a tolerance stackup, usually only a small percentage of the 
tolerance is included, as the probability of just the right combination of variation 
occurring on the affected mating surfaces is very low. In fact, the probability is so 
low that in most cases ignoring this variation is a more accurate representation of 
the variation encountered between features on mating parts. Chapter 20 includes 
a detailed discussion and explanation of the effect of form error allowed by form 
and orientation tolerances on interfacial surfaces.

Guidelines For includinG orienTaTion 
Tolerances in a Tolerance sTackuP

orientation tolerances Applied to nominally Flat surfaces
Orientation tolerance zones specified for flat surfaces or other surfaces without 
size may not be modified by a material condition modifier. This means there is 
no bonus tolerance when an orientation tolerance is applied to a flat surface or 
surface without size. However, there may be datum feature shift if any datum 
features of size are referenced at MMC or LMC in the datum reference frame.

Orientation tolerances applied to nominally flat surfaces are entered into the 
tolerance stackup using the same format as profile tolerances. Two lines are used, 
the first for the orientation tolerance, the second for datum feature shift.
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orientation tolerances Applied to Features of size
Orientation tolerances may also be applied to features of size. When applied to 
the center geometry of a feature of size, orientation tolerance zones may be modi-
fied by a material condition modifier such as MMC or LMC. In these cases, the 
orientation tolerance may have bonus tolerance. There may also be datum feature 
shift if any datum features of size are referenced at MMC or LMC in the datum 
reference frame.

Sometimes the orientation of a hole may contribute to a tolerance stackup, as it 
may cause other features to tilt, thereby reducing or increasing a gap or interfer-
ence being studied. In such a case the orientation tolerance may be included in the 
tolerance stackup. The tolerance analyst must recognize the relationship of each 
orientation tolerance to all part features, dimensions and tolerances in the chain 
of dimensions and tolerances, if other geometric tolerances are more critical than 
the orientation tolerance or restrict the variation allowed by the orientation toler-
ance, and determine if the orientation tolerance should be included in the toler-
ance stackup. See Figures 9.8 and 9.9 for examples.

Orientation tolerances applied to features of size are entered into the tolerance 
stackup using the same format as positional tolerances. Three lines are used, the 
first for the orientation tolerance, the second for the bonus tolerance and the third 
for datum feature shift.

In some cases, orientation tolerances may have a very large effect on the allow-
able variation, and thus must be included in the tolerance stackup. This is also true 
for form tolerances. See Chapter 14 for more information about how to include 
form tolerances in a tolerance stackup report. More in-depth coverage about ori-
entation tolerances is included in Chapter 20.

runout tolerAnces: cIrculAr 
runout And totAl runout

Circular runout and total runout tolerances are used to control the variation of 
one or more surfaces of revolution relative to a datum axis or datum center point. 
Runout tolerances may control the form, orientation and location of these sur-
faces of revolution depending on the type of surface and its nominal relationship 
to the datum reference frame. For nominally round surfaces of revolution, the 
surface must be nominally coaxial or concentric with the datum axis or datum 
center point defined by the datum features referenced in the runout tolerance fea-
ture control frame. For nominally flat surfaces of revolution, the surface must be 
nominally perpendicular to the datum axis or on a plane that includes the datum 
center point defined by the datum features referenced in the runout tolerance fea-
ture control frame.

Runout tolerances are often used to control the relationship of one or more 
cylindrical surfaces that are coaxial with another feature. Generally, one feature 
or two nominally coaxial cylindrical features of size are specified as a datum 
feature, which generates a datum axis, and runout tolerances are applied to one 
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or more nominally coaxial cylindrical features of size related to that datum axis. 
The runout tolerance controls the variation of the cylindrical surfaces relative to 
the referenced datum axis. In this application, runout indirectly controls the coax-
ial variation between the datum feature(s) and the toleranced features. Remember, 
runout tolerances control surface variation; runout tolerances do not directly con-
trol variation of a cylindrical or conical feature’s axis or spherical feature’s center 
point. However, runout very often controls the location of a feature, and for this 
reason it is necessary to include runout tolerances in tolerance stackups. Often, in 
a tolerance stackup we want to include tolerances in a way that is easy to under-
stand, easy to model and representative of the variation allowed by the tolerance. 
Although runout does not directly control the variation of the axis of a feature, the 
common method for including runout in a feature control frame is to treat it as if 
it did control the axis of the feature.

Runout tolerance information is entered into the tolerance stackup report form 
on two lines. The runout tolerance is entered on the first line and datum feature 
shift is entered on the second line. According to ASME Y14.5M-1994 and ASME 
Y14.5-2009, runout tolerances may only be specified RFS, so there is no bonus 
tolerance with runout tolerances.

Datum features of size referenced by runout tolerances are typically specified 
RFS. Although it is not explicitly stated in the ASME Y14.5M-1994 standard, 
all of the examples show datum reference frames with datum features of size 
referenced RFS. This has led many readers to believe that runout tolerances may 
only be related to datum features of size referenced RFS. However, this is not true 
in the 1994 standard. Runout tolerances may be related to datum features of size 
referenced at MMC or LMC. This is not to say that it is a good idea to; reference 
the datum features of size at MMC or LMC with a runout tolerance, it merely 
means it is legal when using the 1994 standard. I recommend using the ASME 
Y14.5M-1994 standard to reference only datum features in runout feature control 
frames at RFS. This problem was corrected in ASME Y14.5-2009, which requires 
datum features to be referenced RFS in runout feature control frames. So, there is 
no datum feature shift possible with runout tolerances.

conVerTinG circular runouT Tolerances 
To equal-bilaTeral ± Tolerances

Refer to Figure 9.46 for the circular runout tolerance used in this example.

Convert the specified circular runout tolerance to equal-bilateral format.•	
Divide the circular runout tolerance by 2.•	
This is the equivalent equal-bilateral ± tolerance.•	

FIgure 9.46 Feature control frame for circular runout conversion.
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example:

Given the circular runout feature control frame in Figure 9.46:

Calculate equivalent ± equal-bilateral circular runout tolerance•	
Circular runout tolerance = 2•	
Circular runout tolerance/2 = 2/2 = ±1•	
Equivalent ± equal-bilateral tolerance = ±1
±1 is entered in the tolerance stackup.

conVerTinG ToTal runouT Tolerances To equal-bilaTeral ± Tolerances

Refer to Figure 9.47 for the total runout tolerance used in this example.

Convert the specified total runout tolerance to equal-bilateral format.•	
Divide the total runout tolerance by 2.•	
This is the equivalent equal-bilateral ± tolerance.•	

example:

Given the total runout feature control frame in Figure 9.47:

Calculate equivalent ± equal-bilateral total runout tolerance•	
Total runout tolerance = 2•	
Total runout tolerance/2 = 2/2 = ±1•	
Equivalent ± equal-bilateral tolerance = ±1
±1 is entered in the tolerance stackup.

See Chapter 14 for more information about how to include runout tolerances in 
a tolerance stackup report.

concentrIcIty tolerAnces

Concentricity is very likely the most misused, misapplied and misunderstood 
geometric tolerance. There are several reasons. The first reason is the terms 
concentric and eccentric are commonly used in everyday conversation, and 
these terms have different meanings in most circumstances than their mean-
ing in GD&T. Think of the many ways eccentric may be used, as in social cir-
cumstances it even means someone who is a little different than everyone else. 
Second, the terms concentric and eccentric are used in CAD systems and by 

FIgure 9.47 Feature control frame for total runout conversion.



192 Mechanical Tolerance Stackup and Analysis, Second Edition

engineers to represent geometric relationships. Concentric is often applied to 
two coaxial features, and its intended meaning is that the centers of multiple 
cylindrical features are congruent, or lie along a common line. When consider-
ing part function, and the geometric relationships between features that truly 
matter, in GD&T, we would describe these cylindrical features as coaxial rather 
than concentric. The reason is that in many cases, our main concern is that the 
axis of both cylindrical features lie along a common line. This is what we call 
coaxiality. The term eccentric is often used to describe the geometric condition 
where the axis of one cylindrical feature is displaced from the axis of another 
cylindrical feature. The axes of these features do not lie along the same line. 
They are not coaxial. In GD&T speak, we would properly say that these axes are 
not coaxial rather than that they are eccentric.

The reason for these distinctions is that we must be very careful to describe 
the geometric relationships and the allowable variation between accurately and 
unambiguously. The term concentricity in GD&T describes a geometric tolerance. 
Concentricity has a very precise meaning, and describes the allowable variation 
between the midpoints of opposed point pairs of a surface of revolution relative to 
a datum axis or datum center point. Very often, when I see a concentricity toler-
ance applied to a drawing, it is apparent that the actual functional requirement is 
coaxiality. Coaxiality is best defined using positional tolerancing, as positional 
tolerances may control the straight line axis of a feature of size relative to a datum 
axis. As stated above, concentricity controls midpoints of opposed point pairs, 
which are of little functional importance in most applications. Usually design 
engineering has no reason to be concerned about the variation of these midpoints. 
More often, they are concerned with the coaxiality between features, or where the 
axis of the feature is, not where the midpoints are.

That said, concentricity does have its place, and it does represent function in 
cases where the only requirement is static balance between nominally coaxial 
features. It is beyond the scope of this text to fully explain the justification and 
reasons for using concentricity.

See Chapter 14 for more information about how to include concentricity toler-
ances in a tolerance stackup report.

conVerTinG concenTriciTy Tolerances To equal-bilaTeral ± Tolerances

Refer to Figure 9.48 for the concentricity tolerance used in this example.

Convert the specified concentricity tolerance to equal-bilateral format.•	
Divide the concentricity tolerance by 2.•	
This is the equivalent equal-bilateral ± tolerance.•	

FIgure 9.48 Feature control frame for concentricity conversion.
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example:

Given the concentricity feature control frame in Figure 9.48:

Calculate equivalent ± equal-bilateral concentricity tolerance•	
Concentricity tolerance = 2•	
Concentricity tolerance/2 = 2/2 = ±1•	
Equivalent ± equal-bilateral tolerance = ±1
±1 is entered in the tolerance stackup.

symmetry tolerAnces

Similar to concentricity tolerances, symmetry tolerances are often misused, mis-
applied and misunderstood. There are several reasons. The first reason is the term 
symmetrical is commonly used in everyday conversation, and this term has a 
different meaning in most circumstances than its meaning in GD&T. The term 
symmetrical is used in CAD systems and by engineers to represent geometric 
relationships. Symmetrical is often used to describe features that exhibit sym-
metrical characteristics, features that are symmetrical about a center point, center 
line or center plane. From a GD&T point of view, the geometric tolerance sym-
metry may be applied to feature that are symmetrical about a center plane, if that 
center plane lies along or is congruent with a datum center point, datum axis 
or datum center plane. Usually, symmetry is applied to control features that are 
nominally coplanar. When considering part function, and the geometric relation-
ships between features that truly matter, in GD&T, we would describe these rela-
tionships as coplanar rather than symmetrical. The reason is that in many cases, 
our main concern is that the center planes of both features lie along a common 
plane. This is what we call coplanarity.

The reason for these distinctions is that we must be very careful to describe 
the geometric relationships and the allowable variation between them accurately 
and unambiguously. The term symmetry in GD&T describes a geometric toler-
ance. Symmetry has a very precise meaning, and describes the allowable varia-
tion between the midpoints of opposed point pairs of a surface relative to a datum 
center plane, datum axis or datum center point that is coplanar with the nomi-
nal feature’s center plane. Very often, when I see a symmetry tolerance applied 
to a drawing, it is apparent that the actual functional requirement is position. 
Coplanarity is best defined using positional tolerancing, as positional tolerances 
may control the center plane of a feature of size relative to a datum center plane. 
As stated above, symmetry controls midpoints of opposed point pairs, which are 
of little functional importance in most applications. Usually design engineering 
has no reason to be concerned about the variation of these midpoints. More often, 
they are concerned with the coplanarity between features, or where the center 
plane of the feature is, not where the midpoints are.

That said, symmetry does have its place, and it does represent function in cases 
where the only requirement is static balance between nominally coaxial features. 



194 Mechanical Tolerance Stackup and Analysis, Second Edition

It is beyond the scope of this text to fully explain the justification and reasons for 
using symmetry.

See Chapter 14 for more information about how to include symmetry toler-
ances in a tolerance stackup report.

conVerTinG syMMeTry Tolerances To equal-bilaTeral ± Tolerances

Refer to Figure 9.49 for the symmetry tolerance used in this example.

Convert the specified symmetry tolerance to equal-bilateral format.•	
Divide the symmetry tolerance by 2.•	
This is the equivalent equal-bilateral ± tolerance.•	

example:

Given the symmetry feature control frame in Figure 9.49:

Calculate equivalent ± equal-bilateral symmetry tolerance•	
Symmetry tolerance = 2•	
Symmetry tolerance/2 = 2/2 = ±1•	
Equivalent ± equal-bilateral tolerance = ±1
±1 is entered in the tolerance stackup.

sImultAneous requIrements And 
sepArAte requIrements

siMulTaneous requireMenTs

Simultaneous requirements is the default condition for drawings prepared using 
the ASME Y14.5M-1994 and ASME Y14.5-2009 standards. Unless specified oth-
erwise, simultaneous requirements applies to all single segment feature control 
frames and the uppermost segment of all composite feature control frames related 
to the same datum reference frame.

The same datum reference frame means the same datum features are accom-
panied by the same modifiers referenced in exactly the same order of precedence 
in each feature control frame. This includes material condition modifiers (ASME 
Y14.5M-1994), material boundary modifiers (ASME Y14.5-2009) and other mod-
ifiers. For example, all feature control frames related to datum reference frame A 
(primary), B at MMC (secondary), C at MMC (tertiary) are considered a simulta-
neous requirement. Datum reference frame A (primary), B at MMC (secondary), 
C at MMC (tertiary) is not the same datum reference frame as A (primary), B 

FIgure 9.49 Feature control frame for symmetry conversion.
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RFS (secondary), C RFS (tertiary); A (primary), B at MMC (secondary); or B at 
MMC (primary), C at MMC (secondary), A (tertiary).

Simultaneous requirements means that all part features related to the same datum 
reference frame must be within tolerance at the same time without changing the 
part’s relationship to the datum reference frame. Simultaneous requirements makes 
all the features related to the same datum reference frame by geometric tolerances 
into a pattern. To put it in inspection terms, all applicable geometric tolerances 
related to the same datum reference frame are to be inspected in a single setup.

For example, consider the part shown in Figure 9.50. Three feature control 
frames specify geometric tolerances related to datum reference frame A (pri-
mary), B at MMC (secondary). These are the positional tolerance specified for the 
4X M4 holes, the positional tolerance specified for the 3X ∅4 ±0.25 holes and the 
profile tolerance specified all around the periphery of the part.

All surfaces, holes, etc., on the part toleranced relative to datum reference 
frame A, B at MMC must be in tolerance at the same time (simultaneously). All 
features related to datum reference frame A, B at MMC must be inspected in a sin-
gle setup, without adjusting the part during inspection. The part may be adjusted 

FIgure 9.50 Simultaneous requirements as the default condition: back panel.
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to find the optimal relationship between the datum features and the datum feature 
simulators before the features are inspected, and the part may be adjusted after 
the features are inspected—the part just cannot be adjusted while the features are 
being inspected. If the part must be adjusted to bring a noncompliant feature into 
tolerance during inspection, then all related features must be inspected again with 
the part in its new location on the simulator.

As stated above, simultaneous requirements combines all the features related 
to the same datum reference frame by geometric tolerances into a single pattern. 
Datum feature shift does not affect the feature-to-feature relationship within a 
pattern; datum feature shift only affects the relationship between the pattern and 
referenced datum features of size.

Datum feature B is a pattern of two holes referenced at MMC in Figure 9.50. 
As stated in the previous section, Paragraph 2.11.3 in the ASME Y4.5M-1994 
standard requires that the datum feature simulators for datum features B shall be 
sized at the MMC virtual condition size of the datum features (∅7.6), and will 
therefore be smaller than the holes. This of course means there will be datum fea-
ture shift—datum features B may shift about datum feature simulators B. When 
the datum features are produced at their LMC (largest) size, there is the pos-
sibility for ±0.275 datum feature shift. Note that while ASME Y14.5-2009 uses 
the new terms maximum material boundary (MMB) and least material bound-
ary (LMB) to describe datum feature simulator geometry, the term MMC virtual 
condition and the calculations in this book are still valid and correct. The term 
MMC virtual condition is still used in the 2009 standard, but the new boundary 
terms have been added to clarify certain datum feature simulator applications.

The concept of simultaneous requirements is very important for tolerance stack-
ups as it relates directly to datum feature shift. When performing tolerance stack-
ups on parts where simultaneous requirements applies, datum feature shift is only 
added once or not at all for each datum reference frame per the following rules.

rules for simultaneous requirements and datum Feature shift
If the chain of dimensions and tolerances for a part in the tolerance stackup only 
includes features related to a single datum reference frame with datum features 
of size at MMC or LMC, and the chain of dimensions and tolerances does not 
include the referenced datum features of size, then datum feature shift is not 
added to the tolerance stackup for the tolerances related to that datum reference 
frame. An example can be seen in Examples 16.2 and 16.3 in Chapter 16, where 
the inside surfaces of the enclosure are all toleranced to the same datum refer-
ence frame and datum feature shift is not added. This is because the chain of 
dimensions and tolerances only includes the toleranced features and does not pass 
through the datum features of size.

If the chain of dimensions and tolerances for a part in the tolerance stackup only 
includes features related to a single datum reference frame with datum features 
of size at MMC or LMC, and the chain of dimensions and tolerances includes the 
referenced datum features of size, then datum feature shift is only added once to 
the tolerance stackup. Datum feature shift is only included with the first tolerance 
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in the chain of dimensions and tolerances related to the datum reference frame. 
For example, if a tolerance stackup was done to determine the distance between 
the center of datum feature B and the upper surface of the part in Figure 9.50, 
datum feature shift would be added to the tolerance stackup.

If the chain of dimensions and tolerances for a part in the tolerance stackup 
includes features related to more than one datum reference frame, at least one of 
the datum reference frames includes datum features of size at MMC or LMC, and 
the chain of dimensions and tolerances passes through those datum features of 
size, then datum feature shift is added once to the tolerance stackup for the first 
tolerance related to each datum reference frame with datum features of size at 
MMC or LMC on the part.

If the chain of dimensions and tolerances for a part in the tolerance stackup 
includes features related to a single datum reference frame with datum features of 
size at MMC or LMC, and the chain of dimensions and tolerances passes through 
the referenced datum features of size to a mating part, then datum feature shift 
is only added once to the tolerance stackup. Datum feature shift is only included 
with the first tolerance in the chain of dimensions and tolerances related to the 
datum reference frame.

If the chain of dimensions and tolerances for a part in the tolerance stackup 
includes features related to more than one datum reference frame, one of the 
datum reference frames includes datum features of size at MMC or LMC, and the 
chain of dimensions and tolerances passes through the referenced datum features 
of size to a mating part, then datum feature shift is added once to the tolerance 
stackup for the first tolerance related to each datum reference frame with datum 
features of size at MMC or LMC on the part.

Any time a datum reference frame contains datum features of size specified at 
MMC or LMC (ASME Y14.5M-1994) or at MMB or LMB (ASME Y14.5-2009), 
the part may be shifted about the datum feature simulators during inspection to 
find a location where the toleranced features are within specification. Consider the 
following example from Figure 9.50: a positional tolerance related to datum refer-
ence frame A, B at MMC is applied to the pattern of four M4 holes. Datum feature 
B is also a pattern of holes. Since datum features B are referenced at MMC, there 
may be datum feature shift. Once the part is staged on the datum feature simula-
tors it may be adjusted to find a location where all four M4 holes are within their 
positional tolerance at the same time. The part may not be adjusted such that three 
of the holes are within tolerance but the fourth hole is out of tolerance and then 
shifted so the first three holes are out of tolerance but the fourth hole is within tol-
erance. By definition, this pattern of holes is not within its positional tolerance.

Datum feature shift is added to the tolerance stackup because there is not a 
one-to-one relationship between the specified datum features and their datum 
feature simulators. The part can move relative to the datum reference frame (or 
vice versa), and it is possible that a toleranced feature may be inspected with a dif-
ferent relationship to the datum reference frame than encountered at assembly.

The concept of simultaneous requirements does not eliminate datum feature 
shift. Simultaneous requirements merely reduces the effect of datum feature shift 
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by allowing it to occur at most once for each datum reference frame in the toler-
ance stackup. If simultaneous requirements were not in effect, datum feature shift 
would be added after each tolerance in the tolerance stackup related to the same 
datum reference frame with datum features of size at MMC or LMC, which is the 
condition of separate requirements.

seParaTe requireMenTs

Separate requirements is the opposite condition of simultaneous requirements. 
During inspection, the relationship between the datum features of size and their 
simulators may be changed (the part may be shifted about the datum feature sim-
ulators) for each feature or group of features related to each feature control frame 
specifying the same datum reference frame. Where specified, separate require-
ments apply between distinct feature control frames. The relationship of the datum 
features to their simulators must be maintained while inspecting the features tol-
eranced by any one feature control frame, but may be changed between feature 
control frames, even if they reference the same datum reference frame.

As with simultaneous requirements, all features related to any one feature 
control frame must be within tolerance at the same time. However, features toler-
anced by one feature control frame are not required to have the same relationship 
to the datum reference frame as the features toleranced by other feature control 
frames that reference the same datum reference frame.

Datum feature shift must be added to each geometric tolerance in the tolerance 
stackup that references a datum reference frame with datum features of size at 
MMC or LMC. If there are three geometric tolerances in the tolerance stackup 
related to datum reference frame A, B at MMC, then datum feature shift about 
datum feature B must be added to the tolerance stackup three times. If simultane-
ous requirements were in effect, datum feature shift about datum feature B would 
only be added at most once.

In Figure 9.51 the annotation “SEP REQT” has been specified beneath the 
three feature control frames related to datum reference frame A, B at MMC. 
This invokes separate requirements, overriding the simultaneous requirements 
default. Datum feature shift must be added each time any of the features related 
to datum reference frame A, B at MMC are included in a tolerance stackup. 
Simultaneous requirements can also be overridden by a general note or in a ref-
erenced document.

Obviously datum feature shift plays a larger role in tolerance stackups where 
separate requirements are in effect. The effect of separate requirements seems 
to imply that a part can be biased in more than one direction at the same time 
at assembly, that the part can be in more than one location at a time. Obviously 
this is not the case. After a bit of careful consideration, the reader may ask “Why 
would anyone want to invoke separate requirements? It adds variation and doesn’t 
reflect the physical reality of a part’s as-assembled condition.” Indeed separate 
requirements rarely (if ever) reflect functional considerations and are usually 
specified for other reasons.
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Typically the reason that separate requirements are specified is a good idea 
carried out in a bad way—it is based on the idea that the datum feature shift 
between features or patterns of features allows more parts to pass inspection. It 
assumes that there is no critical relationship between the tolerances specified for 
various patterns or features. There are many better ways to accomplish a similar 
goal. Composite tolerances, multiple datum reference frames and larger tolerance 
values are all examples of more sensible ways feature relationships can be effec-
tively toleranced.

Several tolerance stackup examples follow. Both tolerance stackups are the 
same except that simultaneous requirements is the default condition in the first 
tolerance stackup and separate requirements is the default condition in the second 
tolerance stackup.

example 9.5: tolerance stackup with simultaneous requirements

In this example, the switch carrier shown in Figure 9.52 is mounted onto the 
back panel shown in Figure 9.50, which has simultaneous requirements as the 
default condition. The assembly is shown in Figure 9.53. The object of this 
tolerance stackup is to determine if the switch carrier protrudes beyond the 

FIgure 9.51 Separate requirements as the default condition: back panel.
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cutout in the edge of the back panel. The simultaneous requirements toler-
ance stackup report is shown in Figure 9.54. Simultaneous requirements only 
affects the back panel, as there are two tolerances in the tolerance stackup 
that are toleranced relative to datum reference frame A, B at MMC on the 
back panel.

Note: For simplicity, 4 mm was used as the size of the M4 threads in the 
assembly shift calculations in both tolerance stackups. 

Datum feature shift shows up in the tolerance stackup report in Figure 9.54 
three times; once for the switch carrier and twice for the back panel. Simultaneous 
requirements do not affect the switch carrier’s contribution to the tolerance 
stackup because only one of the switch carrier’s tolerances in the tolerance 
stackup is related to a datum reference frame that may have datum feature shift. 
Simultaneous requirements do affect the back panel’s contribution to the tolerance 
stackup because two of the back panel’s tolerances in the tolerance stackup are 
related to the same datum reference frame which may have datum feature shift 
(A, B at MMC).

FIgure 9.52 Switch carrier.



Geometric Dimensioning and Tolerancing in Tolerance Analysis 201

FIgure 9.53 Simultaneous requirements assembly with switch carrier.
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Program: Stack Information:

Product: Part Number Rev Stack No:
ASSY_SIM_R A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Switch Carrier 123-002 A 1 +/- 0.5000 17.7%

2 +/- 0.6000 21.2%
3 6.0000 +/- 0.0000 0%
4 +/- 0.0000 0%
5 +/- 0.0000 0%
6 +/- 0.0000 0%

7 +/- 0.6000 21.2%
Back Panel 123-001 A 8 +/- 0.5000 17.7%
(from Figure 9.50) 9 +/- 0.0000 0.0%

10 +/- 0.0000 0.0%
11 9.2500 +/- 0.0000 0%
12 +/- 0.6250 22.1%
13 Datum Feature Shift: (DFB @ LMC - DFSB) / 2 +/- 0.0000 0%

Dimension Totals 9.2500 6.0000
3.2500

Nom Tol Min Max
RESULTS:  3.2500 +/- 2.8250 0.4250 6.0750

3.2500 +/- 1.2691 1.9809 4.5191
3.2500 +/- 1.9037 1.3463 5.1537

Notes:

Assumptions:

Suggested Action:

Description
Back Panel with Switch Carrier:  with SIMULTANEOUS REQUIREMENTS

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

Profile: Upper Edge Along Pt B
Datum Feature Shift: (DFB @ LMC - DFSB) / 2 

Position: DFB Holes
Dim: Upper Edge of Switch Carrier - Datum B

Bonus Tolerance
Datum Feature Shift:

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

2 - M4 Screw Dimensions: Used 4mm as Major Diameter of Threads

1 - Datum Feature Shift is not included for the Back Panel in this Tolerance Stackup because Simultaneous Requirements applies and the Chain of Dimensions does not go through
     or include the Datum Features of Size on the Back Panel.  The Upper Surface and the M4 holes on the Back Panel are considered a pattern because Simultaneous Requirements 
    applies to the Back Panel drawing.

3 - In this example the Positional Tolerance on the Switch Carrier's Datum Feature B Holes does not contribute to the Stackup.  Because the holes are the secondary Datum Feature, 
     they are the basis from which all other features on the part are located in the direction of the Stackup.  

- None.  There is 0.425 clearance with Simultaneous Requirements in effect on the Back Panel.

N/A - DFA not a Feature of Size

= ((5 + 0.2) - 4) / 2    (See Note 2)
Position dia 1 @ MMC A, Bm
N/A - Assume Threads are self-centering
N/A - SIM REQTS - (See Note 1)
9.25 Basic on Dwg
Profile 1.25, A, Bm
N/A - SIM REQTS - (See Note 1)

Figure 9-54
07/04/02
A
mm
Vertical

N/A - (See Note 3)

Profile 1, A, Bm

N/A - (See Note 3)

= (5 + 0.2 - (5 - 0.2 - 0.8)) / 2
6 Basic on Dwg

BR Fischer

Tolerance Analysis and Stackup Manual

Switch Carrier Must Not Interfere with Mating Parts: It Must Not Protrude Beyond Edge of Back Panel

Determine if Switch Carrier Protrudes Beyond Upper Edge of Back Panel

Assembly Shift: (Mounting Holes LMC - F) / 2
Position: M4 Holes
Bonus Tolerance
Datum Feature Shift: (DFB @ LMC - DFSB) / 2

Profile: Edge Along Pt A
Dim: CL Holes - Edge of Base Plate

FIgure 9.54 Tolerance stackup with simultaneous requirements.
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The separate requirements tolerance stackup report is shown in Figure 9.55. 
The difference between these tolerance stackups is in lines 10 and 13: with simul-
taneous requirements datum feature shift is set to zero on both lines, because the 
datum features of size on the back panel are not part of the chain of dimensions 
and tolerances; with separate requirements datum feature shift is included on 
lines 10 and 13.

The result of the tolerance stackup report shown in Figure 9.54 shows there 
is a 0.425 worst-case smallest gap with simultaneous requirements as the default 
condition for the back panel. The tolerance stackup report shown in Figure 9.55 
shows there is a 0.125 worst-case overlap with separate requirements as the 
default condition for the back panel. In these examples switching from simulta-
neous requirements to separate requirements causes a “no-build” condition; the 
result indicates that the switch carrier may protrude beyond the back panel and 
interfere with mating parts.

This is an extreme example; often the difference between a tolerance stackup 
done with simultaneous requirements and separate requirements does not lead to 
a no-build condition. The chain of dimensions and tolerances followed in these 
examples is shown in Figure 9.56.

A final word of caution: make sure you know whether simultaneous require-
ments or separate requirements is the default condition when performing a toler-
ance stackup.

the Asme y14.5-2009 stAndArd

The following material is quoted from my book, the GD&T Update Guide: 
ASME Y14.5-2009 (2009, Advanced Dimensional Management Press, ISBN-
13 978-0-9843153-0-7).

The ASME Y14.5-2009 Standard is a tremendous improvement over its predeces-
sor (and other GD&T standards), and continues to build upon the tradition and 
techniques found in prior versions of the standard. Over the last fifteen years, the 
standard was revised to make it more robust, more mathematically precise, more 
useful, and more adaptable to the complex geometry encountered on real-world 
parts and assemblies. The goal was to balance adding new tools and greater techni-
cal rigor, avoiding undue complexity, and “change for the sake of change.” 

In terms of the standard itself, perhaps the most noticeable changes are the 
change in the title, the structure of the standard, and the many new examples 
representing more realistic parts and assemblies. Great care was taken to include 
these examples, as it was decided that these additions would help readers see how 
to apply GD&T to more complex parts and assemblies.

From a day-to-day usage point of view, the most noticeable change will cer-
tainly be the new terminology and the associated rigor. Some older terms have 
been replaced, some have been eliminated, and some have been given new names 
depending on the context in which they are used. Many new terms were defined in 
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Program: Stack Information:

Product: Part Number Rev Stack No:
ASSY_SEP_R A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Switch Carrier 123-002 A 1 +/- 0.5000 14.8%

2 +/- 0.6000 17.8%
3 6.0000 +/- 0.0000 0%
4 +/- 0.0000 0%
5 +/- 0.0000 0%
6 +/- 0.0000 0%

7 +/- 0.6000 17.8%
Back Panel 123-001 A 8 +/- 0.5000 14.8%
(from Figure 9.51) 9 +/- 0.0000 0.0%

10 +/- 0.2750 8.1%
11 9.2500 +/- 0.0000 0%
12 +/- 0.6250 18.5%
13 +/- 0.2750 8.1%

Dimension Totals 9.2500 6.0000
3.2500

Nom Tol Min Max
RESULTS:  3.2500 +/- 3.3750 -0.1250 6.6250

3.2500 +/- 1.3274 1.9226 4.5774
3.2500 +/- 1.9910 1.2590 5.2410

Notes:

Assumptions:

Suggested Action:

Description
Back Panel with Switch Carrier:  with SEPARATE REQUIREMENTS

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

Profile: Upper Edge Along Pt B
Datum Feature Shift: (DFB @ LMC - DFSB) / 2 

Position: DFB Holes
Dim: Upper Edge of Switch Carrier - Datum B

Bonus Tolerance
Datum Feature Shift:

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

2 - M4 Screw Dimensions: Used 4mm as Major Diameter of Threads
3 - In this example the Positional Tolerance on the Switch Carrier's Datum Feature B Holes does not contribute to the Stackup.  Because the holes are the secondary Datum Feature, 

1 - Datum Feature Shift is included for the Positional and Profile tolerances on the Back Panel in this Tolerance Stackup because Separate Requirements has been specified for these 
    geometric tolerances.  The Upper Surface and the M4 holes on the Back Panel are not considered a pattern because Separate Requirements applies.

     they are the basis from which all other features on the part are located in the direction of the Stackup.  

- With Separate Requirements in effect on the Back Panel the Switch Carrier Overlap is 0.125.

N/A - DFA not a Feature of Size

= ((5 + 0.2) - 4) / 2    (See Note 2)
Position dia 1 @ MMC A, Bm
N/A - Assume Threads are self-centering
= ((8 + 0.15) - (8 - 0.15 - 0.25)) / 2
9.25 Basic on Dwg
Profile 1.25, A, Bm
= ((8 + 0.15) - (8 - 0.15 - 0.25)) / 2  (SEP REQTS)

Figure 9-55
07/04/02
A
mm
Vertical

N/A - (See Note 3)

Profile 1, A, Bm

N/A

= (5 + 0.2 - (5 - 0.2 - 0.8)) / 2
6 Basic on Dwg

BR Fischer

Tolerance Analysis and Stackup Manual

Switch Carrier Must Not Interfere with Mating Parts: It Must Not Protrude Beyond Edge of Back Panel

Determine if Switch Carrier Protrudes Beyond Upper Edge of Back Panel

Assembly Shift: (Mounting Holes LMC - F) / 2
Position: M4 Holes
Bonus Tolerance
Datum Feature Shift: (DFB @ LMC - DFSB) / 2
Dim: CL Holes - Edge of Base Plate
Profile: Edge Along Pt A
Datum Feature Shift: (DFB @ LMC - DFSB) / 2

FIgure 9.55 Tolerance stackup with separate requirements.
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the 2009 standard, as we found that many concepts were not adequately explained 
by the existing terms. While the changes and additions to the terminology may 
seem to be daunting at first glance, and some users may feel that “it wasn’t bro-
ken” in the 1994 standard and thus no new terms were needed, these new terms 
are actually a very important improvement to the 2009 standard.

Various ideas or schools of thought exist about GD&T. Some see the world 
of geometry in a simpler light and yearn for the good old days when things were 
simple and there were only a few symbols to consider; others see the world of part 
and assembly geometry as intricate and complex and want to build a complete, 
technically and mathematically accurate picture of GD&T and an assortment 
of tools to address those complex relationships. The truth is, part and assembly 
geometry and how parts and assemblies work or function are, in fact, quite varied 
and complex.

It is necessary to have a complete definition of the geometric principles involved, 
and a complete set of tools to clearly define the functional geometric requirements 
of parts and assemblies. Further, and most important, it is critical that a dimen-
sioning and tolerancing standard includes a complete and comprehensive set of 
rules governing the meaning and subsequent interpretation of dimensioning and 
tolerancing specifications. Only by development and implementation of such a 
complete rule set can design engineers know that they have adequately defined 
legally defendable limits for their parts and assemblies. In fact, the ASME Y14.5-
2009 standard exists for precisely this purpose.

For people who prepare engineering drawings or annotated models, ASME 
Y14.5-2009 provides a means to completely, clearly and unambiguously define 

FIgure 9.56 Simultaneous requirements: tolerance stackup sketch for Figures 9.54 
and 9.55.
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their part and assembly geometry and its acceptable limits in a legally binding 
manner. The standard offers flexibility to state geometric requirements very sim-
ply, or in a more complex manner, allowing the specifications to match the design 
requirements. For people who use engineering drawings or annotated models, 
ASME Y14.5-2009 provides a context within which they can completely, clearly 
and unambiguously understand the part and assembly geometry and its accept-
able limits in a legally binding manner. GD&T is the means by which this conver-
sation between the drawing preparer and the user is facilitated; it is the language 
they use to communicate in a precise, exact and legally binding manner. In addi-
tion, proper application of GD&T and tolerance analysis allows more tolerance 
than ± alone. Needless to say, I am an avid supporter and advocate of GD&T and 
the ASME Y14.5-2009 standard.

TiTle oF asMe y14.5-2009: oMission oF The “M”

The title of this new revision was changed from ASME Y14.5M-1994 to ASME 
Y14.5-2009. Notice that the M suffix no longer follows the numeric designation of 
the standard. The M was used on earlier ASME standards to designate that they 
applied to metric (SI) units, as well as U.S. customary units (inches, etc.). The 
only ASME Y14 series standards that still carry the M suffix are the standards 
that apply only to metric units (such as ASME Y14.1M-2005 Metric Drawing 
Sheet Size and Format). Large segments of U.S. industry have converted to metric 
use, most notably the automotive industry. However, other segments of industry, 
such as aerospace, continue to predominantly use inches. This is of little conse-
quence to tolerance analysis and the techniques in this book. Of course units are 
very important, and recognizing which units are used is critical to obtaining a 
correct solution. The tolerance analyst must understand which system of units 
was used to define the subject of the study, accurately model the stackup and the 
variation using the correct units, and if necessary, carefully convert any values 
specified using other units. See Chapter 15 for more information on units in toler-
ance stackups.

The inTenT oF asMe y14.5-2009

The changes made to ASME Y14.5 reflect the continuing maturation of the 
discipline of geometric dimensioning and tolerancing, recognition of the con-
tinuing maturation of design, manufacturing and inspection systems, and the ever-
increasing complexity and sophistication of products designed, manufactured and 
inspected with these systems. The goals of ASME Y14.5-2009 are to provide 
a useful, complete, rigorous and mathematically precise set of tools and tech-
niques for describing geometry and its allowable variation and to make sure these 
tools and techniques are understandable and achievable using modern manufac-
turing and inspection processes. With the introduction of ASME Y14.41-2003 
Product Definition Data Practices and later ISO 16792:2006, which is a derivative 
of ASME Y14.41, use of digital 3D model data as design deliverables became 
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standardized. Techniques and rules for applying annotation (or as it is commonly 
called Product and Manufacturing Information [PMI]) are now formally codi-
fied in these standards. Industry continues to embrace these techniques, and with 
the ever-increasing complexity of products, the need for model-based definition 
(MBD) continues to expand at a rapid pace. ASME Y14.5-2009 is harmonized 
with ASME Y14.41-2003, and a significant portion of the revision of ASME 
Y14.5-2009 addresses use of MBD and PMI in engineering product definition 
and definition of dimensions and tolerances.

boundaries in asMe y14.5-2009

A significant improvement and change in ASME Y14.5-2009 is the expanded 
use of boundary concepts and new terms for various boundaries. Every properly 
toleranced feature has boundaries defined that represent the limits of accept-
ability for the feature. Almost all properly toleranced features have boundaries 
that represent the minimum (or least) material and maximum material limits for 
the feature. These limits may be considered as boundaries, and these boundaries 
may be used to better understand the effects of dimensions and tolerances and 
GD&T. Three of the new boundary-related terms defined in ASME Y14.5-2009 
are least material boundary (LMB), maximum material boundary (MMB), and 
regardless of material boundary (RMB). For a more complete explanation and 
many examples, see my book, the GD&T Update Guide: ASME Y14.5-2009 
(2009). The following brief synopses of these terms and figures are taken from 
my book.

Least material boundary (LMB): The boundary defined by applicable tol-
erances for a feature which yields the condition where the part has the 
least amount of material; this boundary lies on or inside the material of a 
feature. Note that a feature may have more than one LMB depending on 
how it is toleranced, and if and how it is referenced as a datum feature.

Maximum material boundary (MMB): The boundary defined by applicable 
tolerances for a feature which yields the condition where the part has 
the maximum amount of material; this boundary lies on or outside the 
material of a feature. Note that a feature may have more than one MMB 
depending on how it is toleranced, and if and how it is referenced as a 
datum feature.

Regardless of material boundary (RMB): The boundary used to simulate a 
datum feature regardless of its size and shape within its allowable toler-
ance zone. An RMB expands and/or contracts to fit to the as-produced 
datum feature. RMB includes what previously was defined as referencing 
a datum feature of size RFS; the concept has been expanded to include 
referencing of any datum feature that has a variable boundary. RMB 
means the datum feature simulator expands, contracts or progresses 
from the MMB limit to the LMB limit to contact the datum feature as 
required per datum feature precedence.
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ModiFiers used in FeaTure conTrol FraMes

After considerable deliberation, it was decided to give different names to the 
modifiers used in the tolerance compartment and the datum feature reference 
compartments of feature control frames, even though the symbols look exactly 
the same (Ⓜ and Ⓛ). Table 9.1 shows the names of the symbols based on where 
they are used in a feature control frame. These symbols (modifiers) are called 
material condition modifiers when used in the tolerance compartment of a fea-
ture control frame, and material boundary modifiers when used in the datum 
feature reference compartments of a feature control frame. Having two names 
for a symbol depending on its usage may lead to confusion; however, the sym-
bols always have had a different meaning in these applications, so this is really 
nothing new, and it helps clarify what these symbols mean. These new terms are 
a significant improvement to the ASME Y14.5 standard and to the discipline of 
GD&T as a whole.

neW syMbols and GraPhical MeThods in asMe y14.5-2009

ASME Y14.5-2009 includes new symbols and graphical methods that were not 
in the 1994 standard. Figure 9.57 contains a chart of most of the new symbols 
and symbolic applications in ASME Y14.5-2009. Note that the chart does not 
explain what the symbols mean; it only shows the symbols, the name of each 
symbol, and a simple application for each. Figure 9.58 shows the datum reference 
frame symbol. The datum reference frame symbol is a significant improvement 
to GD&T, as it allows the location and orientation of a datum reference frame to 
be explicitly defined on a drawing. This is especially significant when dealing 
with complex geometry, where the location of the datum reference frame is not 
otherwise evident from the part geometry and the GD&T. The datum reference 
frame symbol is also very important for clarifying the X, Y and Z directions for 
the datum reference frame, which is of major importance to coordinate metrology 
and inspection in general. The X, Y and Z coordinate axes of the datum reference 
frame coordinate system are shown in Figure 9.58. Keep in mind that the datum 
reference frame symbol and explicitly showing or defining the datum reference 
frame on a drawing have no effect on a tolerance stackup—it does not increase 

tAble 9.1
modifiers used in Feature control Frames

symbol

name of modifier

When used in tolerance 
compartment

When used in datum Feature 
reference compartment

Ⓛ Least material condition (LMC) Least material boundary (LMB)

Ⓜ Maximum material condition (MMC) Maximum material boundary (MMB)
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I

SF

CF

Independency Symbol
Ø50 ±0.2 I

All-Over Symbol
0.3 A B C

Spotface Symbol Ø50 ±0.2
Ø100 ±0.5SF

Continuous Feature Symbol 3X Ø50 ±0.2 CF

4.5 AU 1.5 B C

4.5 AU 1.5 B C

4.5 U 1.5 B CA

4.5 AU 1.5 B CM M

3.75 D E FM [x]

Dashed Line Leader

B

Unequally-Disposed Modifier

Degree of Freedom

A1
A1

Movable Datum Target Symbol

Translation Modifier
3.75 D E FM M

Boundary Designation
[BASIC]

[BSC]

[Ø10.505]

[z, u, v] [y, w]
[x, y, z, u, v, w]

[BASIC]

U

Note:
An abbreviation or a dimension may
be stated in the brackets, as shown.

Non-Uniform 
NON-UNIFORM D E FM M

NON-UNIFORM

Constraint Modifiers

Tolerance Zone

FIgure 9.57 New symbols and symbolic applications in ASME Y14.5-2009.
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or decrease the allowable variation between features. However, it does clarify the 
meaning of the GD&T. The datum reference frame symbol is a valuable tool for 
clarifying the origin of dimensions in views and sections where the datum fea-
tures are not labeled and on other sheets of a multisheet drawing where the origin 
may not otherwise be clear.

To recap, many new dimensioning and tolerancing applications and tech-
niques are included in ASME Y14.5-2009. Some of these new applications and 
techniques are actually new, with no precedent in previously existing interna-
tional standards. Some of the new applications and techniques are merely new 
to ASME Y14.5-2009 and had been introduced in other international standards 
prior to the release of ASME Y14.5-2009. Examples of preexisting applications 
and techniques are the movable datum target symbol and techniques for annotat-
ing axonometric views. Movable datum targets were introduced in ASME Y14.8-
1996 Castings and Forgings. Annotated axonometric views were introduced in 
ASME Y14.41-2003 Product Definition Data Practices.

In accordance with ASME Y14.41-2003, ASME Y14.5-2009 addresses 
and allows application of dimensioning and tolerancing to axonometric draw-
ing views. See Figure 9.59 for an example of an annotated axonometric view. 
An axonometric view is a pictorial view, similar to an isometric view, which 
is essentially a 2D approximation of a 3D view. Back in the days of manual 
drafting and 2D CAD systems, isometric and axonometric views were not com-
monly seen on drawings, as it often took a long time to generate these views, and 
time was scarce in the engineering department’s budget. Today, with modern 
3D CAD systems and the power of solid modeling, these pictorial views come 
virtually for free; they merely represent one more view of the same model that 

FIgure 9.58 Datum reference frame symbol and identification.
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is presented in the more traditional orthographic views. Addition of axonometric 
views to drawings adds a tremendous amount of information to the drawing, 
enhancing everyone’s understanding of the product depicted. I am very pleased 
to see this advancement of product documentation—it is a win–win situation for 
all involved.

These new symbols, applications and techniques do not change how tolerance 
stackups are analyzed; they merely add additional methods that must be under-
stood and modeled in the tolerance stackup.

FIgure 9.59 Annotated axonometric view.
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10 Converting 
Plus/Minus Tolerancing 
to Positional Tolerancing 
and Projected 
Tolerance Zones

Plus/minus location tolerancing can be easily converted into positional toleranc-
ing. The whole concept of positional tolerancing is based on the idea that a cylin-
drical feature of size, such as a hole, should be allowed to vary in location the 
same amount in any direction. This is true for most applications. If a cylindrical 
hole can be 1.4 mm diagonally from its nominal location and still function, then 
it should function when the hole is 1.4 mm from its nominal location in any direc-
tion. Hence, a cylindrical tolerance zone allows a feature to vary equally in any 
direction from its nominal or basic location.

Plus/minus location tolerances are intended to state how much the location of 
a feature may vary in a specific direction. In the case of cylindrical features of 
size, such as holes and studs, the amount of variation (or tolerance) is linked to 
dimensions in two perpendicular directions, typically the horizontal and vertical 
directions as shown in Figure 10.1.

In this example the tolerances are the same in both directions, which can be 
idealized as a square tolerance zone. The horizontal and the vertical tolerances 
for the hole are ±0.5 mm. The hole may be displaced 0.5 mm left or right and 0.5 
mm up or down. Using this method of tolerancing, the hole may be displaced a 
larger amount diagonally at the extremes of its tolerance zone. This amount may 
be obtained using the Pythagorean theorem or trigonometry.

Positional tolerancing with a cylindrical tolerance zone assumes the functional 
requirements of a hole are the same in any direction normal to its axis. The posi-
tional tolerance equivalent to an existing plus/minus tolerance is found by cir-
cumscribing a circle around the plus/minus tolerance zone (see Figure 10.2). Note 
the 57% increase in the area of the tolerance zone. Assuming the part will still 
function with the larger tolerance zone, this increased tolerance zone may lead to 
more good parts, less scrap, and hopefully lower part costs.

When a feature has the same ± tolerance values in both perpendicular direc-
tions, as in the previous figures, the diameter of the positional tolerance zone can 
be found by multiplying either plus or minus tolerance by the square root of 2 
(~1.414). See the following example.
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The technique works for tolerance values that are the same in both directions:

Assume a hole that is toleranced ±0.8 horizontally and vertically.

 1. Given a ± tolerance (explicitly stated tolerance or title block tolerance), 
e.g., ±0.8

 2. Multiply the tolerance by 2 to get the total linear tolerance, e.g., 0.8 × 2 
= 1.6

FIgure 10.1 Plus/minus tolerances in both directions.
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 3. Multiply the total linear tolerance by 21/2 (~1.414) to get the equiva-
lent diametral positional tolerance, e.g., 1.6 × 21/2 = 2.29

 4. ∅2.29 is the equivalent positional tolerance

Two methods for calculating the equivalent cylindrical positional tolerance 
zone are shown in Figure 10.3. Both methods show how to calculate the hypot-
enuse of the half-space triangle within a square ± tolerance zone.

The following technique works for any tolerance values in both directions:

(Tolerance values may be different in the X and Y directions.) Assume a hole 
that is toleranced ±0.8 horizontally and ±1.2 vertically.

 1. Given a ± tolerance (explicitly stated tolerance or title block tolerance) in 
one direction, say X: e.g., ±0.8

 2. Multiply the tolerance by 2 to get the total linear tolerance in the X direc-
tion, e.g., 0.8 × 2 = 1.6

 3. Given a ± tolerance (explicitly stated tolerance or title block tolerance) in 
the other direction, say Y: e.g., ±1.2

 4. Multiply the tolerance by 2 to get the total linear tolerance in the Y direc-
tion, e.g., 1.2 × 2 = 2.4

 5. Use the Pythagorean theorem to determine the equivalent diametral 
positional tolerance , e.g., (1.62 + 2.42)1/2 = (2.56 + 5.76)1/2 = 2.88

 6. ∅2.88 is the equivalent positional tolerance

FIgure 10.2 Positional tolerance zone circumscribed about ± zones.



216 Mechanical Tolerance Stackup and Analysis, Second Edition

Trigonometric Means of Converting ± Tolerance to Equivalent Positional Tolerance:

The hypoteneuse of the 45° right triangle represents the worst case displacement within the
± tolerance zone.  Using the above example:

Right Angle Trigonometric Solution:

sin 45° = opposite / hypoteneuse   ⇒   sin 45° = 1 / h   ⇒   h = 1 / sin 45°   ⇒   h ≈ 1 / 0.7071  ⇒
h ≈ 1.414

Pythagorean Theorem Solution:

A2 + B2 = C2   ⇒   12 + 12 = C2   ⇒   1 + 1 = C2   ⇒   C2  = 2    ⇒   C  =  2   ⇒   C  ≈ 1.414

1.414 is the maximum total displacement possible within the +/- tolerance zone.  Positional
Tolerance = Ø1.4

Overlaid Rectangular and  Positional Tolerance Zones

1 X 1 Rectangular

0.5 0.5

1

0.5

0.5

1

1.4 Across Corners

Ø1.4 Positional
Tolerance Zone

57% Larger
Tolerance Zone

0.7 Diagonally
Displaced

1.4 Across Corners

1

1

Square ±

h = 1.4

1

1

45° 45°

C = 1.4

B = 1

45°

A = 1

Right Angle Pythagorean Theorem
SolutionTolerance Zone Trig Solution

Tolerance Zone

FIgure 10.3 Plus/minus and positional tolerance zones with math.
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The techniques presented above are for converting ± location tolerance zones 
to cylindrical positional tolerance zones. In cases where the ± location tolerances 
are the same in both directions, it makes the most sense to use the above approach, 
as a cylindrical feature should be allowed to vary the same amount in all direc-
tions and still function.

Plus/minus location tolerance zones can also be converted to cylindrical posi-
tional tolerance zones by inscribing a circle within the tolerance zone. Which 
method is used depends on the functional requirements of the design. The cir-
cumscribed circle method is more commonly applied, but it must be confirmed 
that the resulting tolerance zone is functionally acceptable, as it allows larger 
deviation in the direction of the original dimensions and ± tolerances.

The circumscribed method is usually used because it is assumed that the ± 
tolerances merely represent the way things have been done for so many years, 
that the original designer didn’t really consider the implications of the toleranc-
ing method or directions, and the larger displacement possible diagonally within 
the ± tolerance zone is assumed to be functionally acceptable in any direction 
from nominal. The inscribed method is usually used because the ± tolerances are 
assumed to be carefully thought out and represent the maximum displacement 
possible within functional limits. The larger displacement possible diagonally 
within the ± tolerance zone is assumed to exceed the acceptable displacement 
allowed in the specified directions from nominal.

In either case, fixed fastener calculations, floating fastener calculations or a 
more complex tolerance stackup must be performed to verify that the converted 
tolerances are acceptable within functional limits.

It would not be a good idea to convert the rectangular tolerance zone above to 
a cylindrical tolerance zone if the original ± tolerances were functionally neces-
sary. An example is where the location of a feature is more critical in one direction 
than in the perpendicular direction. If the original rectangular tolerance zone was 
required, then a rectangular or bidirectional positional tolerance zone should be 
specified. The technique to convert from a rectangular to a cylindrical tolerance 
zone is also shown in Figure 10.4. The techniques for specifying bidirectional tol-
erance zones are shown in Figure 10.5. Detail A in the upper half of Figure 10.5 
shows the plus/minus method. The intent of the 25 ± 0.5 and 40 ± 1.5 dimensions 
and tolerances is to control the location of the hole to the edges of the part. Thus, 
the intent is to allow ±0.5 mm or 1 mm total variation vertically, and ±1.5 mm or 
3 mm variation horizontally. Detail B in the lower half of Figure 10.5 shows the 
positional tolerance method. Two positional tolerance feature control frames are 
shown at right angles to one another; 1 mm variation is allowed vertically and 3 
mm variation is allowed horizontally. Note that the positional tolerance values are 
equivalent to the total variation allowed by the ± tolerances. However, the GD&T 
method is far superior, as the specifications mean exactly what they are intended 
to mean, whereas the ± specifications are imprecise and ambiguous, and thus are 
subject to misinterpretation. If you want to make sure the specifications for ori-
enting and locating features on drawings or annotated models are unambiguous 
and legally defendable, then use GD&T to orient and locate features.
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Trigonometric Means of Converting ± Tolerance to Equivalent Positional Tolerance:

The hypotenuse of the triangle shown represents the worst case displacement within the
± tolerance zone.  Using the above example:

Trigonometric Solution:

Find the Angle:
tan α = opposite / adjacent   ⇒    tan-1 opp / adj = α    ⇒    α = 1/2    ⇒    α = 0.5   ⇒    α = 26.6°

Find the length of the hypotenuse:

sin 26.6° = opposite / hypotenuse   ⇒     sin 26.6° = 1 / h   ⇒     h = 1 / sin 26.6°  ⇒     h = 1 / 0.4472   ⇒

h ≈ 2.236

Pythagorean Theorem Solution:

A2+ B2 = C2   ⇒   12 + 22 = C2   ⇒   1 + 4 = C2   ⇒   C2  = 5    ⇒   C  =   5   ⇒   C  ≈ 2.236

Ø2.2 is the maximum total displacement possible within the +/- tolerance zone.  Ø2.2 is chosen as
the diameter of the equivalent Positional Tolerance zone.

Overlaid Rectangular and  Positional Tolerance Zones

1 X 2 Rectangular Tolerance Zone

1 1

2

0.5

0.5

1

2.2 Across Corners

96% Larger
Tolerance Zone

(for this example)

1.1 Diagonally
Displaced

2.2 Across Corners

2

1

Rectangular ± Tolerance Zone

Ø2.2 Positional Tolerance Zone

26.6°

Right Angle Trig Solution Pythagorean Theorem Solution

A = 1

B = 2

1
26.6°

H = 2.2

2

C = 2.2

26.6°

FIgure 10.4 Plus/minus and positional tolerance zones with math.
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projected tolerAnce zones

Whenever a fastener mates with a threaded hole, when a pin is pressed into a 
hole, or even when there is a very close fit, it is a good idea to specify a projected 
tolerance zone. Projected tolerance zones address the geometric effects of tilting 
within the tolerance zone. The projected tolerance zone extends from the mating 
surface through the maximum thickness of the mating part(s). In some cases, the 
tolerance zone must extend beyond the mating part to address assembly issues or 
where more than one part mates with the same fastener.

Projected tolerance zones are specified in a feature control frame and may be 
used with positional tolerances and orientation tolerances. The projection sym-
bol follows the material condition modifier in the tolerance compartment of the 
feature control frame. The distance of projection may be specified in the feature 
control frame immediately following the projection symbol, or the distance of 
projection may be represented on the drawing by a heavy chain line from the 
appropriate surface. The length of the chain line must be dimensioned.

FIgure 10.5 Bidirectional tolerancing examples.
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When specifying a projected tolerance zone for a blind hole, it is obvious 
which surface is the interface, and thus used as the origin of the projected toler-
ance zone. The tolerance zone projects from the surface the hole penetrates.

When specifying a projected tolerance zone for a through hole, it is not clear 
which surface is the interface; thus, it is not clear from which end of the hole the 
tolerance zone must project. In most through hole applications, the direction of 
projection must be shown on the drawing. Everyone who reads the drawing must 
understand where the tolerance zone is. For example, if the direction of projection 
is not specified, the inspector may guess the tolerance zone projects in one direc-
tion, but the part may mate on the opposite surface. In this example, the geometric 
effect of tilting ends up being far worse than if a projected tolerance hadn’t even 
been specified!

Many companies do not specify projected tolerance zones, primarily because 
of the reluctance of their manufacturing and inspection personnel. For example, 
when using traditional inspection methods, a threaded plug gage is used to “proj-
ect” the axis of a threaded hole the specified distance through the projected tol-
erance zone. The additional time and labor associated with this extra step leads 
many personnel to dislike the requirement. However, if a projected tolerance zone 
is not specified where it is needed, interference or unexpected radial variation may 
result. Using a CMM with a projected tolerance zone only requires the use of a 
different algorithm and should not affect the time or labor required to inspect fea-
tures toleranced with projected tolerance zones. In cases where it is politically just 
too difficult to get manufacturing or inspection to agree to the use of projected tol-
erance zones, there are alternatives where parts can still be properly toleranced.

Figures 10.6 and 10.7 show how a projected tolerance zone is specified and 
what it means. The tolerance stackup implications of not specifying projected 
tolerance zones where needed are many. As described in Chapter 18, the fixed 
fastener formula is based on having projected tolerance zones specified on the 
position of the threaded or pressed-fit holes in the tolerance stackup. If a projected 
tolerance zone is not specified where needed, the formula presented and solved 
in Figure 10.8 must be used to determine the effects and necessary values. If an 
orientation tolerance such as perpendicularity is specified instead of a projected 
tolerance zone, the formula presented and solved in Figures 10.9 and 10.10 must 
be used to determine the effects and necessary values.

The fixed and floating fastener worksheets available in Advanced Dimensional 
Management’s Tolerance Stackup Software Toolset are excellent semiautomated 
tools for solving these problems and comparing the effects of specifying and not 
specifying projected tolerance zones. Versions are available for ± and GD&T.
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FIgure 10.6 Projected tolerance zones: specification and meaning.
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FIgure 10.7 Projected tolerances zones: inside and outside the part.
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FIgure 10.8 Projected tolerance zones: formula B5.
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FIgure 10.9 Projected tolerance zones: formula B5, modified, part 1.
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FIgure 10.10 Projected tolerance zones: formula B5, modified, part 2.
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11 Diametral and Radial 
Tolerance Stackups

Often it is necessary to calculate the maximum coaxial error or eccentricity 
between nominally coaxial features. When dealing with three-dimensional parts 
and assemblies, we are most often concerned about the coaxial error or coaxiality 
between related parts or features.

In the ASME Y14.5M-1994 and ASME Y14.5-2009 standards, concentric-
ity has a very specific meaning. When considering parts with features such as 
two nominally coaxial cylindrical surfaces, rarely are we truly interested in the 
eccentricity (or conversely concentricity) between parts and part features. Except 
in the case of spheres, concentricity and eccentricity are two-dimensional (2D) 
geometric conditions. Measurements are taken at cross sections of a part feature 
to obtain center (median) points, and the variation of those center points from a 
datum axis is measured. Usually these 2D measurements and geometric condi-
tions are of little interest to the design engineer when dealing with parts in the 
three-dimensional world. Perhaps more troubling, given that these are 2D centers, 
many centers may be obtained for a feature. In most design situations, we simply 
are not concerned about these median points, and thus we are not concerned with 
concentricity. However, due to the colloquial use of and people’s comfort with the 
terms concentric and eccentric, the geometric tolerance concentricity is incor-
rectly used in many three-dimensional applications. This text discusses coaxial 
error or variation, as that is typically of greater concern to the engineer due to its 
functional implications.

Examples of where the coaxial error between features may be important are 
the relationship between the head of a screw and the screw thread, between the 
shoulder and screw thread of a shoulder screw, between diameters on a turned 
shaft, such as the ends of a camshaft or a crankshaft, between a hole and its 
counterbore, between an o-ring groove and a shaft, between a ring groove and the 
outside diameter (OD) of a piston, or between the stepped-down diameters of a 
flow nozzle, to name a few. (Note that profile or runout may be better geometric 
tolerances to use for o-ring grooves.)

It is absolutely necessary to use GD&T to relate coaxial features. In the past, 
features were drawn coaxially on the drawing, and only their sizes were toler-
anced (see Figure 11.1). In this example, the head and the body of the pin are 
shown coaxially, sharing common centerlines. The sizes are toleranced, but the 
features are not located to one another. How far apart may the axes of these fea-
tures be? There is no answer to this rhetorical question. A common misconception 



228 Mechanical Tolerance Stackup and Analysis, Second Edition

is since they are turned on a lathe or screw machine they will be coaxial, because 
of how they are made! Although this is a nice thought, it is not legally defendable, 
the allowable coaxial error cannot be quantified, and the parts must be accepted 
even if they are received with a large coaxial error between the features. As dis-
cussed in the beginning of this text, drawings toleranced in this manner force the 
inspector and manufacturer to guess how closely the features must be related. The 
allowable misalignment between the features must be specified using a tolerance 
such as position or runout.

Given that features are properly related using GD&T, calculating their maxi-
mum coaxial error is a straightforward process. One or more coaxial features are 
selected as datum features, and other nominally coaxial features are related to the 
associated datum reference frame. Diametral dimensions and tolerances are used 
in the calculations and converted into radial ± values.

Nominally coaxial features are often related with positional tolerances. 
Typically, these are specified to apply at the maximum material condition of the 
features. The amount the axis of a controlled feature may vary from the axis of a 
datum feature is unambiguously specified in a feature control frame.

Although a positional tolerance may be specified at the maximum material 
condition, the variation possible at both the maximum and least material condi-
tions must be considered in many applications. The designer must verify that 
no detrimental effects result when the features are produced at their least mate-
rial conditions, which leads to the worst-case possible coaxial error. Remember, 
MMC is usually specified for reasons of fit, not reasons of alignment.

As stated above, the allowable coaxial error between these diameters may 
be properly defined using positional tolerancing, as shown in Figure 11.2. 
GD&T offers several methods to relate the features, such as position, profile, 
runout, symmetry and concentricity. Only position will be discussed here. It 
should be noted that, strictly speaking, the methods presented in this chapter 
calculate the coaxial error between the diameters, not their allowable coaxial 
variation. Coaxial error indicates that the centerlines of the features may be 
misaligned due to variables relating to the toleranced feature and the datum 
feature, whereas the coaxial variation is a function of only the size and location 
of the toleranced feature.

FIgure 11.1 Coaxial pin without GD&T.
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coAxIAl error And posItIonAl tolerAncIng

In the following material, a series of simple examples is presented, each depicting 
a part with two nominally coaxial features (shafts) dimensioned and toleranced 
using positional tolerancing. Each example shows the same part with one variable 
of the positional tolerancing specification changed. The variables are specifica-
tion of RFS and MMC for the tolerance zone, and RMB and MMB for the datum 
feature reference. The intent is to highlight the effect that RFS, MMC and MMB 
modifiers have on the allowable variation between these features. Note that this 
ties in with the next chapter, which discusses material condition modifier selec-
tion criteria. In the interest of providing more realistic parts and stackups within 
an assembly, a second set of more complex examples follows. These are shown 
in Figures 11.11 to 11.26, and include more complete drawings and full tolerance 
stackup reports. Several feature relationships are studied, including both radial 
and axial tolerance analyses.

Figures 11.3 to 11.10 depict nominally coaxial features related using positional 
tolerancing and their resulting maximum possible coaxial error. One feature is 
specified as a datum feature, and the other feature is positionally toleranced to 
the datum axis derived from the datum feature. This text presents four common 
positional tolerancing applications for this type of part, in which the datum fea-
ture, the toleranced feature, or both are specified at MMC or RFS. Figures 11.3, 
11.5, 11.7 and 11.9 represent the part as toleranced on the drawing. Figures 11.4, 
11.6, 11.8 and 11.10 depict the maximum coaxial error possible for Figures 11.3, 
11.5, 11.7 and 11.9, respectively. All these figures depict the same part with the 
same tolerance values; the only differences between the figures are the material 
condition modifiers specified in each example.

The variables and formula for calculating the maximum possible coaxial 
error follow.

Variables:
DFS•	 A = ∅ of datum feature simulator A
DF•	 A = worst-case ∅ of datum feature A (LMC)

FIgure 11.2 Coaxial pin with GD&T.
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PT•	 L = toleranced feature’s positional tolerance zone ∅ when it is 
produced at LMC

Formula:

 
Maximum coaxial error = − +DFS DF PTA A L

2

The formula above works where datum features are referenced RFS or MMC, 
and/or positional tolerances are specified to apply RFS or MMC.

The expression DFSA – DFA in the numerator of the formula represents the pos-
sible datum feature shift. It represents the worst-case difference between the sizes 
of the datum feature simulator and the as-produced datum feature. Datum feature 
shift is discussed in Chapter 9. Where datum features are referenced at their LMC 
and/or positional tolerances are specified to apply at the feature’s LMC, the same 
approach may be used. In this case, the worst-case coaxial error is possible when 
the features are produced at their MMC. Therefore, the MMC sizes would be 
used in the formula instead of the LMC sizes.

The feature control frame in Figure 11.3 references the datum feature regard-
less of feature size (RFS), and specifies that the positional tolerance applies to the 
toleranced feature regardless of feature size (RFS).

The datum feature is simulated by its actual mating envelope at its actual mating 
size, meaning the simulator is a perfect cylinder that contacts the datum feature and 
is considered to be the same size as the datum feature (no datum feature shift).

As shown in Figure 11.4, the datum feature simulator and the datum feature are in 
contact, and their axes are considered to be coaxial. Their relationship does not con-
tribute to the coaxial error possible between the features (no datum feature shift).

The tolerance zone of the ∅20 ± 0.8 feature is related to the axis of the datum 
feature simulator, which is the datum axis. The tolerance zone is specified as 
∅1 regardless of feature size. It does not increase in size as the feature size 
approaches LMC, and it remains ∅1 regardless of the as-produced size of the 

FIgure 11.3 Pin with coaxial diameters. Feature tolerance: RFS, datum feature refer-
ence: RFS (1994) RMB (2009).
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feature. Therefore, the size of the tolerance zone when the feature is produced at 
its LMC is still ∅1.

 
Maximum coaxial error = − + = −DFS DF PTA A L

2
12 8 12. .. .8 1

2
1
2

0 5+ = =

Note that the LMC size of 12.8 was used for the as-produced size of datum 
feature A in the previous example. Because datum feature A is referenced RFS, 
it must be simulated by a simulator that is the same size as the datum feature. 
Since the simulator and the datum feature are the same size, their net contribu-
tion to the total coaxial error is zero (no datum feature shift). The formula yields 
the same result of 0.5 maximum coaxial error as if the datum feature and the 
datum feature simulator were not included in the formula, and the formula could 
be reduced to PT/2.

The feature control frame in Figure 11.5 references the datum feature regard-
less of feature size (RFS) and specifies that the positional tolerance applies at the 
toleranced feature’s maximum material condition (MMC) size.

The datum feature is simulated by its actual mating envelope at its actual mating 
size, meaning the simulator is a perfect cylinder that contacts the datum feature and 
is considered to be the same size as the datum feature (no datum feature shift).

As shown in Figure 11.6, the datum feature simulator and the datum feature are in 
contact, and their axes are considered to be coaxial. Their relationship does not con-
tribute to the coaxial error possible between the features (no datum feature shift).

The tolerance zone of the ∅20 ± 0.8 feature is related to the axis of the datum 
feature simulator, which is the datum axis. The tolerance zone is ∅1 when the 
feature is produced at its MMC size and increases to a maximum of ∅2.6 when 
the feature is produced at its LMC size. This is the size of the tolerance zone to 
use in the formula.

FIgure 11.4 Maximum coaxial error for pin in Figure 11.3.
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Maximum coaxial error = − + = −DFS DF PTA A L

2
12 8 12. .. . . .8 2 6

2
2 6
2

1 3+ = =

Note that the LMC size of 12.8 was used for the as-produced size of datum 
feature A in the previous example. Because datum feature A is referenced RFS, 
it must be simulated by a simulator that is the same size as the datum feature. 
Since the simulator and the datum feature are the same size, their net contribu-
tion to the total coaxial error is zero (no datum feature shift). The formula yields 
the same result of 1.3 maximum coaxial error as if the datum feature and the 
datum feature simulator were not included in the formula, and the formula could 
be reduced to PTL/2.

The feature control frame in Figure 11.7 references the datum feature at its 
maximum material condition (MMC) size and specifies that the positional toler-
ance applies to the toleranced feature regardless of feature size (RFS).

FIgure 11.6 Maximum coaxial error for pin in Figure 11.5.

Ø13 ±0.2

Ø20 ±0.8

1 A

A

FIgure 11.5 Pin with coaxial diameters. Feature tolerance: MMC, datum feature ref-
erence: RFS (1994) RMB (2009).
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As specified in Figure 11.7, the MMC size of the datum feature is ∅13.2. Even 
if the feature is produced at its LMC size of ∅12.8, it is still simulated by a ∅13.2 
datum feature simulator. This contributes the first portion of the maximum pos-
sible coaxial error. As shown in Figure 11.8, datum feature A may rest at the 
bottom of datum feature simulator A, their axes a maximum of 0.2 apart when 
the datum feature is produced at its LMC size. This is the worst-case datum 
feature shift.

The tolerance zone of the ∅20 ± 0.8 feature is related to the axis of the datum 
feature simulator, which is the datum axis. The tolerance zone is specified as 
∅1 regardless of feature size. It does not increase in size as the feature size 
approaches LMC, and remains ∅1 regardless of the as-produced size of the fea-
ture. Therefore, the size of the tolerance zone when the feature is produced at its 
LMC is still ∅1.

 
Maximum coaxial error = − + = −DFS DF PTA A L

2
13 2 12. .. . .8 1

2
1 4
2

0 7+ = =

FIgure 11.7 Pin with coaxial diameters. Feature tolerance: RFS, datum feature refer-
ence: MMC (MMB).

FIgure 11.8 Maximum coaxial error for pin in Figure 11.7.



234 Mechanical Tolerance Stackup and Analysis, Second Edition

The feature control frame in Figure 11.9 references the datum feature at its 
maximum material condition (MMC) size and specifies that the positional toler-
ance applies at the feature’s MMC size.

As specified in Figure 11.9, the MMC size of the datum feature is ∅13.2. Even 
if the feature is produced at its LMC size of ∅12.8, it is still simulated by a ∅13.2 
datum feature simulator. This contributes the first portion of the maximum possible 
coaxial error. As shown in Figure 11.10, datum feature A may rest at the bottom 
of datum feature simulator A, their axes a maximum of 0.2 apart when the datum 
feature is produced at its LMC size. This is the worst-case datum feature shift.

The tolerance zone of the ∅20 ± 0.8 feature is related to the axis of the datum 
feature simulator, which is the datum axis—the toleranced feature is not directly 
related to the datum feature’s axis. The tolerance zone is ∅1 when the feature is 
produced at its MMC size, and increases to a maximum of ∅2.6 when the feature 
is produced at its LMC size. This is the second portion of maximum possible 
coaxial error.

This example illustrates that the worst-case coaxial error for this part is pos-
sible when the datum feature reference and the positional tolerance are specified 

FIgure 11.9 Pin with coaxial diameters. Feature tolerance: MMC, datum feature refer-
ence: MMC (1994) MMB (2009).

FIgure 11.10 Maximum coaxial error for pin in Figure 11.9.
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at MMC, and the datum feature and the toleranced feature are produced at their 
LMC sizes (see Figure 11.10).

 
Maximum coaxial error = − + = −DFS DF PTA A L

2
13 2 12. .. . .8 2 6

2
3
2

1 5+ = =

 (Worst-case!)

This extreme coaxial error (or misalignment) is not justification to throw 
MMC out the window and never use it again for these applications. MMC is typi-
cally specified for other reasons, such as fit, guaranteeing passage of a fastener 
through a hole or guaranteeing the head of the pin in the figures will fit into a 
counterbored hole. Care must be taken when assigning material condition modi-
fiers to features and datum features. Both the fit and the alignment aspects must 
be considered as discussed in Chapter 12.

Unfortunately, MMC is often specified as somewhat of a default, without 
understanding the implications of what happens when the features are produced 
at the opposite material condition, LMC.

In these examples, a simple part was used to facilitate easier presentation and 
understanding of the method. Chances are that if the mating part was toleranced 
to work with this part, the MMC modifiers would make no difference, if the only 
consideration was fit.

rAdIAl And AxIAl tolerAnce stAckups In An Assembly

It is usually necessary to perform more than one tolerance stackup in most assem-
blies. Even in relatively simple assemblies there are many feature relationships 
to be studied, and the tolerance analyst must decide how to allocate his or her 
time and which tolerance stackups should be solved. Often, in assemblies with 
parts that have multiple coaxial features, two types of tolerance stackups are per-
formed. These are radial tolerance stackups and axial tolerance stackups. Radial 
tolerance stackups are performed to study variation that is perpendicular to the 
axes of the features, and axial tolerance stackups are performed to study variation 
that is parallel to the axes of the features. Generally, radial tolerance stackups are 
performed to calculate radial variation (variation in a radial direction), and axial 
tolerance stackups are performed to calculate axial variation (variation in the 
axial direction). The calculations shown earlier in this chapter determined radial 
variation on a single part; thus, the calculations were quite simple. The examples 
that follow show both radial and axial tolerance stackups done on an assembly 
composed of seven parts. These tolerance stackups are presented using the stan-
dard tolerance stackup report form, as they are more complex than the simple 
calculations shown earlier.

Figure 11.11 shows a drawing of the assembly that will be used in this section, 
the R-A assembly. The R-A assembly consists of two nominally parallel shafts 
(item 1) mounted into a housing (item 2). Bushings (item 3) are pressed into the 
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housing during assembly. There is a slight interference fit between the outside 
diameter of the bushings and the holes in the housing. The shafts fit into bushings 
and must be free to rotate. Thus, there is a small amount of clearance between the 
shafts and the inside diameter of the bushings. Lastly, the shafts are held in place 
axially by retaining rings (item 4). The retaining rings ensure the shafts do not 
slide out of the housing in the axial direction. This is a simplified assembly, but it 
is representative of many common assemblies found in industry, such as blowers, 
gear boxes, and pumps. The principles and modeling techniques shown here may 
be adapted to any of these and other relevant applications if desired.

Figures 11.12 and 11.13 show axonometric (pictorial) views of the assembly 
from the front and the rear to show all feature relationships clearly. The housing is 
transparent in these figures to highlight internal components. Figure 11.14 shows 

FIgure 11.12 R-A assembly: axonometric view, front.
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FIgure 11.13 R-A assembly: axonometric view, rear.
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FIgure 11.14 R-A assembly: exploded axonometric view.
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an exploded axonometric assembly view. Drawings for the shaft, bushing and 
housing are shown in Figures 11.15 to 11.17. These parts are dimensioned and tol-
eranced using GD&T, and the GD&T reflects the functional requirements of the 
parts and the assembly. (Remember, in all cases, there is more than one way that 
the GD&T could be specified. The dimensioning and tolerancing methods used 
on the drawings are functional. Using functional dimensioning and tolerancing 
methods leads to the least amount of variation, which is why the technique is so 
important.) Three tolerance stackups are included in the following material, two 
radial tolerance stackups and one axial tolerance stackup.

Important note: In these examples it is assumed that the inside diameter (ID) 
of the bushing is not deformed when the OD of the bushing is pressed into the 
housing. In most cases, the ID of a bushing will be slightly reduced after its OD 
is pressed into a hole with an interference fit. For these examples, assume the ID 
of the bushings is unaffected by the press fit and continues to meet the dimension 
and tolerance specifications shown on the bushing drawing in Figure 11.16. This 
could also be achieved by allowing the ID of the bushings to be machined to their 
stated diameter and tolerance after installation.

example 11.1: shaft shoulder–housing 
counterbore gap study tolerance stackup

This tolerance stackup is in the radial direction; it models the variation between 
the shaft shoulder and the corresponding counterbore in the housing. For the 
shaft to operate correctly, a radial gap or clearance must be maintained between 
the shaft shoulder and the counterbore. If the shoulder contacts the counter-
bore, there will be unwanted friction between the shaft and housing, and the 
life of the assembly will be reduced. Also, potential interference between the 
shoulder and the counterbore could prohibit assembly of the shaft into the 
housing. Therefore, the gap between the shaft shoulder and the corresponding 
counterbore in the housing is the subject of this study.

Figure 11.18 shows a general diagram of the assembled parts that contrib-
ute to this tolerance stackup, the tolerance stackup direction and the distance 
being studied. The distance being studied is labeled “Gap A-B.” The positive 
direction in this tolerance stackup is from right to left, as point A is on the right 
side of the gap and point B is on the left side of the gap. Remember, the positive 
direction is always the direction from A toward B. The chain of dimensions and 
tolerances will start at point A and work its way around to point B. The toler-
ance stackup sketch is shown in Figure 11.19. 

The first contributor in this tolerance stackup is the radial distance from the 
surface of the shaft shoulder to the center of the shaft shoulder. This dimension 
and tolerance are labeled as item 1. Referring to Figure 11.15, notice that this 
radial dimension and tolerance are not shown directly on the shaft drawing. The 
drawing in Figure 11.15 controls the diameter of the shaft shoulder with a diame-
tral dimension and tolerance of Ø50 ± 0.1. The dimension and tolerance shown 
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FIgure 11.18 Example 11.1: shaft shoulder–housing counterbore gap.
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FIgure 11.19 Tolerance stackup sketch for Example 11.1.
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as item 1 are the radial equivalent of this diametral dimension and tolerance, 
which was obtained by dividing the diametral dimension and tolerance values by 
2, yielding R25 ± 0.05. The radial calculation is shown on line 1 in the Dim/Tol 
Source & Calcs column in the tolerance stackup report shown in Figure 11.20. 
Items 2, 3 and 4 in the tolerance stackup sketch are the positional tolerance, bonus 
tolerance and datum feature shift for the shoulder. Item 5 in the tolerance stackup 
sketch is a zero basic dimension. This is intended to show the transition from the 
shoulder’s positional tolerance zone to datum axis B, and to indicate that the posi-
tional tolerance zone and the datum are perfectly coaxial. Also notice that there 
are basic zero dimensions shown for items 10 and 14. The basic zero dimension 
in item 10 indicates the transition from the positional tolerance zone that controls 
the bushing’s inside diameter to datum A (which are coaxial); and, since these are 
theoretically perfectly coaxial, the zero basic dimension represents the distance 
between these two perfectly coaxial entities. Similar statements are true for the 
basic zero dimension shown as item 14. Note that these basic zero dimensions 
could be omitted from the tolerance stackup with no change to the final results. 
They are included here for completeness and to aid the reader in understanding 
the complete path from A to B. (Note: Basic zero dimensions are also included in 
the tolerance stackup in Example 11.2.) The tolerance stackup ends with item 18, 
the R26 ± 0.05 radial dimension and tolerance for the counterbore. Similar to the 
shaft above, this radial dimension and tolerance were calculated by dividing the 
diametral dimension and tolerance on the housing drawing by 2. The radial calcu-
lation is shown on line 18 in the Dim/Tol Source & Calcs column in the tolerance 
stackup report shown in Figure 11.20.

Referring to the housing drawing in Figure 11.17, a Ø0.025 positional toler-
ance controls the locational variation allowed for the datum feature B holes. This 
tolerance is specified RFS, and there is no datum feature shift possible. This tol-
erance allows each datum feature B hole to be mislocated up to Ø0.025, or when 
converted to an equal-bilateral tolerance, ±0.0125 in any direction from nominal. 
Thus, the tolerance analyst could choose to include this variation in the tolerance 
stackup. There is another possible choice for how to model this variation; the 
variation could be modeled as datum feature shift. Datum feature B is a pattern 
of two parallel holes, and datum feature B is referenced at MMC virtual condition 
(MMB in ASME Y14.5-2009) in the positional tolerance feature control frame 
that controls the counterbores. This means the datum feature simulators for these 
holes are smaller than the MMC size holes, and it is possible that the housing 
could be shifted or moved during inspection. Of course this means that datum 
feature shift is possible. In order for the maximum amount of datum feature shift 
to occur, the datum feature B holes need to be perfectly oriented and perfectly 
located. That is, any orientation or location error for the datum feature B holes 
will limit the datum feature shift possible, as this shifting and tilting will lead 
to less clearance between the datum feature holes and their simulators. So, the 
analyst must decide how to model the variation allowed by the positional toler-
ance applied to the datum feature B holes in the housing—should it be modeled 
as positional tolerance, or should it be modeled as datum feature shift? Both are 
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Program: Stackup Information:

Product: Part Number Rev Stackup No:
R-A_ASSY-001 - Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Shaft SFT-001 - 1 25.0000 +/- 0.0500 9%

2 +/- 0.1000 18%
3 +/- 0.0000 0%
4 +/- 0.0375 7%
5 0.0000 +/- 0.0000 0%
6 +/- 0.0750 14%

Bushing BSH-001 - 7 +/- 0.0125 2%
8 +/- 0.0000 0%
9 +/- 0.0000 0%
10 0.0000 +/- 0.0000 0%

Housing HSG-001 - 11 +/- 0.0000 0%
12 +/- 0.0000 0%
13 +/- 0.0000 0%
14 0.0000 +/- 0.0000 0%
15 +/- 0.1000 18%
16 +/- 0.1000 18%
17 +/- 0.0190 3%
18 26.0000 +/- 0.0500 9%

Dimension Totals 26.0000 25.0000
1.0000

Nom Tol Min Max
RESULTS:  1.0000 +/- 0.5440 0.4560 1.5440

1.0000 +/- 0.2501 0.7499 1.2501
Multiplier:    1.5 1.0000 +/- 0.3751 0.6249 1.3751

Notes:

Assumptions:

Suggested Action:

Description
Shaft Assembly: Shaft Shoulder - Housing Counterbore Study

Statistical Stack (RSS)
Adjusted Statistical: Multiplier*RSS

Nominal Distance: Pos Dims - Neg Dims =

The variation for the datum feature B holes is modeled as datum feature shift on line 17.  The positional tolerance on line 11 is set to zero, as the datum features must be perfectly oriented 
and located for the maximum datum feature shift to occur.

None.  Even at Worst-Case there is 0.456mm clearance between the Shaft Shoulder and the Housing Counterbore.

N/A - Datum Feature A not a Feature of Size
Not specified on Dwg
Position dia 0.2 @ MMC, A, Bm
= (0.1 + 0.1) / 2

Arithmetic Stack (Worst Case)

Vertical

= ((25 + 0.025 + 0.025) - (25 - 0.025)) / 2

= ((25.1 + 0.025) - (25 - 0.025)) / 2

(Dia 50 +/-0.1 on Dwg) / 2
Position dia 0.2, A, Bm on Dwg
N/A - RFS

Not specified on Dwg

10001-01
05/19/07
A
mm

N/A - RFS

= (30.973 - (30.960 - 0.025)) / 2
(Dia 52 +/-0.1 on Dwg) / 2

Position dia 0.025, A, B on Dwg

N/A - RFS
Not specified on Dwg
N/A - See Note 1

N/A - RFS

BR Fischer

Tolerance Analysis Learning Series

Clearance Must be Maintained Between the Shaft Shoulder and the Housing Counterbore

Determine if the As-Assembled Distance Between the Shaft Shoulder and the Housing Counterbore is Greater Than Zero

Dim: Radius of Shoulder (1/2 Diameter and Tolerance)
Position: Shoulder

Datum Feature Shift
Bonus Tolerance

Dim [Basically Coaxial (Zero Basic)]: Shoulder - Datum B
Assembly Shift: Shaft Datum Feature B within Bushing I.D.
Position: I.D.
Bonus Tolerance
Datum Feature Shift
Dim [Basically Coaxial (Zero Basic)]: I.D. - Datum A
Position: Datum Feature B
Bonus Tolerance
Datum Feature Shift
Dim [Basically Coaxial (Zero Basic)]: Datum B - C'Bore
Position: C'Bore
Bonus Tolerance
Datum Feature Shift
Dim: Radius of C'Bore (1/2 Diameter and Tolerance)

FIgure 11.20 Tolerance stackup report for Example 11.1.
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legitimate choices, so the analyst has to choose one, preferably the option that is 
more likely to occur and/or will lead to greater variation. In this example, the ana-
lyst chose to model the variation as datum feature shift. The positional tolerance 
for the datum feature B holes in the housing on line 11 in the tolerance stackup 
report is set to zero, and the reader is directed to the Notes area, which explains 
why the positional tolerance is set to zero and that the variation is modeled as 
datum feature shift elsewhere in the tolerance stackup. The variation is modeled 
as datum feature shift on line 17 of the tolerance stackup report. Note that this 
represents the maximum or worst-case datum feature shift, which is the (largest 
hole – simulator)/2.

The tolerance stackup results in Figure 11.20 show good news, that there is 
clearance for the worst-case, RSS, and adjusted statistical models, so no action is 
needed. The minimum gap is 0.456 mm. This means the shoulder will not contact 
the counterbore even at worst-case conditions.

example 11.2: shaft Flange–shaft Flange 
gap study tolerance stackup

This tolerance stackup is in the radial direction; it models the variation between 
the adjacent shaft flanges. For the shafts to operate correctly, a radial gap or 
clearance must be maintained between the flanges. The assembly will not func-
tion correctly if the shafts contact one another, as the friction will lead to failure. 
Therefore, the gap between the shaft flanges is the subject of the study.

Figure 11.21 shows a general diagram of the assembled parts that contrib-
ute to this tolerance stackup, the tolerance stackup direction and the distance 
being studied. The distance being studied is labeled “Gap A-B.” The positive 
direction in this tolerance stackup is from left to right, as point A is on the 
left side of the gap being studied and point B is on the right side of the gap. 
Remember, the positive direction is always the direction from A toward B. 
The chain of dimensions and tolerances will start at point A and work its way 
around to point B. The tolerance stackup sketch is shown in Figure 11.22. 

Similar to Example 11.1, the first contributor in this tolerance stackup is for 
the shaft on the left and is the radial distance from the surface of the shaft flange 
to the center of the flange. This dimension and tolerance are labeled as item 1. 
Referring to Figure 11.15, notice that this radial dimension and tolerance are not 
shown directly on the shaft drawing. The drawing in Figure 11.15 controls the 
diameter of the flange with a diametral dimension and tolerance of Ø85 ± 0.75. 
The dimension and tolerance shown as item 1 are the radial equivalent of this 
diametral dimension and tolerance, which was obtained by dividing the diame-
tral dimension and tolerance values by 2, yielding R42.5 ± 0.375. The radial 
calculation is shown on line 1 in the Dim/Tol Source & Calcs column in the 
tolerance stackup report shown in Figure 11.23. Items 2 to 13 are almost exactly 
the same as in Example 11.1, except the chain starts on the flange and not on the 
shoulder. Item 14 in Example 11.2 is the center-to-center basic distance between 
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FIgure 11.21 Shaft flange: shaft flange gap for Example 11.2.
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Program: Stackup Information:

Product: Part Number Rev Stackup No:
R-A_ASSY-001 - Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Shaft (Left Hand) SFT-001 - 1 42.5000 +/- 0.3750 19%

2 +/- 0.5000 25%
3 +/- 0.0000 0%
4 +/- 0.0375 2%
5 0.0000 +/- 0.0000 0%
6 +/- 0.0750 4%

Bushing (Left Hand) BSH-001 - 7 +/- 0.0125 1%
8 +/- 0.0000 0%
9 +/- 0.0000 0%
10 0.0000 +/- 0.0000 0%

Housing HSG-001 - 11 +/- 0.0125 1%
12 +/- 0.0000 0%
13 +/- 0.0000 0%
14 90.0000 +/- 0.0000 0%
15 +/- 0.0125 1%
16 +/- 0.0000 0%
17 +/- 0.0000 0%

Bushing (Right Hand) BSH-001 - 18 0.0000 +/- 0.0000 0%
19 +/- 0.0125 1%
20 +/- 0.0000 0%
21 +/- 0.0000 0%

Shaft (Right Hand) SFT-001 - 22 +/- 0.0750 4%
23 0.0000 +/- 0.0000 0%
24 +/- 0.5000 25%
25 +/- 0.0000 0%
26 +/- 0.0375 2%
27 42.5000 +/- 0.3750 19%

Dimension Totals 90.0000 85.0000
5.0000

Nom Tol Min Max
RESULTS:  5.0000 +/- 2.0250 2.9750 7.0250

5.0000 +/- 0.8922 4.1078 5.8922
Multiplier:    1.5 5.0000 +/- 1.3382 3.6618 6.3382

Notes:

Assumptions:

Suggested Action:

Description
Shaft Assembly: Shaft Flange - Shaft Flange Gap Study

Statistical Stack (RSS)
Adjusted Statistical: Multiplier*RSS

Nominal Distance: Pos Dims - Neg Dims =

and located for the maximum datum feature shift to occur.

None.  Even at Worst-Case there is 2.9620 mm clearance between the Shaft Flanges.

The variation for the datum feature B holes is modeled as datum feature shift on line 17.  The positional tolerance on line 11 is set to zero, as the datum features must be perfectly oriented 

N/A - RFS

N/A - Datum Feature A not a Feature of Size
90 Basic on Dwg
Position dia .025, A on Dwg
N/A - RFS

Position dia 1 @ MMC, A, Bm on Dwg

Arithmetic Stack (Worst Case)

N/A - RFS

N/A - RFS
= ((25.1 + 0.025) - (25 - 0.025)) / 2
Not specified on Dwg

N/A - RFS

mm
Vertical

= ((25 + 0.025 + 0.025) - (25 - 0.025)) / 2

= ((25.1 + 0.025) - (25 - 0.025)) / 2

(Dia 85 +/-0.75 on Dwg) / 2
Position dia 1 @ MMC, A, Bm on Dwg
N/A - MMC is Worst-Case - No Bonus Tol

Not specified on Dwg

Position dia 0.025, A, B on Dwg

Position dia 0.025, A, B on Dwg

N/A - MMC is Worst-Case - No Bonus Tol
= ((25 + 0.025 + 0.025) - (25 - 0.025)) / 2
(Dia 85 +/-0.75 on Dwg) / 2

Not specified on Dwg
Position dia .025, A on Dwg
N/A - RFS

N/A - Datum Feature A not a Feature of Size
Not specified on Dwg

BR Fischer

Tolerance Analysis Learning Series

Clearance Must be Maintained Between the Shaft Flanges

Determine if the As-Assembled Distance Between the Shaft Flanges is Greater Than Zero

10001-02
05/19/07
A

Dim: Radius of Flange (1/2 Diameter and Tolerance)
Position: Flange

Datum Feature Shift
Bonus Tolerance

Dim [Basically Coaxial (Zero Basic)]: Flange - Datum B
Assembly Shift: Shaft Datum Feature B within Bushing I.D.
Position: I.D.
Bonus Tolerance
Datum Feature Shift
Dim [Basically Coaxial (Zero Basic)]: I.D. - Datum A
Position: Datum Feature B (on left)
Bonus Tolerance
Datum Feature Shift
Dim: CL - CL Datum Feature B
Position: Datum Feature B (on right)
Bonus Tolerance
Datum Feature Shift
Dim [Basically Coaxial (Zero Basic)]: I.D. - Datum A
Position: I.D.
Bonus Tolerance
Datum Feature Shift
Assembly Shift: Shaft Datum Feature B within Bushing I.D.
Dim [Basically Coaxial (Zero Basic)]: Datum B - Flange
Position: Flange
Bonus Tolerance
Datum Feature Shift
Dim: Radius of Flange (1/2 Diameter and Tolerance)

FIgure 11.23 Tolerance stackup report for Example 11.2.
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the datum feature B holes in the housing. Items 15 to 27 are the same as items 1 
to 13, essentially in reverse order. Refer to the explanation in Example 11.1 for 
discussion about the purpose and significance of the basic zero dimensions in the 
tolerance stackup.

The positional tolerance for the datum feature B holes in the housing is included 
in this tolerance stackup report on lines 11 and 15. Positional tolerance for the 
datum feature B hole on the left is reported on line 11, and positional tolerance 
for the datum feature B hole on the right is reported on line 15, as each hole may 
vary within its positional tolerance zone independently. The positional tolerance 
for these holes on the drawing in Figure 11.17 is Ø0.025. This tolerance allows 
each datum feature B hole to be mislocated up to Ø0.025, or when converted to 
an equal-bilateral tolerance, ±0.0125 in any direction from nominal. Looking at 
the tolerance stackup report in Figure 11.23, 0.0125 is included in the Tol column 
on lines 11 and 15 in the tolerance stackup report. In Example 11.1, the tolerance 
analyst decided to ignore the effect of the positional tolerance on the datum fea-
ture B holes and to model the potential variation as datum feature shift for the 
features related to datum B. In Example 11.2, the tolerance analyst decided to 
include the positional tolerance in the tolerance stackup, as the hole-to-hole varia-
tion does affect the center-to-center distance between the shafts, which directly 
affects the flange-to-flange distance.

Fortunately or unfortunately, depending on your point of view, the tolerance 
analyst must decide how best to model the potential variation. In Example 11.1 
modeling the variation from datum feature B in the housing as datum feature 
shift led to greater variation than if it had been modeled as positional tolerance. 
In Example 11.2, the chain of dimensions and tolerances only includes the datum 
feature B holes as it passes through the housing. Thus, the variation allowed by 
their positional tolerance must be included in the tolerance stackup.

The tolerance stackup results in Figure 11.23 show good news, that there is 
clearance for the worst-case, RSS, and adjusted statistical models, so no action 
is needed. The minimum gap between the flanges is 2.975 mm. This means the 
flanges will not contact one another even at worst-case conditions.

example 11.3: shaft retaining ring–housing 
detent surface tolerance stackup

This tolerance stackup is in the axial direction; it models the variation between 
the retaining ring surface and the adjacent detent surface on the housing. In 
order for the ring to be assembled into the groove on the shaft, there must be 
clearance between the back face of the ring and the detent surface of the hous-
ing—if the ring is flush or under flush, the assembler will not be able to insert 
the retaining ring into the groove on the shaft. The retaining ring holds the shaft 
in place within the housing. The distance between the face of the retaining ring 
and the adjacent detent surface on the housing is the subject of the study.

Figure 11.24 shows a general diagram of the assembled parts that contrib-
ute to this tolerance stackup, the tolerance stackup direction and the distance 
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being studied. The distance being studied is labeled “Gap A-B.” The positive 
direction in this tolerance stackup points downward, as point A is above point 
B. Remember, the positive direction is always the direction from A toward B. 
The chain of dimensions and tolerances will start at point A and work its way 
around to point B. The tolerance stackup sketch is shown in Figure 11.25.

The tolerance stackup includes 15 line items, and only five items include varia-
tion. As discussed in Chapters 9, 13 and 14, tolerance stackups with GD&T usu-
ally include many lines with no variation, as they may be for basic dimensions, 
placeholders for bonus tolerance, datum feature shift, etc. Referring back to the 
bushing drawing in Figure 11.16, notice that datum feature B, the flange surface 
that contacts the top of the housing, is controlled by a 0.04 perpendicularity toler-
ance. The tolerance analyst decided to include the effect of this perpendicularity 
tolerance in this tolerance stackup. Also notice that the opposite surface of the 
flange is located by a basic dimension and controlled by a profile of a surface 
tolerance related to datum reference frame A, B. This means the profile tolerance 
zone for the top surface is related to secondary datum B, and is therefore unaf-
fected if datum feature B tilts from its perfect orientation, which is controlled by 
its perpendicularity tolerance. Note too that the top surface of the bushing flange 
contacts the shaft, and thus its location affects the tolerance stackup. While the 
orientation of the flange does not affect the top surface of the flange, the perpen-
dicularity tolerance on datum feature B surface also controls its form, how flat the 
surface must be. Although unlikely, it is possible that the flange surface form error 
and the form error of the mating surface on the housing could be similar, such as 

FIgure 11.24 Example 11.3: retaining ring–housing detent surface.
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FIgure 11.25 Tolerance stackup sketch for Example 11.3.
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a convex surface on the flange and a concave surface on the housing. If the parts 
were manufactured this way, when the bushing mated with the housing, its con-
vex flange surface would nest into the concave surface of the housing. Looking at 
the diagram in Figure 11.24, this would allow the bushing to sit lower within the 
housing, which in turn would also allow the shaft to sit lower in the housing. This 
variation only works in one direction; it only tends to increase the gap between 
the retaining ring and the housing. Thus, if the analyst decides to include the 
variation, it should be modeled in a way that only increases the gap. This is done 
by including a zone shift in the + Dims column of the tolerance stackup report. 
This zone shift is usually included on the same line as the perpendicularity toler-
ance but in this example the zone shift is shown on line 4, and the perpendicular-
ity tolerance is shown on line 5 to highlight the zone shift.

Note: In the first edition of this text the term mean shift was used instead 
of zone shift. While mean shift is commonly used in industry to describe this 
technique, it is not the best term to use. Also, the term mean shift has been used 
in Six Sigma tolerance analysis for quite some time. This is an accurate use of 
the term. Chapter 21, which is new to this edition, includes a discussion of mean 
shift as used in Six Sigma methodologies. Therefore, this edition of Mechanical 
Tolerance Stackup and Analysis refers to biasing of the tolerance zone in the posi-
tive or negative direction as zone shift.

The tolerance stackup results in Figure 11.26 show good news, that there is 
clearance for the worst-case, RSS, and adjusted statistical models, so no action 
is needed. The minimum gap between the retaining ring surface and the detent 
surface of the housing is 0.075 mm. This means that the assembler with be able to 
insert the retaining ring into the groove even at worst case conditions.
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Program: Stackup Information:

Product: Part Number Rev Stackup No:
R-A_ASSY-001 - Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Housing HSG-001 - 1 +/- 0.2500 28%

2 +/- 0.0000 0%
3 58.0000 +/- 0.0000 0%

Bushing BSH-001 - 4 0.0200 +/- 0.0000 0%
5 +/- 0.0200 2%
6 +/- 0.0000 0%
7 +/- 0.0000 0%
8 3.5000 +/- 0.0000 0%
9 +/- 0.1000 11%

10 +/- 0.0000 0%
Shaft SFT-001 - 11 63.2000 +/- 0.0000 0%

12 +/- 0.5000 55%
13 +/- 0.0000 0%
14 +/- 0.0000 0%
15 0.7375 +/- 0.0375 4%

Dimension Totals 63.2200 62.2375
0.9825

Nom Tol Min Max
RESULTS:  0.9825 +/- 0.9075 0.0750 1.8900

0.9825 +/- 0.5695 0.4130 1.5520
Multiplier:    1.5 0.9825 +/- 0.8542 0.1283 1.8367

Notes:

Assumptions:

Suggested Action:

Description
Shaft Assembly: Retaining Ring - Housing Study

Statistical Stack (RSS)
Adjusted Statistical: Multiplier*RSS

Nominal Distance: Pos Dims - Neg Dims =

     to only apply in the positive direction as follows.  0.02 dimension - 0.02 tolerance = 0 in the positive direction.  0.02 dimension + 0.02 tolerance = 0.04 in the positive direction.

2. The perpendicularity tolerance applied to datum feature B of the bushing only affects the tolerance stackup in one direction, which is to make Distance A-B larger.  A zone shift value equal to the
    equal-bilateral tolerance is included on line 4 of the tolerance stackup to bias the effect of the tolerance in the positive direction.  The zone shift biases the limits of the perpendicularity tolerance

1.  Datum Feature Shift is Perpendicular to the stackup and does not contribute to the stackup.

3.5 Basic on Dwg

N/A - RFS
N/A - See Note 1
(1.4 +0.15/-0 on Dwg) / 2

Profile 0.2, A, B on Dwg

Arithmetic Stack (Worst Case)

mm
Vertical

See Note 2

N/A - Not a Feature of Size

Profile 0.5, A, Bm on Dwg
N/A - See Note 1
58 Basic on Dwg

Perpendicularity 0.04, A on Dwg. See Note 2

N/A - Datum Feature A not a Feature of Size

N/A - See Note 1
63.2 Basic on Dwg
Position 1, A, Bm on Dwg

BR Fischer

Tolerance Analysis Learning Series

Assemblers Want to be Able to Insert Retaining Ring into Groove Without Being Obstructed by Housing

Determine if the As-Assembled Distance Between the Groove Wall and the Housing Detent Surface is Greater Than Zero

10001-03
05/19/07
A

Profile: Detent Surface
Datum Feature Shift

Zone Shift: (1/2 of 0.04 Perpendicularity Tolerance on Line 5)
Dim: Detent Surface - Datum A

Perpendicularity: Datum Feature B
Bonus Tolerance
Datum Feature Shift
Dim: Datum B - Top of Flange
Profile: Top of Flange
Datum Feature Shift
Dim: Datum A - CL of Ring Groove
Position: Ring Groove
Bonus Tolerance
Datum Feature Shift
Dim: 1/2 of Ring Groove Width

FIgure 11.26 Tolerance stackup report for Example 11.3.
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12 Specifying Material 
Condition Modifiers 
and Their Effect on 
Tolerance Stackups

With the release of ASME Y14.5-2009, the symbols that were called material 
condition modifiers in earlier revisions of the standard now have different names 
depending on where the symbol is used in a feature control frame. ASME Y14.5-
2009 makes a clear, necessary and, in my opinion, long overdue distinction 
between these symbols based on their usage. For example, if a maximum mate-
rial condition (MMC) modifier immediately follows the geometric tolerance in 
a feature control frame, it means the geometric tolerance zone may increase in 
size depending on the as-produced size of the feature it controls—the modifier 
affects the size of the geometric tolerance zone. Likewise, if an MMC modi-
fier immediately follows a datum feature reference in a feature control frame, 
it means the datum feature simulator for that datum feature is fixed in size and 
shape at the appropriate boundary—the modifier affects how the datum feature 
is simulated. Similar statements can also be said for the meaning of least mate-
rial condition (LMC) modifiers in a feature control frame. Although the concept 
of regardless of feature size (RFS) has been a global default since the release of 
ASME Y14.5M-1994 (Rule number 2), thus making the RFS material condition 
modifier no longer necessary, the concept of RFS still applies if an MMC or LMC 
modifier is not specified. Like MMC and LMC, RFS also has a different meaning 
depending on where it is used in the feature control frame, whether it applies to 
the geometric tolerance or to the datum feature reference.

ASME Y14.5-2009 still retains these concepts and still allows these symbols 
to be used in feature control frames, and the default of Rule number 2 still applies. 
However, ASME Y14.5-2009 gives these symbols or conditions different names 
depending on where they are used or apply in a feature control frame. If an Ⓜ or 
Ⓛ symbol is specified with the geometric tolerance in a feature control frame, the 
symbols are called material condition modifiers. If these symbols are not specified 
with a geometric tolerance in a feature control frame, the condition that applies 
is called RFS. If an Ⓜ or Ⓛ symbol is associated with a datum feature reference 
in a feature control frame, the symbols are called material boundary modifiers. 
The symbol names are maximum material boundary (MMB) and least material 
boundary (LMB), respectively. Likewise, if these symbols are not applied to a 
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geometric tolerance in a feature control frame, the condition that applies is called 
regardless of material boundary (RMB). See Figure 12.1.

These are very important improvements to the discipline of geometric dimen-
sioning and tolerancing. See the last section of Chapter 9 for more information 
about these new terms and their distinctions.

When specifying certain geometric tolerances, the designer must determine 
which of the three material condition modifiers (RFS, MMC, LMC) and mate-
rial boundary modifiers (RMB, MMB, LMB) are the correct choice for the given 
application. See Figure 12.2. This is true when considering which material condi-
tion modifier should be associated with the tolerance zone, and which material 
boundary modifier(s) should be associated with the datum feature references in 
the feature control frame. The material that follows focuses primarily on specifi-
cation of and effects of material condition modifiers.

There seems to be a prevailing point of view that MMC is the best choice in 
all but a few applications. The purpose of this chapter is to clarify the criteria for 
selecting the correct material condition modifier for the application.

Selecting a material condition modifier is not an arbitrary decision; it is a 
functional decision. Other factors may influence the decision, such as fixturing, 
inspection practices or company preference, but first and foremost it is a func-
tional decision.

The effect of the material condition modifier on the function of the feature 
becomes crystal clear when performing a tolerance stackup. When performing a 
tolerance stackup, the tolerance analyst breaks out the amount of variation contrib-
uted by each tolerance and each material condition modifier onto separate lines in 
the tolerance stackup report. In this format, the effect of the material condition mod-
ifier is very clear. Seeing that an MMC modifier adds 0.2 mm to the total variation 

FIgure 12.1 Modifier naming in feature control frames.
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may lead the designer to change the MMC specification to an RFS specification. 
This is especially true when the 0.2 mm contributes to a potential interference 
between important features. The same logic holds true for an LMC specification, 
where its additional tolerance adds unnecessarily to the total variation.

So what is the difference between RFS, MMC and LMC?
RFS means regardless of feature size.
It is the default condition on drawings prepared using ASME Y14.5M-1994, 

and it is not necessary to use a symbol to specify RFS. If desired, the symbol 
from ANSI Y14.5M-1982 may be used in certain contexts to make it clear that 
RFS applies. In terms of the tolerance zone, RFS means that the tolerance zone 
remains constant in size. The zone is the same size regardless of the size at which 
the toleranced feature is produced.

MMC means maximum material condition.
To specify MMC on drawings prepared using ASME Y14.5M-1994, the MMC 

symbol must be specified. In terms of the tolerance zone, MMC means the toler-
ance zone increases in size proportionally with the feature. It increases directly 
proportional with the size of an internal feature, such as a hole, and indirectly 
proportional with the size of an external feature, such as a pin.

The tolerance zone increases in size equal to the amount the size of an inter-
nal feature has increased from its maximum material condition. The maximum 

Least Material Condition - LMC

Maximum Material Condition - MMCM

Material Condition Modifiers for Geometric Tolerance

L

Regardless of Feature Size - RFSS

Applied to Geometric Tolerance in a Feature Control Frame

Maximum Material Condition - MMC (ASME Y14.5M-1994)M

Modifiers for Datum Feature References

L

Regardless of Feature Size - RFS (ASME Y14.5M-1994)S

Applied to Datum Feature Reference in a Feature Control Frame

Maximum Material Boundary - MMB (ASME Y14.5-2009)

If applied to datum feature references in a feature control frame,
the modifiers above are called:
Material Condition Modifiers - ASME Y14.5M-1994
Material Boundary Modifiers - ASME Y14.5-2009

If applied to the geometric tolerance in a feature control frame,
the modifiers above are called Material Condition Modifiers in
ASME Y14.5M-1994 and ASME Y14.5-2009.

Least Material Condition - LMC (ASME Y14.5M-1994)
Least Material Boundary - LMB (ASME Y14.5-2009)

Regardless of Material Boundary - RMB (ASME Y14.5-2009)

FIgure 12.2 Material condition modifiers and material boundary modifiers.
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material condition of an internal feature is its smallest size. The bigger the hole, 
the bigger the tolerance zone.

The tolerance zone increases in size equal to the amount the size of an exter-
nal feature has decreased from its maximum material condition. The maximum 
material condition of an external feature is its largest size. The smaller the pin, 
the bigger the tolerance zone.

LMC means least material condition.
To specify LMC on drawings prepared using ASME Y14.5M-1994, the LMC 

symbol must be specified. In terms of the tolerance zone, LMC means the toler-
ance zone increases in size proportionally with the feature. It increases indirectly 
proportional with the size of an internal feature, such as a hole, and directly pro-
portional with the size of an external feature, such as a pin.

The tolerance zone increases in size equal to the amount the size of an internal 
feature has decreased from its least material condition. The least material condi-
tion of an internal feature is its largest size. The smaller the hole, the bigger the 
tolerance zone.

The tolerance zone increases in size equal to the amount the size of an external 
feature has increased from its least material condition. The least material condi-
tion of an external feature is its smallest size. The bigger the pin, the bigger the 
tolerance zone.

This increase in size of the tolerance zone is commonly referred to as bonus 
tolerance and is viewed by many to be “extra tolerance for free.” The point of 
this chapter is that depending on the situation, it may actually be extra tolerance 
for free, or as is shown in many tolerance stackups, it may just be a source of 
additional unwanted variation, and detrimental to function. The designer must 
determine into which of these categories the bonus tolerance falls, and select the 
correct material condition modifier accordingly.

RFS can be viewed as a subset of LMC or MMC. If a positional tolerance 
with a 2 mm diameter tolerance zone RFS is applied to a hole, the tolerance zone 
remains 2 mm regardless of the size of the hole. If a positional tolerance with a 
2 mm diameter tolerance zone at MMC is applied to the same hole, the tolerance 
zone starts at 2 mm and increases as the size of the hole increases from its small-
est size. If a positional tolerance with a 2 mm diameter tolerance zone at LMC is 
applied to the same hole, the tolerance zone starts at 2 mm and increases as the 
size of the hole decreases from its largest size.

Both the MMC and LMC tolerance zones are initially 2 mm, just like the RFS 
tolerance zone. The difference is that the size of the RFS tolerance zone remains 
constant, and the size of the MMC and LMC tolerance zones may increase. All 
three specifications, RFS, MMC and LMC share the 2-mm zone.

mAterIAl condItIon modIFIer selectIon crIterIA

Three factors must be considered when selecting a material condition modifier: 
fit, edge distance or wall thickness and alignment. All three factors are functional 
concerns, as the material condition modifier selected may affect the functional 
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requirements of the feature or related features. In some cases, the functional 
requirement leads to using a material condition modifier to address one functional 
concern, such as fit. In other cases, in fact most cases, several functional concerns 
must be addressed and balanced, each with competing requirements, such as fit 
and wall thickness.

FiT or clearance

In most mating part applications, fasteners pass through holes in one or both 
parts. Fit is always a functional concern in these applications; the requirement is 
that the fasteners fit through the holes at worst-case conditions. The worst-case 
conditions are when the fasteners and holes are at their maximum material condi-
tions (largest bolt, smallest hole), and the holes are at their worst-case location 
and/or orientation. Assuming that fit is the only concern, and no other tolerances 
influence the location of the mating features being considered, the fixed fastener 
and floating fastener formulas may be used to ensure the fasteners will fit in the 
worst-case condition. Using the formulas, the designer can determine the size 
tolerance and location tolerance of the features. As will be discussed in Chapter 
18, the size of the holes, the size of the fasteners, and the positional tolerance of 
the clearance holes and threaded holes are functionally interrelated and must be 
calculated together.

If fit is the only functional concern, then MMC is the correct material condi-
tion modifier to use. When tolerancing an internal feature, the only requirement 
is that a pin, fastener, shaft, etc., passes through the toleranced feature. When 
tolerancing an external feature, the only requirement is that a hole, sleeve, bush-
ing, etc., passes over the toleranced feature. In such cases the bonus tolerance 
does not impact the function—bonus tolerance never helps the design, that is, it is 
never beneficial. There are merely some cases where it doesn’t hurt. As an inter-
nal feature gets larger and its tolerance zone increases in size, or as an external 
feature gets smaller and its tolerance zone increases in size, the features will still 
fit together.

Special case: In the case where a pin is press-fit into a hole, it must be assumed 
that the pin follows the hole. In such cases, it is the pin that interfaces with the 
hole in the mating part. The material condition of the press-fit hole is not of pri-
mary functional concern. From a fit-with-the-mating-parts point of view, it is the 
material condition of the pin that matters, not the hole. In such cases, RFS is the 
best material condition modifier for the hole, as any bonus tolerance associated 
with the hole in either direction is nonfunctional and detrimental.

MainTaininG MiniMuM Wall Thickness or edGe disTance (When 
aT leasT one oF The FeaTures is an inTernal FeaTure)

In some cases, the main functional concern is that the minimum edge distance 
between two features is preserved. This could be the distance between the edges 
of two adjacent holes, the distance between the edge of a hole and the edge of a 
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part, the distance between the edge of a boss and the edge of a hole in the boss, or 
maintaining the minimum wall between the inside diameter and outside diameter 
of a tube. Take the case of a hole with the sole function of reducing the weight of 
a part. Nothing passes through the hole—there is no fit to consider. However, the 
hole is fairly close to an edge, and when the hole is largest, a minimum distance 
from the edge of the part must be maintained to ensure the strength of the part is 
not compromised.

If the only functional concern is that minimum wall thickness or edge dis-
tance is maintained at the worst-case condition, then LMC is the correct mate-
rial condition modifier to use. When tolerancing an internal feature such as a 
hole or an external feature such as the boss described above, the only require-
ment is that a minimum edge distance is maintained between the largest hole 
and the smallest boss. In such cases the bonus tolerance does not impact the 
function—bonus tolerance never helps the design; that is, it is never beneficial. 
There are merely some cases where it doesn’t hurt. As an internal feature gets 
smaller and its tolerance zone increases in size, or as an external feature gets 
larger and its tolerance zone increases in size, the minimum edge distance is 
not compromised.

Special case: In some cases, where two external features are adjacent to one 
another, such as two buttons on a keyboard, and the minimum edge distance 
between them must be maintained, MMC would be the correct material condition 
modifier to use. This assumes there are no other functional considerations, such 
as fit. The reason is that when the two adjacent external features are at their larg-
est size, their position must be controlled with the smallest tolerance to ensure the 
minimum edge distance is not violated. As the adjacent external features decrease 
in size, the bonus tolerance allows them to be mislocated by the same amount, 
leaving the same minimum edge distance between them.

aliGnMenT

In many situations, the axes of features must be as close to their nominal location 
as possible.

This could be the case of an electrical connector with multiple coaxial diame-
ters, where each must make contact with a mating socket feature. Bonus tolerance 
in either direction, whether the features get larger or smaller, is nonfunctional, as 
the features must make contact all around regardless of their material condition.

Where alignment is the only functional concern, such as where the axes of 
two or more diameters must be aligned, RFS is the material condition modifier 
to use.

coMbinaTion oF FacTors

A common example is where a part is located by one pattern of holes, the part 
is fastened through those holes first, and another pattern of features on the part 
must align with the mating part. This is especially true on large or heavy parts, 
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where all fasteners cannot be tightened at the same time. The potential misloca-
tion allowed by the part shifting about the first set of fasteners adds to the posi-
tional error of the second set of features. Traditionally, the first set of holes would 
be toleranced with an MMC modifier, as fit is apparently the primary concern. 
However, the bonus tolerance associated with the position of the first pattern of 
holes adds to the potential misalignment of the second pattern of holes and thus is 
detrimental to function. In situations such as this, RFS is the best choice of mate-
rial condition modifier for the first pattern of holes. Yes, fit is a functional concern 
for the first pattern of holes, as fasteners must pass through the holes. However, in 
this case fit is not the only concern. Assembly shift is also a concern. When the 
holes are largest, the part can shift the maximum amount about the fasteners. If 
the holes were toleranced using MMC, their positional tolerance zones would be 
largest when they were produced at their largest size. This would compound the 
problem of misalignment on the second pattern of holes.

Situations such as this are restricted on both sides by competing requirements. 
There is a fit requirement, which tells us that if MMC was specified, the bonus 
tolerance increase associated with larger holes would not affect the fit; but if 
LMC was specified, the bonus tolerance increase associated with smaller holes 
would negatively affect the fit; there is an alignment requirement, which tells us 
that if LMC was specified on the holes, the bonus tolerance increase associated 
with smaller holes would not affect the alignment of other features; but if MMC 
was specified, the bonus tolerance increase associated with larger holes would 
affect the alignment of other features. Truly these are contradictory requirements. 
Bonus tolerance is detrimental to function in both directions, whether the holes 
are produced at their MMC or LMC sizes. Consequently, in these cases RFS is 
the best modifier to use, as there is no bonus tolerance associated with RFS.

Another very common situation is where fit and wall thickness are both func-
tionally important. Fit leads us to MMC as the correct choice; wall thickness 
leads us to LMC as the correct choice. Again, RFS is the best choice for such 
situations, as the MMC and LMC bonus tolerances are functionally detrimental. 
There are problems with boundary conditions on both sides. An increase in the 
size of the tolerance zone is functionally detrimental at both extremes.

These situations are very common and very often overlooked. The knee-jerk 
reaction that MMC will save the world with its “extra tolerance for free” leads 
many to make the mistake of using MMC where it is not the best choice. You must 
think about the application carefully, consider all the functional ramifications that 
are affected by the feature being toleranced, and decide which material condition 
modifier is best for your application.

As stated earlier, these issues become crystal clear when they are represented 
in a tolerance stackup. The effect of bonus tolerance is broken out as a separate 
line item in the tolerance stackup report and its contribution to the considered 
dimension is easily seen and quantified.

That said, MMC or LMC can still be used in situations where the apparent 
choice is another material condition modifier. A tolerance stackup must be done 
to quantify the effect of the bonus tolerance, and it must be determined whether 
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the result is functionally acceptable. Other reasons, such as inspection meth-
ods, gaging, ease of assembly or assembly methods can also affect the choice 
of the correct material condition modifier. However, the primary concern is 
always function.
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13 The Tolerance 
Stackup Sketch

The importance of creating a sketch of the parts and the chain of dimensions and 
tolerances that make up the tolerance stackup cannot be overstated. Creating the 
sketch is perhaps the most important event that must occur when performing a tol-
erance stackup. Experience has shown that the sketch helps the tolerance analyst 
visualize the chain of dimensions and tolerances, and it helps others understand 
the tolerance stackup after it is complete. Creating the tolerance stackup sketch 
should be the first step when starting a tolerance stackup. The sketch should 
always be done prior to filling out the tolerance stackup report form.

Visualizing the chain of dimensions and tolerances that makes up the toler-
ance stackup can be very difficult. I have found that a sketch has been essential 
for catching all the contributing dimensions and tolerances for possibly 95% of 
the tolerance stackups I have attempted to solve. Many times I was in a hurry and 
started a tolerance stackup without a sketch, only to find later that several dimen-
sions and tolerances were missed. I stopped, took my time, created a tolerance 
stackup sketch, and the missing dimensions and tolerances were obvious.

Three things are needed to create the tolerance stackup sketch:

Detail drawings of all the manufactured components in the tolerance •	
stackup
Detail sheets and related dimension and tolerance information for cata-•	
log items
An assembly drawing and possibly a model of the assembly or the •	
actual assembly

The tolerance analyst must also have a clear understanding of the assembly 
process, preferably obtained from formally documented assembly procedures. As 
stated repeatedly in the text, the assembly sequence can have a profound effect on 
the total variation encountered at assembly. In cases where the assembly process 
is unknown, the author suggests taking a conservative approach and including 
any additional possible contributors that may arise from a faulty assembly proce-
dure. In such cases it may be a good idea to do several tolerance stackups, each 
one representing a different possible assembly process. It is likely that each toler-
ance stackup will have different results due to different assembly variables. Using 
these results the tolerance analyst may be able to sway the assembly department to 
adopt a preferred assembly method that reduces the total potential variation.

The reason detail drawings of the manufactured components are required for 
the tolerance stackup should be obvious: it is from these detail drawings that the 
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dimensions and tolerances are obtained for the tolerance stackup. Dimensioning 
and tolerancing schemes can vary, and some lead to easier tolerance stackups than 
others. In the simplest scenario, the distance in question is directly dimensioned 
(i.e., the width of the groove in Figure 13.1).

In this example there is no need for a tolerance stackup: the dimension and 
tolerance are specified. Determining the minimum and maximum distance is 
straightforward and easy. The specified tolerance is subtracted from and added to 
the specified dimension to find the respective minimum and maximum limits.

It is far more likely that the distance under scrutiny is not directly dimensioned 
and toleranced and is a function of other dimensions, tolerances and possibly 
assembly procedures. In fact, that is the reason for the tolerance stackup, to deter-
mine the limits between two features that are not directly specified.

In Figure 13.1 the width of the groove is not directly dimensioned and toler-
anced, so a tolerance stackup is required to find its minimum and maximum limits. 
In Figure 13.2, the groove is directly dimensioned and toleranced, so a tolerance 
stackup is not required. The size limits of the groove can be calculated directly.

Detailed dimension and tolerance information is also required for catalog and 
purchased items in an assembly. Remember, this includes orientation and posi-
tional or location tolerances as well as size tolerances—many catalog detail sheets 
provide the size and size tolerance, but fall short in terms of relating the features. 
Good examples are shown in Figures 13.1 and 13.2, where the size and size toler-
ance of the shank and head diameters of the pin are given, but their coaxiality 
tolerance is undefined. Such information is often difficult to come by, but it is still 
necessary when performing a tolerance stackup. In such cases the tolerance analyst 
should contact the vendor for the required information. If the required informa-
tion cannot be obtained or cannot be obtained soon enough, the tolerance analyst 
should make an educated guess, assume the coaxiality tolerance and explain that 

FIgure 13.1 Groove width directly dimensioned and toleranced. No tolerance stackup 
is required.
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the tolerance value is an estimate in the tolerance stackup report. Refer to the mate-
rial on assumptions in Chapter 7 for more on this important topic.

The dimensioning and tolerancing schemes used on drawings determine which 
dimensions and tolerances must be included in the tolerance stackup and the tol-
erance stackup sketch. Performing a tolerance stackup with parts and assemblies 
that employ functional dimensioning and tolerancing schemes is much easier than 
with parts and assemblies that are dimensioned and toleranced poorly. Functionally 
dimensioned and toleranced parts have dimensions and tolerances arranged and 
related to the important features, such as mating surfaces and features that locate 
other parts. The dimensioning and tolerancing on such drawings is much more 
direct; in the end there are fewer dimensions and tolerances that contribute to the 
tolerance stackup. Often the result of a tolerance stackup that predicts excessive 
variation is to revise the drawings using a more robust and more direct dimension-
ing and tolerancing scheme, such as GD&T applied in a functional manner.

Assembly drawings are important because they show the parts in their as-assem-
bled condition. This helps the tolerance analyst understand which parts contribute 
to the tolerance stackup and therefore must be included in the tolerance stackup 
sketch. Usually the assembly drawing is the source of the name, part number and 
revision status of all the parts in the tolerance stackup. The assembly drawing also 
shows how parts are related to one another, for example, whether parts are located 
by mating faces or by tight fitting pins inserted into holes or whether parts are 
aligned horizontally or vertically. Lastly, the assembly drawing may have some 
dimensions and tolerances specified, controlling or limiting the potential variation 
allowed by the accumulated part feature dimensions and tolerances.

Dimensions and tolerances specified on an assembly drawing must be carefully 
considered, as sometimes such dimensions and tolerances cannot be achieved. In 
some cases there is no adjustment possible between the assembled parts, or the 

FIgure 13.2 Groove width is not directly dimensioned and toleranced. Tolerance 
stackup is required.
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part feature tolerances contributing to an assembly gap or distance are greater 
than the stated assembly tolerance. These conditions render the stated assem-
bly tolerance meaningless, as the sum of the part feature tolerances cannot be 
reduced at assembly. The tolerance analyst must make sense of such contradic-
tions, get the drawings corrected or explain how the problem was addressed in 
the tolerance stackup.

tolerAnce stAckup sketch content

The tolerance stackup sketch provides a step-by-step pictorial explanation or road 
map of the tolerance stackup. It shows all the parts in the correct relationship with 
the chain of dimensions and tolerances that contribute to the tolerance stackup. 
The parts are identified, the contributing dimensions and tolerances are identified, 
their directions shown, and they are numbered to correspond with the line item 
numbers in the tolerance stackup report. Clearly relating the tolerance stackup 
sketch to the tolerance stackup report is very important. Using this technique, the 
tolerance analyst can be sure that his or her report provides the greatest value to 
those who need to understand the report.

ParT and asseMbly GeoMeTry in The Tolerance sTackuP skeTch

The tolerance stackup sketch does not have to be an exact reproduction of the 
part and assembly geometry, although using the exact geometry does seem to 
help many people visualize the tolerance stackup. The tolerance stackup sketch 
may be schematic if desired, a simplification of the actual geometry. Although 
simplified tolerance stackup sketches are easy to create and typically less clut-
tered than a fully detailed tolerance stackup sketch, sometimes the simplification 
may lead to omission of important geometric information. Good advice is to use 
the most accurate geometry possible, preferably right from the CAD models or 
CAD drawing files. The tolerance analyst must balance accuracy and complete-
ness of detail with clarity and being overly complex when creating the tolerance 
stackup sketch.

The scale of the part geometry in the tolerance stackup sketch should be large 
enough to clearly show the pertinent part geometry, the distance or gap being 
studied should be clear, and the origin and terminus of each dimension and tol-
erance should be visible. The scale of the geometry shown in Figure 13.3 is too 
small to adequately communicate the required information.

The scale of the geometry shown in Figure 13.4 is large enough to adequately 
communicate the required information, which makes the tolerance stackup sketch 
easier to understand.

Sometimes the size and geometry of the parts or assembly are such that details 
like the origin and termini of dimensions and tolerances and the distance being 
studied are not clear in the tolerance stackup sketch. In these cases, it may be 
advisable to include enlarged detail views with the tolerance stackup sketch, as 
shown in Figure 13.5.
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FIgure 13.3 Scale of detail is too small for tolerance stackup sketch.

FIgure 13.4 Scale of detail is adequate for tolerance stackup sketch.
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Tolerance sTackuP skeTch annoTaTion

Tolerance stackup sketch annotation may include part identification, identification 
of the distance or gap being studied, identification of the tolerance stackup direc-
tion, ± dimensions and tolerances, converted angular dimensions and tolerances, 
geometric dimensions and tolerances, bonus tolerances, datum feature shift, assem-
bly shift, item numbers, dimension direction signs (positive or negative direction), 
title and reference information. Other information may be included as well, such as 
any additional information that may help explain the tolerance stackup. Figure 13.6 
shows some of the items listed above for an assembly of parts dimensioned and tol-
eranced using the plus/minus system. The tolerance stackup sketch in Figure 13.6 
accompanies the tolerance stackup report shown in Figure 13.7.

The dimensions and tolerances in Figure 13.6 are labeled using sequential item 
numbers inside circles, and the numbers correspond to the line item numbers in 
the tolerance stackup report in Figure 13.7. This makes it easy to associate the tol-
erance stackup sketch with the tolerance stackup report. Equal-bilateral tolerances 
associated with a dimension share the same item number as the dimension.

The direction of the tolerance stackup is identified in the tolerance stackup 
sketch. As tolerance stackups are linear, the direction is identified by an arrow or 
two arrows in opposite directions. Text such as “Stackup Direction” or “Direction 

FIgure 13.5 Tolerance stackup sketch with enlarged detail view for clarity.
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of Study” may be added to clarify the meaning of the arrows. This can be seen in 
Figures 13.5 and 13.6.

Each dimension is labeled as being in the positive or negative direction in two 
ways. The direction of each dimension is shown by placing a dimension origin 
symbol at one end of the dimension and an arrowhead at the other end. The direc-
tion of the dimension is from the dimension origin symbol toward the arrowhead. 
The direction of each dimension is also shown by placing a positive (“+”) or nega-
tive (“–”) sign next to the dimension’s item number. All the dimensions labeled as 
positive originate and terminate in the same direction. All the dimensions labeled 
as negative originate and terminate in the opposite direction. The dimension val-
ues are placed in the corresponding positive or negative dimension column in the 
associated tolerance stackup report.

Item numbers are placed in a circle adjacent to each dimension. Item numbers 
are also placed adjacent to each occurrence of assembly shift, geometric toler-
ances, bonus tolerances and datum feature shift as applicable. Item numbers are 
assigned in the order each contributor is encountered as the chain is followed 
from point A to point B. It is important that the item numbers in the tolerance 
stackup sketch and the tolerance stackup report are in agreement.

FIgure 13.6 Tolerance stackup sketch with annotation: parts dimensioned and toler-
anced using ± system.
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Program: Stackup Information:

Product: Part Number Rev Stack No:
12345678-001 A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Enclosure 12345678-002 A 1 6.5000 +/- 1.0000 56%
Ground Plate 12345678-004 A 2 3.0000 +/- 0.5000 28%
M4 Washer 3 1.2000 +/- 0.1000 6%
M4 X 8 SHCS 4 8.0000 +/- 0.2000 11%

Dimension Totals 10.7000 8.0000
2.7000

Nom Tol Min Max
RESULTS:  2.7000 +/- 1.8000 0.9000 4.5000

2.7000 +/- 1.1402 1.5598 3.8402
2.7000 +/- 1.7103 0.9897 4.4103

Notes:

Assumptions:

Suggested Action:

Description
Ground Plate Enclosure Assembly

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

Dim: Bottom M4 Tapped Hole - Ground Plate Mating Surface
Dim: Bottom Surface - Top Surface

Dim: Underside of Head - End of Screw
Dim: Bottom Surface - Top Surface

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

- Used Enclosure and Ground Plate Option 1 for this study.

1.2 +/- 0.1 fm Machinery's Hdbk 23rd Ed.
3 +/- 0.5 on Dwg

Figure 13-7
07/04/02
A
mm
Z Axis

8 +/-0.2 fm Vendor Dwg

6.5 +/-1 on Dwg

BR Fischer

Electronics Packaging Program AV-11

Screws Must Not Bottom Out in Tapped Holes

Determine if the M4 Holes in the Enclosure are Deep Enough

FIgure 13.7 Tolerance stackup report for Figure 13.6.
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Figure 13.8 shows a tolerance stackup sketch for an assembly of parts that were 
dimensioned and toleranced using GD&T. Notice that the basic dimensions and 
the geometric tolerances have distinct item numbers. This is common on toler-
ance stackups of parts dimensioned and toleranced using GD&T.

In the tolerance stackup report shown in Figure 13.7 each dimension and its ± 
tolerance are on the same line of the tolerance stackup report and, consequently, 
are given the same line item number. In the following example, parts are dimen-
sioned and toleranced using GD&T. The basic dimensions and the geometric tol-
erances specified in the associated feature control frames are on separate lines in 
the tolerance stackup report and hence have distinct item numbers.

It is important to state that there will likely be some ± dimensions and toler-
ances on parts with GD&T. This is acceptable per the standard. That said, the 
author recommends that dimensions with ± tolerances only be used for the size of 
features of size, like holes and studs—from a functional point of view and from 
a tolerance stackup point of view, it is a far better approach to orient and locate 
features using GD&T.

A tolerance stackup sketch for parts using GD&T is structured similarly to 
the tolerance stackup report, and each geometric tolerance may be followed by 
bonus tolerance and/or datum feature shift. As applicable, the bonus tolerance 
and datum feature shift are located directly below the geometric tolerance on the 
tolerance stackup sketch. The name of the applicable part is shown in parenthe-
ses beneath each set of geometric tolerance information in the tolerance stackup 
sketch. This can be seen in Figures 13.8 and 13.9.

FIgure 13.8 Tolerance stackup sketch with annotation: parts dimensioned and toler-
anced using GD&T.
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Program: Stackup Information:

Product: Part Number Rev Stack No:
12345678-001 A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Enclosure 12345678-002 A 1 +/- 0.5000 18%

2 +/- 0.0000 0%
3 78.0000 +/- 0.0000 0%
4 8.5000 +/- 0.0000 0%
5 +/- 0.3000 11%
6 +/- 0.0900 3%
7 +/- 0.0000 0%

Ground Plate 12345678-004 A 8 +/- 0.8650 32%
9 +/- 0.3250 12%
10 +/- 0.1500 5%
11 +/- 0.0000 0%
12 6.0000 +/- 0.0000 0%
13 73.0000 +/- 0.0000 0%
14 +/- 0.5000 18%
15 +/- 0.0000 0%

Dimension Totals 84.0000 81.5000
2.5000

Nom Tol Min Max
RESULTS:  2.5000 +/- 2.7300 -0.2300 5.2300

2.5000 +/- 1.2143 1.2857 3.7143
2.5000 +/- 1.8214 0.6786 4.3214

Notes:

Assumptions:

Suggested Action:

Datum Feature Shift:

Position: M4 Holes
Bonus Tolerance

Profile: Edge Along Pt A
Datum Feature Shift:

Dim: Datum B - CL M4 Holes
Dim: Edge of Enclosure - Datum B

- May want to holes as locators instead of edges.  See Stacks Opt - 2 & Opt - 3.

- Although threads are typically assumed to be self centering, the Positional Tol applies to the Minor Diameter of the M4 holes.  Use the min / max Minor Dia to calculate the 

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

- Used smallest screw major dia in Shift Calculations on line 8.
- The positional tolerances on the clearance holes and the M4 holes are larger because they are toleranced relative to the edge surfaces, and manufacturing said that was the 

- M4 Screw Dimensions: Major Dia: 4 / 3.82     - M4 Tapped Hole Dimensions: Minor Dia: 3.422 / 3.242
- Used min and max screw thread minor dia in Datum Feature Shift Calculations on line 2.

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

   Bonus Tolerance on line 6.

= ((5.4 + 0.15) - 3.82) / 2

   best they could do.  The larger positional tolerances required the clearance holes to be larger, due to the Fixed Fastener Formula.  This increased the Shift calculated in line 8.

73 Basic on Dwg
Profile 1, A, B, C
N/A - DFs not a Features of Size

N/A - DFs not a Features of Size
78  Basic on Dwg

Position dia 0.65 @ MMC A
= (0.15 + 0.15) / 2
N/A - DFs not a Features of Size
6 Basic on Dwg

N/A - DFs not a Features of Size

Figure 13-9
07/04/02
A
mm
Y Axis

8.5 Basic on Dwg

= (3.422 - 3.242) / 2

Profile 1, A, B, C

Position dia 0.6 @ MMC A, B, C

BR Fischer

Electronics Packaging Program AV-11

Edges of Ground Plate must not Touch Walls of Enclosure

Option 1: Determine if Ground Plate Contacts Enclosure Walls

Description
Ground Plate Enclosure Assembly: Option 1 w Surfaces as Datum Features B & C

Assembly Shift: (Mounting Holes LMC - F LMC) / 2
Position: Dia 5.4 +/-0.15 Holes
Bonus Tolerance
Datum Feature Shift:
Dim: CL Dia 5.4 Holes - Datum B
Dim: Datum B - Edge of Ground Plate
Profile: Edge Along Pt B
Datum Feature Shift:

FIgure 13.9 Tolerance stackup report for Figure 13.8.
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steps For creAtIng A tolerAnce stAckup sketch 
on pArts And AssemblIes dImensIoned And 
tolerAnced usIng the plus/mInus (±) system

 1. Part identification:
 a. Identify each part in the tolerance stackup. This may be the part 

name, the part number or other adequately descriptive information 
as desired.

 2. Distance or gap being studied:
 a. Show a dimension across the distance or gap being studied.
 b. Label the distance or gap “A-B,” “Gap A-B,” or “Distance A-B,” 

or descriptively, such as “Snap Ring Groove Width” or “Distance 
between Flange Faces.”

 c. Label one end point A and the other end point B.
 3. Direction of the tolerance stackup:
 a. Draw an arrow or two arrows in opposite directions with text to 

show the direction of the tolerance stackup.
 4. The chain of dimensions and tolerances:
 a. Add a dimension starting at point A as described in Chapter 7.
 b. Place a dimension origin symbol at the start of the dimension and an 

arrowhead at the other end of the dimension.
 c. Complete the chain of dimensions and tolerances by adding dimen-

sions with equal-bilateral tolerances head to tail from Point A to 
Point B.

 d. Determine the positive direction for the tolerance stackup as 
described in Chapter 7.

 e. Label the dimensions as positive (+) or negative (–) as described in 
Chapter 7.

 f. Include each occurrence of assembly shift as it appears in the 
chain.

 i. Indicate each occurrence of assembly shift using a leader 
directed note.

 ii. Add the part name in parentheses beneath the assembly shift to 
show which part is shifting.

 g. Indicate any angular dimensions and tolerances or other tolerances 
that contribute to the tolerance stackup.

 h. Assign an item number to each dimension with its equal-bilateral 
tolerance, each angular or other tolerance, and each occurrence of 
assembly shift as it is encountered in the chain.

 i. Starting with “1” use positive sequential whole numbers until 
every dimension, angular or other tolerance, and every occur-
rence of assembly shift is numbered.

 i. Make sure the item numbers match the line item numbers in the 
associated tolerance stackup report.
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 j. Assign a positive or negative dimension direction sign to each dimen-
sion in the chain.

 k. Make sure there are no interruptions in the chain between point A 
and point B.

 5. Add a descriptive title to the tolerance stackup sketch.
 6. Add any reference information that may be helpful to the reader.

Refer to Figures 13.6 and 13.7 for examples of a tolerance stackup sketch and 
tolerance stackup report for parts dimensioned and toleranced using the plus/
minus (±) system.

steps For creAtIng A tolerAnce stAckup 
sketch on pArts And AssemblIes dImensIoned 
And tolerAnced usIng gd&t

 1. Part identification:
 a. Identify each part in the tolerance stackup. This may be the part 

name, the part number or other adequately descriptive information 
as desired.

 2. Distance or gap being studied:
 a. Show a dimension across the distance or gap being studied.
 b. Label the distance or gap “A-B,” “Gap A-B” or “Distance A-B,” 

or descriptively, such as “Snap Ring Groove Width” or “Distance 
between Flange Faces.”

 c. Label one end point A and the other end point B.
 3. Direction of the tolerance stackup:
 a. Draw an arrow or two arrows in opposite directions with text to 

show the direction of the tolerance stackup.
 4. The chain of dimensions and tolerances:
 a. If there is an applicable geometric tolerance with bonus toler-

ance and/or datum feature shift specified at point A, indicate so as 
described in 4.g below.

 b. Add a basic dimension starting at point A as described in Chapter 7.
 c. Place a dimension origin symbol at the start of the dimension and an 

arrowhead at the other end of the dimension.
 d. Complete the chain of dimensions and tolerances by adding basic 

dimensions head to tail from point A to point B.
 e. Determine the positive direction for the tolerance stackup as 

described in Chapter 7.
 f. Label the dimensions as positive (+) or negative (–) as described in 

Chapter 7.
 g. Include each geometric tolerance as it appears in the chain.
 i. Indicate the geometric tolerance (position, profile, etc.) using a 

leader directed note.
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 ii. Include the bonus tolerance and/or datum feature shift beneath 
the geometric tolerance as applicable. Include these even if their 
value is zero per the rules in Chapter 9.

 iii. Add the part name in parentheses beneath the geometric tol-
erance, bonus tolerance and/or datum feature shift to explain 
where the GD&T originated. (Note that the geometric tolerance, 
bonus tolerance and/or datum feature shift is not directly related 
to a dimension and thus is reported on a separate line in the tol-
erance stackup report.)

 h. Include each occurrence of assembly shift as it appears in the 
chain.

 i. Indicate the assembly shift using a leader directed note.
 ii. Add the part name in parentheses beneath the assembly shift to 

show which part is shifting.
 i. Assign an Item number to each basic dimension, geometric toler-

ance, bonus tolerance, datum feature shift and each occurrence of 
assembly shift as it is encountered in the chain.

 i. Starting with “1” use positive sequential whole numbers until 
every basic dimension, geometric tolerance, bonus tolerance, 
datum feature shift and every occurrence of assembly shift is 
numbered.

 j. Make sure the item numbers match the line item numbers in the 
associated tolerance stackup report.

 k. Assign a positive or negative dimension direction sign to each basic 
dimension in the chain.

 l. Make sure there are no interruptions in the chain between point A 
and Point B.

 5. Add a descriptive title to the tolerance stackup sketch.
 6. Add any reference information that may be helpful to the reader.

Refer to Figures 13.8 and 13.9 for examples of a tolerance stackup sketch and 
tolerance stackup report for parts dimensioned and toleranced using GD&T.

The tolerance stackup sketching steps described above for plus/minus (±) and 
GD&T may be combined as needed where both dimensioning and tolerancing 
methods are used in the same tolerance stackup. Refer to Figure 13.5 for an exam-
ple of a tolerance stackup sketch where parts were dimensioned and toleranced 
using both methods.

tolerAnce stAckup sketch recAp

The tolerance stackup sketch is a critical part of the tolerance analysis and toler-
ance stackup process. In fact, it may be the most important step. The tolerance 
stackup sketch helps the tolerance analyst visualize the problem more clearly, 
and helps to ensure no dimensions or tolerances are overlooked. The tolerance 
stackup sketch helps others who must interpret the tolerance stackup report 
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understand which problem was solved, how the problem was solved and whether 
the results are correct. Every dimension, ± tolerance, geometric tolerance, bonus 
tolerance, datum feature shift and assembly shift that contributes to the tolerance 
stackup is shown and given a unique item number that coincides with the toler-
ance stackup report.
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14 The Tolerance Stackup 
Report Form

This chapter completes the coverage of the tolerance stackup report form, which 
was briefly introduced in Chapter 8. Tolerance stackup reporting as a whole will 
be discussed, and the importance of content, format and the purpose of each field 
in the tolerance stackup report form will be explained.

The tolerance stackup report form is essential to all tolerance analysis activi-
ties. There are many things to consider when reporting the results of a tolerance 
stackup. It is important to recognize which information must be included, be it 
project related, product related, the source of the dimensions and tolerances, pro-
cedural (how the problem was solved), a sketch of the parts or assemblies being 
studied, the results and any explanatory material or recommendations. It is also 
important to determine the best way to format and present the information, to make 
it as easy as possible for someone else to use the tolerance stackup report to make a 
decision—that is the point of a tolerance stackup, to assist in decision making.

Tolerance stackups are typically done for any of these reasons:

To determine if a new design will yield the desired results at final use •	
or assembly.
To determine if a change to existing design geometry will yield accept-•	
able results at final use or assembly.
To determine if a change in one or more dimensions or tolerances of an •	
existing design will yield acceptable results at final use or assembly.
To determine the amount of tolerance that may be allocated or distrib-•	
uted to parts in a new assembly.
To determine the total tolerance possible for an existing assembly.•	
To determine the root cause of a tolerance-related problem (such as an •	
unwanted interference or excessively large gap) in an existing assembly.

Although this list includes examples from before the design is released and after 
production, all of the bulleted items share one thing in common: most likely the 
result of the tolerance stackup will need to be discussed with another individual, 
group or even a client or customer. The purpose of a computer-based tolerance 
stackup report form is twofold: it is a semiautomated tool for solving tolerance 
stackups, and it is a tool for communicating the results of tolerance stackups. The 
tolerance stackup may also need to be kept for historical or legal reasons, as proof 
of how a particular problem was solved or how the tolerancing risk was assessed 
and dealt with. When someone less familiar with the study has to understand the 
tolerance stackup, the standardized tolerance stackup report form will make his or 
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her job much easier. When time is the culprit, say, when the tolerance stackup may 
sit dormant for some period of time, the same engineer who initially did the toler-
ance stackup may need to revisit the stackup several years later as part of a redesign, 
or as part of a warranty claim. Clear, complete and standardized tolerance analysis 
reporting is essential for understanding the method and results in these situations.

It is critical that all tolerance analysis and stackup activities are standard-
ized. This has exactly the same basis and reasons as drawing standards—to 
avoid errors, avoid misunderstandings and avoid wasting time and money. The 
necessity for standardized drawing practices has been understood for years; the 
concept is equally valid in a tolerance stackup reporting context. All tolerance 
stackup reporting within a given firm should be carried out in the same manner 
and should be presented using the same reporting format where possible. It is also 
important to recognize where an inadequate tolerance stackup reporting system is 
in use; in such cases either the system should be modified to include the informa-
tion presented in this chapter or an updated and complete tolerance stackup report 
form should be adopted.

Using a consistent approach and a standard report format makes learning to 
perform complex tolerance stackups much easier. The problem is approached in 
the same way every time; its nuances are more easily recognized and addressed, 
information is gathered, the chain of dimensions and tolerances is documented, 
information is entered, calculations are made and results are reported. Using the 
same approach every time will help the tolerance analyst ensure that all the infor-
mation has been captured, the procedure is followed and the results are correct. 
That is not to say that using a standardized tolerance stackup report form will 
eliminate errors. Using a standardized approach will eliminate the procedural 
issues and allow the tolerance analyst to focus on solving the problem. A consis-
tent approach also makes it easier for others to interpret your results and under-
stand the work you have done.

As an example, Advanced Dimensional Management’s standard tolerance 
stackup reporting tool from their Tolerance Stackup Software Toolset is shown 
in Figure 14.1. It is a versatile, semiautomated spreadsheet tool that works in 
Microsoft Excel. Standardized data entry, semiautomated problem solution and 
automatic reporting of worst-case and statistical results on the same format make 
this is a very easy tool to use.

Like all good tolerance stackup reporting tools, this form contains many 
important pieces of information grouped and presented logically in an easy-
to-read manner. This form is broken into six sections or blocks as described in 
Figure 14.1.

Block 1. Tracking and title data block (manually entered)
Block 2. Data entry block (manually entered and automated)
Block 3. Results block (automated)
Block 4. Notes block (manually entered)
Block 5. Assumptions block (manually entered)
Block 6. Suggested action block (manually entered)
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Program: Stack Information:

Product: Part Number Rev Stack No:
Date:
Revision

Problem: Units:
Direction:

Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/-
2 +/-
3 +/-
4 +/-
5 +/-
6 +/-
7 +/-
8 +/-
9 +/-
10 +/-

Dimension Totals

Nom Tol Min Max
RESULTS:  

Notes:

Assumptions:

Suggested Action: 6 - Suggested Action Block

2 - Data Entry Block

5 - Assumptions Block

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

Statistical Stack (RSS)

4 - Notes Block

3 - Results Block

Description

Arithmetic Stack (Worst Case)

1 - Tracking and Title Data Block 

FIgure 14.1 Sample tolerance stackup report format with blocks identified.
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It is important that the tolerance stackup report form you use contains places 
for all the information presented in this chapter. The more information that can be 
captured at the time a tolerance stackup is done the better. Anyone who needs to 
understand the tolerance stackup will find all of this information essential.

FIllIng out the tolerAnce stAckup report Form

This section explains how to fill out the tolerance stackup report form field by 
field. The data entry procedures and requirements are explained for each field. 
Some of this may duplicate information in the previous chapters, but it is valuable 
to present it in a more concise easy-to-reference format.

The fields in the tolerance stackup report form in Figure 14.2 are labeled to 
coincide with the instructions that follow. The numbered references in each field 
match the numbered items. For example, item 1(a) in Figure 14.2 is for item 1.a in 
the following list.

Enlarged views of each tolerance stackup report block are included with the 
instructions that follow for easier reference.

 1. Tracking and title data block: This portion of the report contains all 
of the information needed to describe which product or products are 
being studied, describe the problem being studied, explain the intent of 
the tolerance stackup and capture all the tracking information about the 
tolerance stackup. See Figure 14.3 for items 1.a to 1.d.

 a. Program: Enter the program or project name and/or number in this 
field.

 b. Product: Enter the product data in these fields. Enter the part/assem-
bly number, part/assembly revision, and part/assembly description 
in these three fields.

 c. Problem: Enter a problem statement (describe the problem) in this 
field.

 d. Objective: Enter the objective of the tolerance stackup in this field.

Tolerance stackup information (see Figure 14.4 for items 1.e to 1.i):

 e. Stack No: Enter the tolerance stackup tracking number. This should 
be a formally assigned and tracked number similar to the drawing 
number assigned to a drawing. This is the method used to track the 
tolerance stackup within a company’s data management system.

 f. Date: Enter the date the tolerance stackup was started or completed 
as determined by company policy. This should not be a field that 
automatically updates each time the spreadsheet is opened, as his-
torical tracking information would be lost.

 g. Revision: Enter the tolerance stackup revision (the revision of the tol-
erance stackup). This is not the revision of the product or assembly 
being studied. The tolerance stackup revision is important because 
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Program: Stack Information:

Product: Part Number Rev Stack No:
1(b) 1(b) Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
2(a) 2(b) 2(c) 2(d) 2(f) 2(g) +/- 2(h) 2(i)

+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-

Dimension Totals 2(k) 2(k)
2(l)

Nom Tol Min Max
RESULTS:  3(a) +/- 3(b) 3(e) 3(e)

3(a) +/- 3(c) 3(f) 3(f)
3(a) +/- 3(d) 3(g) 3(g)

Notes:

Assumptions:

Suggested Action:

2(e)

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

4(a)

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

5(a)

6(a)

1(i)

1(e)
1(f)
1(g)
1(h)

2(j)

1(j)

1(a)

1(c)

Description
1(b)

1(d)

FIgure 14.2 Sample tolerance stackup report format with fields labeled.
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tolerance stackups may be changed many times, as the first attempt 
may have been flawed or products may have changed. It is a good 
idea to keep historical copies of tolerance stackups until it is certain 
that they will no longer be of value.

 h. Units: Enter the units used in the tolerance stackup. Typically the 
units will be inches (in.) or millimeters (mm), but other units may 
be used. Note that the same units must be used throughout the toler-
ance stackup; mixing units is not a good idea. The tolerance analyst 
must decide which units to use in the tolerance stackup (e.g., inches 
or millimeters). For example, if a tolerance stackup is done using 
inches, and some of the components in the stackup are dimensioned 
and toleranced using millimeters, the millimeter dimensions and 
tolerances should be converted to inches before including them in 
the tolerance stackup.

 i. Direction: Enter the tolerance stackup direction. This can be a local or 
global coordinate system direction such as “Along X Axis,” “Positive 
37.5 degrees from Z Axis,” descriptive “Perpendicular to Rear Panel,” 
“Between Head of Bolt #6 and Feed Cover,” or it can be a combina-
tion of these. Vector notation could also be used if desired.

 j. Author: Enter the name of the person performing the tolerance 
stackup. This is important for addressing questions and for histori-
cal reasons.

 2. Data Entry Block: Line-by-line tolerance stackup data is entered into 
this portion of the report. Information is entered in the order it is encoun-
tered in the chain of dimensions and tolerances. The report contains 

Program:

Product: Part Number Rev
1(b) 1(b)

Problem:

Objective:

1(a)

1(c)

1(d)

Description
1(b)

FIgure 14.3 Sample tolerance stackup report format: tracking and title block data, 
left side.

Stack Information:

Stack No:
Date:
Revision
Units:
Direction:
Author:

1(i)
1(j)

1(e)
1(f)
1(g)
1(h)

FIgure 14.4 Sample tolerance stackup report format: tracking and title block data, 
right side.
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the description, part number and revision of each component (part) 
or subassembly in the chain of dimensions and tolerances; line item 
numbers for each line in the tolerance stackup; the description of each 
dimension and tolerance entered into the tolerance stackup; columns for 
the + (positive) and – (negative) direction dimensions; columns for the 
equivalent equal-bilateral ± tolerance values; the percent contribution of 
each tolerance; and a column for calculations and to describe how the 
dimension or tolerance was obtained.

See Figure 14.5 for items 2.a to 2.e.

 a. Description of Component/Assy: Enter the name of the part or 
assembly that is the source of the dimension or tolerance on that 
line. This should be the name that appears in the part or assembly 
drawing’s title block, or the number assigned by other formal means 
within the data management system. This may also be the name of a 
purchased item obtained from a catalog or a similar source.

 b. Part Number: Enter the part or drawing number of the part or assem-
bly that is the source of the dimension or tolerance on that line. This 
should be the part number that appears in the part or assembly 
drawing’s title block, or the number assigned by other formal means 
within the data management system. This may also be the catalog 
part number for a purchased item.

 c. Rev (revision): Enter the revision of the part or assembly that is the 
source of the dimension or tolerance on that line. This should be 
the revision that appears in the part or assembly drawing’s revision 
block or the number assigned by other formal means within the data 
management system.

 d. Item: Enter the line item number. Number the items in the tolerance 
stackup with consecutive positive integers starting with 1. Line item 
numbers are an important communication tool and useful for discuss-
ing results.

 e. Description: Enter the description of the dimension and/or tolerance. 
See the following section for a more detailed explanation of data 
format in this field.

See Figure 14.6 for items 2.f to 2.j.

Description of
Component / Assy Part Number Rev Item Description
2(a) 2(b) 2(c) 2(d) 2(e)

FIgure 14.5 Sample tolerance stackup report format: data entry block, left side.
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 f. + Dims: Enter any positive direction dimension values in this field. 
These values may be taken directly from a drawing or a model 
where equal-bilateral dimensions and tolerances were specified. If 
unequal-bilateral or unilateral dimensions and tolerances were spec-
ified, these values are obtained by using the equal-bilateral conver-
sion techniques described earlier in the text.

 g. – Dims: Enter any negative direction dimension values in this field. 
These values may be taken directly from a drawing or a model 
where equal-bilateral dimensions and tolerances were specified. If 
unequal-bilateral or unilateral dimensions and tolerances were spec-
ified, these values are obtained by using the equal-bilateral conver-
sion techniques described earlier in the text.

 h. Tol (tolerance): Enter the equal-bilateral tolerance value in this field. 
These values may be taken directly from a drawing where equal-
bilateral tolerances were specified. If unequal-bilateral or unilateral 
tolerances were specified, these values are obtained by using the 
equal-bilateral conversion techniques described earlier in the text.

 i. Percent Contribution: This field is automatically calculated. It rep-
resents the percentage of the total worst-case tolerance that each 
tolerance contributes. This is very useful for determining which 
tolerances to change when the result of a tolerance stackup shows 
an undesirable condition. Obviously the tolerances that contribute 
the most to the total contribute the highest percentages to the total. 
These are often the best place to make a change to obtain the desired 
tolerance stackup result.

 j. Dim/Tol Source and Calcs: Enter the source of the dimension and/
or tolerance in this field. Also enter any calculations that were used 
to derive the tolerance value. If a dimension was taken from the 
drawing, say so in this field. If a dimension was measured from a 
model, say so in this field. If a geometric tolerance is converted to an 
equal-bilateral ± format, state the geometric tolerance in this field. 
If a standard line item is included in the tolerance stackup but does 
not contribute to the total tolerance, label it as N/A. Guidelines and 
many examples on how to enter data into this field are discussed in 
the following section.

See Figure 14.7 for items 2.k to 2.l.

Percent
+ Dims - Dims Tol Contrib Dim / Tol Source & Calcs

2(f) 2(g) +/- 2(h) 2(i)
+/-
+/-
+/-
+/-
+/-

2(j)

FIgure 14.6 Sample tolerance stackup report format: data entry block, right side.
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 k. Dimension Totals: These fields are calculated automatically. The 
field on the left is the sum of the positive direction dimensions and the 
field on the right is the sum of the negative direction dimensions.

 l. Nominal Distance: This field is calculated automatically. It is the dif-
ference between the negative direction dimension total and the posi-
tive direction dimension total. If this value is negative, one or more 
dimension values have been entered into the wrong column; that is, 
one or more positive dimensions have been entered into the negative 
column, or the signs for the dimensions in the chain of dimensions 
and tolerances were chosen incorrectly.

 3. Results block (see Figure 14.8 for items 3.a to 3.g).
 a. Nominal distance: These fields are calculated automatically, and all 

three fields are the same value. They are the nominal distance calcu-
lated in field 2(l) of Figure 14.8.

 b. Arithmetic (worst-case) ± tolerance value: This field is calculated 
automatically. It is the total equal-bilateral tolerance value that is 
subtracted from and added to the nominal distance to obtain the 
worst-case minimum and maximum distance values, respectively.

 c. Statistical (RSS) ± tolerance value: This field is calculated automati-
cally. It is the root-sum-square equal-bilateral tolerance value that 
is subtracted from and added to the nominal distance to obtain the 
statistical minimum and maximum distance values, respectively.

 d. Adjusted Statistical ± tolerance value: This field is calculated auto-
matically. By default, it is 1.5 times the root-sum-square equal-
bilateral tolerance value in field 3(c). This value is subtracted from 
and added to the nominal distance to obtain the adjusted statisti-
cal minimum and maximum distance values, respectively. The 1.5 
multiplier can be changed at the tolerance analyst’s or the com-
pany’s discretion.

 e. Arithmetic (Worst-Case) minimum and maximum distance values: 
These fields are calculated automatically. The total equal-bilateral 
worst-case tolerance is subtracted from and added to the nominal 
distance to obtain the minimum and maximum worst-case distance 

+/-
+/-
+/-
+/-

Dimension Totals 2(k) 2(k)
2(l)Nominal Distance: Pos Dims - Neg Dims =

FIgure 14.7 Sample tolerance stackup report format: data entry block, bottom.

Nom Tol Min Max
RESULTS:  3(a) +/- 3(b) 3(e) 3(e)

3(a) +/- 3(c) 3(f) 3(f)
3(a) +/- 3(d) 3(g) 3(g)

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

Adjusted Statistical: 1.5*RSS

FIgure 14.8 Sample tolerance stackup report format: results block.
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values, respectively. These are the worst-case results of the tolerance 
stackup.

 f. Statistical (RSS) minimum and maximum distance values: These 
fields are calculated automatically. The statistical root-sum-square 
tolerance is subtracted from and added to the nominal distance 
to obtain the minimum and maximum statistical distance values, 
respectively. These are the statistical root-sum-square results of the 
tolerance stackup.

 g. Adjusted Statistical (RSS) minimum and maximum distance val-
ues: These fields are calculated automatically. The adjusted statisti-
cal root-sum-square tolerance is subtracted from and added to the 
nominal distance to obtain the minimum and maximum adjusted 
statistical distance values, respectively. These are the adjusted sta-
tistical root-sum-square results of the tolerance stackup.

 4. Notes block
 a. Enter any pertinent notes in this area. Notes may be bulleted, num-

bered or entered as a paragraph at the discretion of the tolerance ana-
lyst. Including notes is a good way to capture special information, 
sources of information or directions from clients or other groups. 
This is also a good place to explain special procedural informa-
tion about how the tolerance stackup was approached and solved if 
needed. See Figure 14.9.

 5. Assumptions block
 a. Enter any assumptions needed to solve the tolerance stackup in this 

area. Assumptions may be bulleted, numbered or entered as a para-
graph at the discretion of the tolerance analyst. This is a critical area 
of the tolerance stackup and must be filled out carefully for others 
to understand how the problem was approached and solved. It may 
also act as a flag to highlight the need for additional information. See 
Figure 14.10.

Notes:
4(a)

FIgure 14.9 Sample tolerance stackup report format: notes block, left side.

Assumptions:
5(a)

FIgure 14.10 Sample tolerance stackup report format: assumptions block, left side.
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 6. Suggested Action block
 a. Enter any suggestions for correcting problems highlighted by the tol-

erance stackup in this area. Suggested action items may be bulleted, 
numbered or entered as a paragraph at the discretion of the tolerance 
analyst. If the tolerance stackup does not highlight a problem, there 
is probably no need to suggest any action.

General Guidelines For enTerinG descriPTion, ParT nuMber and 
reVision inForMaTion inTo The Tolerance sTackuP rePorT ForM

The description, part number and revision indicate from which part the dimen-
sion and tolerance data are taken. Each time a new part or assembly is encoun-
tered in the chain of dimensions and tolerances, new description, part number and 
revision data must be added to indicate the change of parts or assemblies.

Description, part number and revision information may not need to be included 
with each line item. Take the example in Figure 14.11. There are two parts in this 
tolerance stackup; each occurs once in the chain of dimensions and tolerances. 
Line items 1 to 6 are taken from the first part, the enclosure. Line item 7 is the 
assembly shift of the second part, the ground plate, about the fasteners. Line 
items 8 to 13 are taken from the second part, the ground plate. If the enclosure 
was encountered for a second time later in the tolerance stackup, its information 
would be added again to indicate that the dimensions and tolerances were from 
the enclosure.

As a general rule, the description of a component or assembly only needs to be 
stated on the first line that includes dimensional and tolerance data from that part 
or assembly. Looking at Figure 14.11, we see that description, part number and 
revision data for each part in the assembly is only included once for each part. It is 
understood that all subsequent lines are for the same part until a new description, 
part number and revision data are encountered. This is not a necessity, however. 
This information could be included on each line of the tolerance stackup report 
form if desired. The author has found that this approach makes for an easier-to-
read report.

dImensIon And tolerAnce entry

This section explains how to enter the data for plus/minus dimensions and tol-
erances, assembly shift, and geometric tolerances, including material condition 
modifiers, bonus tolerance, datum feature shift and datum reference frames into 
the tolerance stackup report form.

Guidelines For enTerinG Plus/Minus diMensions and Tolerances

This section explains how to enter plus/minus dimension and tolerance informa-
tion into the tolerance stackup report form. Entering plus/minus dimension and 
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Program: Stack Information:

Product: Part Number Rev Stack No:
12345678-001 A Date:

Revision
Problem: Units:

Direction:
Objective: Author:

Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Enclosure 12345678-002 A 1 +/- 0.5000 19%

2 +/- 0.2900 11%
3 8.5000 +/- 0.0000 0%
4 +/- 0.2000 8%
5 +/- 0.0000 0%
6 +/- 0.0000 0%

Ground Plate 12345678-004 A 7 +/- 0.6650 25%

8 +/- 0.2250 9%
9 +/- 0.1000 4%
10 +/- 0.0000 0%
11 6.0000 +/- 0.0000 0%
12 +/- 0.5000 19%
13 +/- 0.1500 6%

Dimension Totals 8.5000 6.0000
2.5000

Nom Tol Min Max
RESULTS:  2.5000 +/- 2.6300 -0.1300 5.1300

2.5000 +/- 1.0721 1.4279 3.5721
2.5000 +/- 1.6082 0.8918 4.1082

Notes: - M4 Screw Dimensions: Major Dia: 4 / 3.82     - M4 Tapped Hole Dimensions: Minor Dia: 3.422 / 3.242
- Used min and max screw thread minor dia in Datum Feature Shift Calculations on line 2.

Assumptions:

Suggested Action:

Dim: Datum B - Edge of Ground Plate
Profile: Edge Along Pt B
Datum Feature Shift: (DFB @ LMC - DFSB) / 2

Assembly Shift: (Mounting HolesLMC - FLMC) / 2

Position: DFB Dia 5+/-0.1 Holes
Bonus Tolerance
Datum Feature Shift: (DFB @ LMC - DFSB) / 2

BR Fischer

Electronics Packaging Program AV-11

Edges of Ground Plate must not Touch Walls of Enclosure

Option 1: Determine if Ground Plate Contacts Enclosure Walls

= ((5 + 0.15) - 3.82) / 2

AV-11-010a
07/04/02
A
mm
Along Plane of Ground Plate (Y Axis)

Position dia 0.4 @ MMC A

N/A - DFA not a Feature of Size

Profile 1, A, Bm

N/A - Threads

= (0.1 + 0.1) / 2
N/A - DFA not a Feature of Size
6 Basic on Dwg
Profile 1, A, Bm

= (3.422 - (3.242 - 0.4)) / 2   (Shift within Minor Dia)

Position dia 0.45 @ MMC A

8.5 Basic on Dwg

= ((5 + 0.15) - (5 - 0.15)) / 2

Adjusted Statistical: 1.5*RSS

Nominal Distance: Pos Dims - Neg Dims =

- Used smallest screw major dia in Assembly Shift Calculations on line 7.

- May want to use two holes as locators instead of all eight.  See Stack Opt - 2.

- Assume threads are self centering.  Do not include bonus tolerance on line 5.

Description
Ground Plate Enclosure Assembly: Option 1 w 8 Holes as Datum Feature B

Arithmetic Stack (Worst Case)
Statistical Stack (RSS)

Profile: Edge Along Pt A
Datum Feature Shift: (DFB @ LMC - DFSB) / 2

Position: DFB M4 Holes
Dim: Edge of Enclosure - Datum B

Bonus Tolerance
Datum Feature Shift: (DFB @ LMC - DFSB) / 2

FIgure 14.11 Sample tolerance stackup spreadsheet with solution and example data.
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tolerance values into the tolerance stackup report form is very easy. Unlike geo-
metric dimensions and tolerances, plus/minus dimension and tolerance values are 
entered on the same line of the tolerance stackup report form.

The equal-bilateral equivalent dimension and tolerance values are entered into 
the tolerance stackup report as follows:

First, the tolerance stackup sketch is created and the chain of dimensions 
and tolerances is identified.

Each dimension with its equal-bilateral tolerance is numbered as it appears 
in the chain as described in Chapter 13. Other tolerances such as appli-
cable angular tolerances are also numbered.

Positive or negative direction signs are assigned to each dimension in the 
tolerance stackup.

Each positive dimension value is entered into the + Dims column, and each 
negative dimension value is entered into the - Dims column in accordance 
with the directions assigned in the tolerance stackup sketch. Each corre-
sponding tolerance value is entered into the Tol column on the same line 
as the dimension value. The method for converting plus/minus dimension 
and tolerance data into equal-bilateral format is presented in Chapter 4.

Any other tolerances such as angular tolerances that contribute to the toler-
ance stackup are entered as they are encountered in the chain of dimen-
sions and tolerances.

Assembly shift is numbered and entered in the tolerance stackup report as it 
is encountered in the chain of dimensions and tolerances.

The source and original format of each plus/minus dimension and tolerance 
is entered in the Dim/Tol Source & Calcs column. See the following 
examples.

Two plus/minus dimensions and tolerances are part of a tolerance stackup.
The first dimension and tolerance is 2.5 ± 0.25. This dimension was deter-

mined to be in the positive direction in the chain of dimensions and tolerances. 
It is already in equal-bilateral format so no conversion is required. “2.5” is 
entered into the + Dims column and “0.25” is entered into the Tol column. 
“2.5 ± 0.25 on dwg” is entered into the Dim/Tol Source & Calcs column. This 
explains that the dimension and tolerance were taken right from the drawing 
and shows their original format. See Figure 14.12.

Percent
+ Dims - Dims Tol Contrib Dim / Tol Source & Calcs

2.5000 +/- 0.2500 33%
5.5000 +/- 0.5000 67%

+/-
+/-
+/-

2.5 +/-0.25 on dwg
5.65 +0.35 / -0.65 on dwg

FIgure 14.12 Sample tolerance stackup report format: plus/minus dimension and tol-
erance data entry, right side enlarged.
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The second dimension and tolerance is 5.65 + 0.35/-0.65. The equal-bilat-
eral equivalent dimension and tolerance value are 5.5 ± 0.5. This dimension 
was determined to be in the negative direction in chain of dimensions and 
tolerances. “5.5” is entered into the - Dims column and “0.5” is entered into 
the Tol column. “5.65 +0.35/-0.65 on dwg” is entered into the Dim/Tol Source 
& Calcs column. This explains that the dimension and tolerance taken from 
the drawing were converted to equal-bilateral format and shows their original 
format. See Figure 14.12.

The percent contribution column is automatically filled in as described in 
the previous section. Since both dimensions and tolerances are taken from the 
same part, the description, part number and revision data are only entered on 
the first line. See Figure 14.13. 

description of plus/minus dimensions
Each line in the tolerance stackup report form that includes a dimension value 
should be clearly labeled. In the Description field, the word Dim: is entered fol-
lowed by the origin and terminus of the dimension. In Figure 14.13, line item 1 
is a dimension from the bottom surface to the mounting face on the sample part. 
The description in line 1 reads: “Dim: Bottom Surface – Mounting Face.” This 
tells the reader that the line item contains a dimension value, and shows that the 
dimension originates at the bottom surface and terminates at the mounting face. 
The description in line item 2 reads: “Dim: Mounting Face – Top Surface.”

Guidelines For enTerinG GeoMeTric diMensions and Tolerances

This section explains how to enter geometric dimension and tolerance informa-
tion into the tolerance stackup report form. Unlike plus/minus dimensions and 
tolerances, geometric dimensions and tolerances are entered onto separate lines 
on the tolerance stackup report form. Refer to Chapter 9 for methods of convert-
ing various geometric dimensions and tolerances into equal-bilateral format.

Geometric dimension and tolerance values are entered into the tolerance 
stackup report as follows:

First, the tolerance stackup sketch is created and the chain of dimensions 
and tolerances is identified.

Each basic dimension is numbered as it appears in the chain as described 
in Chapter 13.

Positive or negative direction signs are assigned to each basic dimension in 
the tolerance stackup.

Each geometric tolerance is followed by lines for bonus tolerance and/or 
datum feature shift as applicable. Refer to the following section for more 
detailed instructions.

Each geometric tolerance, bonus tolerance and datum feature shift is num-
bered as it is encountered in the chain of dimensions and tolerances.
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Description of Percent

Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Sample Part 123-ABC A 1 2.5000 +/- 0.2500 33%

2 5.5000 +/- 0.5000 67%
+/-
+/-
+/-

5.65 +0.35 / -0.65 on dwg
Dim: Bottom Surface - Mounting Face
Dim: Mounting Face - Top Surface

2.5 +/-0.25 on dwg

FIgure 14.13 Sample tolerance stackup report format: plus/minus dimension and tolerance data entry, full view.
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Other tolerances such as applicable angular tolerances are also numbered as 
they are encountered in the chain of dimensions and tolerances.

Each positive basic dimension value is entered into the + Dims column, 
and each negative basic dimension value is entered into the - Dims 
column in accordance with the directions assigned in the tolerance 
stackup sketch.

Geometric tolerance values are entered into the Tol Column on a different 
line than the basic dimension values.

Any other tolerances such as angular tolerances that contribute to the toler-
ance stackup are entered as they are encountered in the chain of dimen-
sions and tolerances.

Assembly shift is numbered and entered in the tolerance stackup report as it 
is encountered in the chain of dimensions and tolerances.

basic dimensions in the tolerance stackup report Form
Basic dimension values are entered into the tolerance stackup report form on 
a separate line from the geometric tolerances. Like plus/minus dimensions and 
tolerances, where geometric dimensions and tolerances are specified as unequal-
bilateral or unilateral, they must be converted to equal-bilateral format before they 
can be entered into the tolerance stackup report form. The methods of conversion 
are described in Chapter 9. These primarily occur with profile tolerancing.

If the applicable geometric tolerance specified for the feature located by the 
basic dimension is stated in equal-bilateral format on the drawing, the basic 
dimension value from the drawing is entered into either the + Dims or - Dims 
Column in accordance with the directions assigned in the chain of dimensions 
and tolerances. If the applicable geometric tolerance specified for the feature 
located by the basic dimension is not stated in equal-bilateral format on the draw-
ing, the basic dimension value must converted before it can be entered in the 
tolerance stackup report form.

Enter the source and original format of the basic dimension in the Dim/Tol 
Source & Calcs column. See the following examples.

Two surfaces located by basic dimensions are part of a tolerance stackup.
The first surface is located by a 50-mm basic dimension from datum fea-

ture A. It is toleranced with an equal-bilateral profile tolerance of 1.2 mm to 
datum reference frame A. This dimension was determined to be in the posi-
tive direction in chain of dimensions and tolerances. It is already in equal-
bilateral format so no conversion is required. “50” is entered into the + Dims 
column. “50 Basic on dwg” is entered into the Dim/Tol Source & Calcs 
column. This explains that the dimension was taken right from the drawing 
and shows its original format. The associated profile tolerance information 
is included on the lines that precede the basic dimension information. See 
Figure 14.14.

The second surface is located by a 22.5-mm basic dimension from datum 
feature A. It is toleranced with a unilaterally positive profile tolerance of 1 mm 
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to datum reference frame A. Using the conversion techniques in Chapter 9, the 
equal-bilateral equivalent dimension and tolerance value are 23 ± 0.5. This 
dimension was determined to be in the negative direction in chain of dimen-
sions and tolerances. “23” is entered into the - Dims column. “22.5 Basic on 
dwg” is entered into the Dim/Tol Source & Calcs column. This explains that the 
dimension taken from the drawing was a different value, and that the dimen-
sion value shown in the – Dims columns was converted to equal-bilateral 
format because of the unilateral profile tolerance applied to the surface. The 
associated profile tolerance information is included on the lines that follow the 
basic dimension information. See Figure 14.14.

Sometimes general notes or rules are applied to drawings that state “Unless 
Specified Otherwise, All Math Data Is Basic” or something similar. The intent is 
to allow dimensions to be obtained from the model rather than stated on the draw-
ing. Sometimes the majority of a part’s geometry is left undimensioned. The user 
is directed to the CAD file and the model geometry to obtain basic dimensional 
data. The user must open the CAD file and measure the point-to-point distance 
needed for the tolerance stackup. In some industries this is very common and 
makes a lot of sense. Many part geometries are so complex that they cannot be 
completely dimensioned anyway, so it makes sense to go to the model for dimen-
sional data. This technique is most commonly used with parts comprised of free-
form or warped surfaces, such as automobile body panels, personal electronic 
device packaging, pump impellers, complex castings and other unusual geom-
etries. Care must be taken when obtaining basic dimensional data for tolerance 
stackups directly from the model. Refer to other books by the author for more 
information on using digital data for product definition.

Basic dimensional data measured from a CAD model must be converted 
the same as if the basic dimension is stated explicitly on the drawing. If the 
applicable geometric tolerance specified for the feature located by the measured 
basic dimension is not stated in equal-bilateral format on the drawing, the basic 
dimension value must converted before it can be entered in the tolerance stackup 
report form.

description of basic dimensions
Each line in the tolerance stackup report form that includes a basic dimension 
value should be clearly labeled. In the Description field, the word Dim: is entered 

Percent
+ Dims - Dims Tol Contrib Dim / Tol Source & Calcs

+/- 0.6000 55%
+/- 0.0000 0%

50.0000 +/- 0.0000 0%
23.0000 +/- 0.0000 0%

+/- 0.5000 45%
+/- 0.0000 0%

22.5 Basic on dwg

N/A - DFA not a Feature of Size

Profile 1.2, A

Profile 1, A  (Unilateral Positive)

N/A - DFA not a Feature of Size
50 Basic on dwg

FIgure 14.14 Sample tolerance stackup report format: basic dimension entry, right 
side.



296 Mechanical Tolerance Stackup and Analysis, Second Edition

followed by the origin and terminus of the dimension. In Figure 14.15, line item 
3 is a dimension from the bottom surface to datum feature A on the sample part. 
The description in line 3 reads: “Dim: Bottom Surface – Datum Feature A.” This 
tells the reader that the line item contains a dimension value, and shows that the 
dimension originates at the bottom surface and terminates at datum feature A. 
The description in line item 4 reads: “Dim: Datum Feature A – Top Surface.”

General Guidelines For enTerinG Gd&T inForMaTion

Note: The information in the following sections contains terms from ASME 
Y14.5M-1994 and similar terms from ASME Y14.5-2009. These sections also per-
tain to ISO standards, such as ISO 1101:2004, ISO 2692:2006 and ISO 7083:1983, 
although the terminology in ISO 7083:1983 is outdated and as of the printing date 
has not been revised to reflect the new naming conventions in ISO 2692:2006. For 
example, for a datum feature of size referenced with an Ⓜ modifier in a feature 
control frame:

In ASME Y14.5M-1994, the •	 Ⓜ symbol is called a maximum material 
condition modifier (MMC).
In ASME Y14.5-2009, the •	 Ⓜ symbol is called a maximum material 
boundary modifier (MMB).
In ISO 1101:2004 and ISO 2692:2006, the symbol •	 Ⓜ is called a maxi-
mum material requirement modifier symbol. (Note: In ISO standards 
this symbol is referred to by several names, as the revision dates of the 
various ISO standards in which the symbol is discussed are more than 
20 years apart.)

Similar naming differences exist for datum features of size referenced at RFS 
or LMC (ASME Y14.5M-1994), RMB or LMB (ASME Y14.5-2009), and RMR 
or LMR (ISO 1101:2004 and ISO 2692:2006), respectively. These naming dif-
ferences may lead the reader to believe that these are different concepts and the 
meanings of the symbols are quite different in each standard, but generally speak-
ing, the meaning of the symbols is the same in all of these standards. Generally 
speaking, only the terminology differs. Thus, the material that follows applies 
to part and assembly drawings and models prepared to applicable ASME and 
ISO standards. Refer to Chapter 9 for more information about the differences 
and similarities between ISO and ASME standards, and about the changes and 
improvements in ASME Y14.5-2009.

GD&T is different from plus/minus dimensions and tolerances in a number of 
ways. From a tolerance stackup point of view, a big difference is that the dimen-
sion value and geometric tolerance information are entered on separate lines in 
the tolerance stackup report form. Another difference is that material condition 
modifiers can be applied to certain geometric tolerances, allowing the toler-
ance zone to increase in size, leading to bonus tolerance. Another difference is 
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Description of Percent
Component / Assy Part Number Rev Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs
Sample Part ABC-123 A 1 +/- 0.6000 55%

2 +/- 0.0000 0%
3 50.0000 +/- 0.0000 0%
4 23.0000 +/- 0.0000 0%
5 +/- 0.5000 45%
6 +/- 0.0000 0%

Profile: Bottom Surface
Datum Feature Shift

Dim: Datum Feature A - Top Surface 22.5 Basic on dwg

Profile 1.2, A

N/A - DFA not a Feature of Size

50 Basic on dwg
N/A - DFA not a Feature of Size

Dim: Bottom Surface - Datum Feature A

Profile: Bottom Surface
Datum Feature Shift

Profile 1, A  (Unilateral Positive)

FIgure 14.15 Sample tolerance stackup report format: basic dimension entry, full view.
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that many geometric tolerances are related to a datum reference frame, which is 
essential in tolerance stackups. Datum feature references may be modified by 
material condition modifiers, creating the possibility of datum feature shift. See 
Figure 14.16.

The geometric tolerance is entered on a single line in the tolerance stackup 
report form. If the geometric tolerance zone may be modified by a material condi-
tion modifier, bonus tolerance should be entered on the next line beneath the line 
for the geometric tolerance. If the geometric tolerance can be related to a datum 
reference frame, datum feature shift should be entered on the next line beneath 
the line for the bonus tolerance. This approach reflects the fact that there is more 
than one possible contributor to the tolerance stackup in a feature control frame. 
The approach highlights the contribution of each contributor by separating them 
onto separate lines. This is a very powerful tool for understanding the effects of 
GD&T specifications on the total variation between features.

By default, every geometric tolerance does not have the same number of pos-
sible contributors to a tolerance stackup. Every geometric tolerance has at least 
one contributor, the geometric tolerance itself. Most geometric tolerances that can 
be modified by a material condition modifier may have bonus tolerance, and most 
geometric tolerances that can be related to a datum reference frame may have 
datum feature shift.

For example, form tolerances cannot be related to a datum reference frame, 
so datum feature shift is not possible with form tolerances; there are only one or 
two special cases where a form tolerance zone can be modified with a material 

FIgure 14.16 Material condition modifers in feature control frames: bonus tolerance 
and datum feature shift.
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condition modifier, which could lead to bonus tolerance. Profile tolerances can be 
related to a datum reference frame, but profile tolerance zones cannot be modi-
fied by a material condition modifier, so datum feature shift is possible, but bonus 
tolerance is not possible with profile tolerances.

The same number of lines should be entered into the tolerance stackup report 
form for all like geometric tolerances, regardless if they are specified regardless 
of feature size (RFS) or with a datum reference frame that does not have datum 
feature shift. This means that all profile tolerances will be reported on two lines, 
all positional tolerances will be reported on three lines, etc.

This is an excellent way to ensure that no contributor to the total tolerance is 
overlooked. If there is no bonus tolerance for a particular geometric tolerance, 
simply put a zero into the Tol column and state “N/A” in the Dim/Tol Source 
& Calcs column for that line. If there is no datum feature shift for a particular 
geometric tolerance, simply put a zero into the Tol column and state “N/A” in 
the Dim/Tol Source & Calcs column for that line. It is a good idea to state why 
the bonus tolerance or datum feature shift value is not applicable (N/A), as there 
are different reasons why bonus tolerance and datum feature shift may not be 
included for a particular tolerance. Entering the contributors for each geometric 
tolerance onto separate lines makes it abundantly clear how much each one adds 
to the tolerance stackup. This is the best way to tell if the correct material condi-
tion modifiers have been specified.

profile tolerances
ASME Y14.5M-1994 and ASME Y14.5-2009 do not allow profile tolerance zones 
to be modified by material condition modifiers, so there is never a bonus tolerance 
associated with profile tolerances. However, datum feature references in profile 
feature control frames may be modified by material condition modifiers (ASME 
Y14.5M-1994) or material boundary modifiers (ASME Y14.5-2009), so there is 
the possibility of datum feature shift with profile tolerances.

Profile tolerance information is entered into the tolerance stackup report form 
on two lines. The profile tolerance is entered on the first line and datum feature 
shift is entered on the second line. Two lines are entered into the tolerance stackup 
report form for every profile tolerance even if there is no datum feature shift for a 
particular profile tolerance. See Figure 14.17.

If the profile tolerance is specified in an unequal-bilateral or unilateral for-
mat, the profile tolerance and its associated basic dimensions must be converted 
to equal-bilateral format before being entered into the tolerance stackup report 
form, as defined in Chapter 9.

Note: Profile tolerances should only be applied to features implicitly or explic-
itly defined by basic dimensions. This is very good advice.

Profile Tolerance Examples
See Figure 14.17.
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profile tolerance: Without datum Feature shift, 
Without a datum reference Frame

The profile tolerance applied to the bottom surface in Figure 14.17 is not 
related to a datum reference frame; therefore there cannot be any datum 
feature shift. The tolerance stackup information for this example is shown in 
Figure 14.18.

FIgure 14.17 Part with various profile tolerance feature control frames.

Percent
Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/- 0.1250 10%
2 +/- 0.0000 0%
3 2.9000 +/- 0.0000 0%

Profile: Bottom Surface: DFA

Datum Feature Shift
Dim: DFA -  Surface @ 2.9mm

Profile 0.25
N/A - No Datum Reference Frame
2.9 Basic on dwg

FIgure 14.18 Sample tolerance stackup report format: profile tolerance, without datum 
feature shift, without datum reference frame.
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profile tolerance: Without datum Feature shift, relative to a 
datum reference Frame Without datum Features of size

The profile tolerance applied to the surface 2.9 mm from datum feature A is not 
related to a datum reference frame that contains any features of size; therefore, 
there cannot be any datum feature shift. The tolerance stackup information for 
this example is shown in Figure 14.19.

profile tolerance: Without datum Feature shift, relative to 
datum Features of size – rFs (rmb, Asme y14.5-2009)

The profile tolerance applied to the upper surface 10.3 mm from datum feature 
A is related to a datum reference frame that contains a feature of size. However, 
there is no datum feature shift because the datum feature of size is specified 
RFS (RMB in ASME Y14.5-2009). Another reason datum feature shift would 
not be included here is that the datum feature shift would act perpendicular 
to the tolerance stackup direction. The tolerance stackup information for this 
example is shown in Figure 14.20.

profile tolerance: With datum Feature shift, relative to datum 
Features of size – mmc or lmc (mmb or lmb, Asme y14.5-2009)

The profile tolerance applied to the left side surface in the top view 17.4 mm 
from datum feature B is related to a datum reference frame that contains a 
feature of size. There is datum feature shift because the datum feature of size is 
specified at MMC (MMB in ASME Y14.5-2009), and the datum feature shift acts 

Percent
Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/- 0.1250 10%
2 +/- 0.0000 0%
3 2.9000 +/- 0.0000 0%
4 +/- 0.5000 25%
5 +/- 0.0000 0% N/A - DFA not a Feature of Size

Profile 1, A

Profile 0.25
N/A - No Datum Reference Frame
2.9 Basic on dwg

Datum Feature Shift

Profile: Bottom Surface: DFA

Datum Feature Shift

Profile: Surface @ 2.9mm
Dim: DFA -  Surface @ 2.9mm

FIgure 14.19 Sample tolerance stackup report format: profile tolerance, without datum 
feature shift, without datum features of size.

Percent
Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/- 0.1250 5%
2 +/- 0.0000 0%
3 10.3000 +/- 0.0000 0%
4 +/- 1.0000 40%
5 +/- 0.0000 0% N/A - DFB Specified RFSDatum Feature Shift

Profile: Bottom Surface: DFA

Datum Feature Shift

Profile: Upper Surface
Dim: DFA -  Upper Surface

Profile 2, A, B

Profile 0.25
N/A - No Datum Reference Frame
10.3 Basic on dwg

FIgure 14.20 Sample tolerance stackup report format: profile tolerance, without datum 
feature shift, datum features of size specified RFS (RMB in ASME Y14.5-2009).
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in the direction of the tolerance stackup. The tolerance stackup information for 
this example is shown in Figure 14.21.

positional tolerances
Positional tolerance information is entered into the tolerance stackup report form 
on three lines. The positional tolerance is entered on the first line, bonus tolerance 
is entered on the second line and datum feature shift is entered on the third line. 
Three lines are entered into the tolerance stackup report form for every positional 
tolerance even if there is no bonus tolerance or datum feature shift for a particular 
positional tolerance. See Figure 14.22 for a sample drawing with positional toler-
ances. Any related basic dimension values are entered on separate lines in the 
tolerance stackup report form (see Figure 14.23).

Positional Tolerance Examples
See Figure 14.22.

positional tolerance: With bonus tolerance, Without 
datum Feature shift, relative to a datum reference 
Frame Without datum Features of size

The positional tolerance applied to the 2X ∅6 ±0.1 datum feature B Holes is 
modified by an MMC material condition modifier, which means there is bonus 
tolerance. The specified datum reference frame does not contain any datum 
features of size; therefore there cannot be any datum feature shift. The toler-
ance stackup information for this example is shown in Figure 14.23.

positional tolerance: Without bonus tolerance, With 
datum Feature shift, relative to datum Features of size 
– mmc or lmc (mmb or lmb, Asme y14.5-2009)

The positional tolerance applied to the ∅14 ±0.15 datum feature C Hole is 
not modified by an MMC or LMC material condition modifier, which means 
there is no bonus tolerance. The specified datum reference frame contains a 
datum feature of size referenced at MMC (MMB in ASME Y14.5-2009), so there 
is datum feature shift. The tolerance stackup information for this example is 
shown in Figure 14.24.

Percent
Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/- 0.1250 5%
2 +/- 0.0000 0%
3 10.3000 +/- 0.0000 0%
4 +/- 1.0000 30%
5 +/- 0.4500 15%Datum Feature Shift

Profile: Bottom Surface: DFA

Datum Feature Shift

Profile: Left Side Surface
Dim: DFA -  Upper Surface

Profile 0.25
N/A - No Datum Reference Frame
10.3 Basic on dwg

= ((7.5 + 0.2) - (7.5 - 0.2 - 0.5)) / 2
Profile 2, A, B @ MMC

FIgure 14.21 Sample tolerance stackup report format: profile tolerance, with datum 
feature shift, datum features of size specified MMC (MMB in ASME Y14.5-2009).
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FIgure 14.22 Part with various positional tolerance feature control frames.

Percent
Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/- 0.1250 10%
2 +/- 0.1000 8%
3 +/- 0.0000 0%

4 35.0000 +/- 0.0000 0% 35 Basic on Dwg

Position dia 0.25 @ MMC, A
= (0.1 + 0.1) / 2
N/A - DFA not a Feature of Size

Position: DFB

Bonus Tolerance

Dim: DFB -  DFC

Datum Feature Shift

FIgure 14.23 Sample tolerance stackup report format: positional tolerance, with bonus 
tolerance, without datum feature shift, without datum features of size.

Percent
Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/- 0.1250 10%
2 +/- 0.1000 8%
3 +/- 0.0000 0%

4 35.0000 +/- 0.0000 0%

5 +/- 0.2500 20%
6 +/- 0.0000 0%
7 +/- 0.2250 18%

Position dia 0.25 @ MMC, A

Datum Feature Shift

= (0.1 + 0.1) / 2
N/A - DFA not a Feature of Size

= ((6 + 0.1) - (6 - 0.1 - 0.25)) / 2

Position dia 0.5, A, B @ MMC

35 Basic on Dwg

N/A - RFS
Position: DFC Hole
Bonus Tolerance

Position: DFB Hole
Bonus Tolerance

Dim: DFB -  DFC

Datum Feature Shift

FIgure 14.24 Sample tolerance stackup report format: positional tolerance, without 
bonus tolerance, with datum feature shift, datum features of size specified MMC (MMB 
in ASME Y14.5-2009).
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positional tolerance: With bonus tolerance, Without 
datum Feature shift, relative to datum Feature 
of size – rFs (rmb, Asme y14.5-2009)

The positional tolerance applied to the 4X ∅4.7 ±0.2 Holes is modified by an 
MMC material condition modifier, which means there is bonus tolerance. The 
specified datum reference frame contains a datum feature of size referenced 
RFS (RMB in ASME Y14.5-2009), so there is no datum feature shift. The toler-
ance stackup information for this example is shown in Figure 14.25.

positional tolerance: With bonus tolerance, With 
datum Feature shift, relative to datum Feature of size 
– mmc or lmc (mmb or lmb, Asme y14.5-2009)

The positional tolerance applied to the 2X ∅4 ±0.25 Holes is modified by an 
MMC material condition modifier, which means there is bonus tolerance. The 
specified datum reference frame contains datum features of size referenced at 
MMC (MMB in ASME Y14.5-2009), so there is datum feature shift. The toler-
ance stackup information for this example is shown in Figure 14.26.

includinG oTher GeoMeTric Tolerances in a Tolerance sTackuP

orientation tolerances
Orientation tolerances are commonly overlooked in tolerance stackups. Most 
part features are located by another tolerance, such as position or profile, and 

Percent
Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/- 0.1250 10%
2 +/- 0.1000 8%
3 +/- 0.0000 0%

4 35.0000 +/- 0.0000 0%
5 +/- 0.2500 20%
6 +/- 0.2000 15%
7 +/- 0.0000 0%Datum Feature Shift

35 Basic on Dwg

= (0.2 + 0.2) / 2

Position dia 0.25 @ MMC, A
= (0.1 + 0.1) / 2
N/A - DFA not a Feature of Size

N/A - Datum Features Referenced RFS

Position dia 0.5, A, C, DPosition: 4X Dia 4.7 +/-0.2 Holes
Bonus Tolerance

Position: DFB Hole
Bonus Tolerance

Dim: DFB -  DFC

Datum Feature Shift

FIgure 14.25 Sample tolerance stackup report format: positional tolerance, with 
bonus tolerance, without datum feature shift, datum features of size specified RFS (RMB 
in ASME Y14.5-2009).

Percent
Item Description + Dims - Dims Tol Contrib Dim / Tol Source & Calcs

1 +/- 0.1250 10%
2 +/- 0.1000 8%
3 +/- 0.0000 0%

4 30.0000 +/- 0.0000 0%
5 +/- 0.7500 60%
6 +/- 0.2500 20%
7 +/- 0.2250 18%

Position: DFB Hole
Bonus Tolerance

Dim: DFB - Dia 4 Holes

Datum Feature Shift

Position dia 0.25 @ MMC, A

Datum Feature Shift

= (0.1 + 0.1) / 2
N/A - DFA not a Feature of Size

= (( 6 + 0.1) - (6 - 0.1 - 0.25)) / 2

Position dia 1.5, A, B @ MMC
30 Basic on Dwg

= (0.25 + 0.25) / 2
Position: 2X Dia 4 +/-0.25 Holes
Bonus Tolerance

FIgure 14.26 Sample tolerance stackup report format: positional tolerance, with 
bonus tolerance, with datum feature shift, datum features of size specified MMC (MMB 
in ASME Y14.5-2009).
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the orientation tolerance merely limits how much the feature may tilt. In almost 
all of these cases the orientation tolerance would not be included in the tolerance 
stackup, as it merely refines the orientation of the feature. The feature’s location 
tolerance would be included in the tolerance stackup, as the location tolerance 
determines where the feature is in relation to the rest of the part.

An orientation tolerance applied to a flat surface may need to be included in a 
tolerance stackup in cases where the orientation of the surface can cause other fea-
tures to tilt, reducing or increasing the gap or interference being studied. Whether 
an orientation tolerance applied to a flat surface is included in the tolerance stackup 
depends on the geometry of the parts being studied and how they are toleranced.

Orientation tolerance zones specified for flat surfaces or other surfaces without 
size may not be modified by a material condition modifier. This means there is 
no bonus tolerance when an orientation tolerance is applied to a flat surface or 
surface without size. However, there may be datum feature shift if any datum 
features of size are referenced at MMC or LMC (MMB or LMB in ASME Y14.5-
2009) in the datum reference frame.

Orientation tolerances may also be applied to features of size. When applied 
to the center geometry of a feature of size, orientation tolerance zones may be 
modified by a material condition modifier such as MMC or LMC. In these cases, 
the orientation tolerance may have bonus tolerance. There may also be datum 
feature shift if any datum features of size are referenced at MMC or LMC (MMB 
or LMB in ASME Y14.5-2009) in the datum reference frame.

Sometimes the orientation of a hole may contribute to a tolerance stackup, as it 
may cause other features to tilt, thereby reducing or increasing a gap or interference 
being studied. In such a case the orientation tolerance would be included in the 
tolerance stackup. The tolerance analyst must recognize the relationship of each 
orientation tolerance to all part features, dimensions and tolerances in the chain 
of dimensions and tolerances and determine if the orientation tolerance should be 
included in the tolerance stackup. See Figures 9.8 and 9.9 for examples.

Another fairly common case where an orientation tolerance is included in the 
tolerance stackup is where the orientation tolerance is applied to a secondary 
datum feature of size.

Where a secondary datum feature of size oriented to a primary datum fea-
ture is in the chain of dimensions and tolerances, the orientation tolerance may 
play a role in the tolerance stackup. For example, if this datum feature of size is 
referenced at MMC (MMB in ASME Y14.5-2009) by another feature’s geomet-
ric tolerance, the orientation tolerance would be used to calculate datum feature 
shift. Figure 14.27 shows a part where an orientation tolerance may be included 
in several tolerance stackups.

For example, there is only 1.5 mm nominal distance between the cylindrical 
surfaces of the datum feature B hole and the ∅13 ±0.12 boss in Figure 14.27. It 
will be necessary to determine the minimum wall thickness between these fea-
tures to make sure the part will not become too weak at its worst-case condition. 
Looking at the figure, it is clear that the orientation of datum feature B affects the 
wall thickness, as the wall thickness will be smaller the more datum feature B 
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tilts. The perpendicularity tolerance applied to datum feature B must be included 
in the tolerance stackup to determine the minimum wall thickness.

Orientation tolerances applied to features of size are entered into the tolerance 
stackup using the same format as positional tolerances. Three lines are used: the 
first for the orientation tolerance, the second for the bonus tolerance and the third 
for datum feature shift. As with positional tolerance, if there is no bonus tolerance 
or datum feature shift, a zero value is entered on that line and the reason for the 
zero is entered in the Dim/Tol Source & Calcs column.

In some cases, orientation tolerances may have a very large effect on the allowable 
variation and thus must be included in the tolerance stackup. This is also true for form 
tolerances. More information is included in the following section and in Chapter 20.

Form tolerances
Form tolerances are usually not included in tolerance stackups. As with orienta-
tion tolerances, there are certain situations where form tolerances are included, 
but for most problems these situations are outside of the norm.

Although commonly omitted from linear tolerance stackups, form tolerances 
may play a small role in the variation between interfacial surfaces on mating 
parts in a tolerance stackup. Depending on part geometry, the resulting form error 
could cause translational or rotational error elsewhere on the part.

FIgure 14.27 Orientation tolerance on datum feature B may be part of tolerance 
stackups.
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The possible effect of a form tolerance on the tolerance stackup depends on 
several factors:

Interface geometry.•	
How the interface geometry relates to the part geometry being studied.•	
Whether the interfacial surfaces are subject to deformation at assembly, •	
e.g., whether the interfacial surfaces are subjected to axial loading from 
fasteners or other forces.

Whether the form error on these surfaces causes additional translational or 
rotational error in the tolerance stackup must be carefully analyzed. It is beyond 
the scope of this chapter to present all the considerations, rules and case studies. 
Suffice it to say that the tolerance analyst must pay careful attention to these sorts 
of interfaces and consider the possible consequence any form error may have on 
the tolerance stackup.

For tolerance stackups on critical feature relationships where dimensions are 
tight, tolerances are near process capability, and the geometry shows that the 
form error could cause a failure, form tolerances should be included in the toler-
ance stackup.

See Chapter 20 for more in-depth coverage of form tolerances in tolerance 
stackups.

runout tolerances: circular runout and total runout
Runout tolerance information is entered into the tolerance stackup report form 
on two lines. The runout tolerance is entered on the first line and datum feature 
shift is entered on the second line. According to ASME Y14.5M-1994 and ASME 
Y14.5-2009, runout tolerances may only be specified RFS, so there is no bonus 
tolerance with runout tolerances.

Datum features of size referenced by runout tolerances are typically specified 
RFS. Although it is not explicitly stated in the ASME Y14.5M-1994 standard, all 
of the examples show datum reference frames with datum features of size refer-
enced RFS. This has led many readers to believe that runout tolerances may only 
be related to datum features of size referenced RFS. However, this is not true in 
the 1994 standard; runout tolerances may be related to datum features of size ref-
erenced at MMC or LMC. This is not to say that it is a good idea to reference the 
datum features of size at MMC or LMC with a runout tolerance; it merely means 
it is legal when using the 1994 standard. I recommend to all my clients using the 
ASME Y14.5M-1994 standard to only reference datum features in runout feature 
control frames at RFS. This problem was corrected in ASME Y14.5-2009, which 
requires datum features to be referenced RFS in runout feature control frames. 
So, there is no datum feature shift possible with runout tolerances.

concentricity tolerances
Concentricity is very likely the most misused, misapplied and misunderstood geo-
metric tolerance. There are several reasons. The first is that the terms concentric 
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and eccentric are commonly used in everyday conversation, and these terms have 
different meanings in most circumstances than their meaning in GD&T. Think of 
the many ways eccentric may be used, as in social circumstances it even means 
someone who is a little different than everyone else. Second, the terms concentric 
and eccentric are used in CAD systems and by engineers to represent geometric 
relationships. Concentric is often applied to two coaxial features, and its intended 
meaning is that the centers of multiple cylindrical features are congruent, or lie 
along a common line. When considering part function, and the geometric rela-
tionships between features that truly matter, in GD&T, we would describe these 
cylindrical features as coaxial rather than concentric. The reason is that in many 
cases, our main concern is that the axes of both cylindrical features lie along a 
common line. This is what we call coaxiality. The term eccentric is often used 
to describe the geometric condition where the axis of one cylindrical feature is 
displaced from the axis of another cylindrical feature. The axes of these features 
do not lie along the same line. They are not coaxial. Using the language of GD&T 
properly, we would properly say that these axes are not coaxial rather than that 
they are eccentric.

The reason for these distinctions is that we must be very careful to describe the 
geometric relationships and the allowable variation between them accurately and 
unambiguously. The term concentricity in GD&T describes a geometric tolerance. 
Concentricity has a very precise meaning, and describes the allowable variation 
between the midpoints of opposed point pairs of a surface of revolution relative to 
a datum axis or datum center point. Very often, when I see a concentricity toler-
ance applied to a drawing, it is apparent that the actual functional requirement is 
coaxiality. Coaxiality is best defined using positional tolerancing, as positional 
tolerances may control the straight line axis of a feature of size relative to a datum 
axis. As stated above, concentricity controls midpoints of opposed point pairs, 
which are of little functional importance in most applications. Usually design 
engineering has no reason to be concerned about the variation of these midpoints. 
More often, they are concerned with the coaxiality between features, or where the 
axis of the feature is, not where the midpoints are.

That said, concentricity does have its place, and it does represent function in 
cases where the only requirement is static balance between nominally coaxial 
features. It is beyond the scope of this text to fully explain the justification and 
reasons for using concentricity.

Including concentricity tolerances in a tolerance stackup is easy. Concentricity 
tolerance information is entered into the tolerance stackup report form on two 
lines. The concentricity tolerance is entered on the first line and datum feature 
shift is entered on the second line.

symmetry tolerances
Similar to concentricity tolerances, symmetry tolerances are often misused, mis-
applied and misunderstood. There are several reasons. The first is that the term 
symmetrical is commonly used in everyday conversation, and this term has a 
different meaning in most circumstances than its meaning in GD&T. The term 
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symmetrical is used in CAD systems and by engineers to represent geometric 
relationships. Symmetrical is often used to describe features that exhibit sym-
metrical characteristics, features that are symmetrical about a center point, center 
line or center plane. From a GD&T point of view, the geometric tolerance sym-
metry may be applied to features that are symmetrical about a center plane, if 
that center plane lies along or is congruent with a datum center point, datum axis 
or datum center plane. Usually, symmetry is applied to control features that are 
nominally coplanar. When considering part function, and the geometric relation-
ships between features that truly matter, in GD&T, we would describe these rela-
tionships as coplanar rather than symmetrical. The reason is that in many cases, 
our main concern is that the center planes of both features lie along a common 
plane. This is what we call coplanarity.

The reason for these distinctions is that we must be very careful to describe 
the geometric relationships and the allowable variation between them accurately 
and unambiguously. The term symmetry in GD&T describes a geometric toler-
ance. Symmetry has a very precise meaning, and describes the allowable varia-
tion between the midpoints of opposed point pairs of a surface relative to a datum 
center plane, datum axis or datum center point that is coplanar with the nomi-
nal feature’s center plane. Very often, when I see a symmetry tolerance applied 
to a drawing, it is apparent that the actual functional requirement is position. 
Coplanarity is best defined using positional tolerancing, as positional tolerances 
may control the center plane of a feature of size relative to a datum center plane. 
As stated above, symmetry controls midpoints of opposed point pairs, which are 
of little functional importance in most applications. Usually design engineering 
has no reason to be concerned about the variation of these midpoints. More often, 
they are concerned with the coplanarity between features, or where the center 
plane of the feature is, not where the midpoints are.

That said, symmetry does have its place, and it does represent function in cases 
where the only requirement is static balance between nominally coaxial features. 
It is beyond the scope of this text to fully explain the justification and reasons for 
using symmetry.

Including symmetry tolerances in a tolerance stackup is easy. Symmetry toler-
ance information is entered into the tolerance stackup report form on two lines. 
The symmetry tolerance is entered on the first line and datum feature shift is 
entered on the second line.
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15 Tolerance Stackup 
Direction and 
Tolerance Stackups 
with Trigonometry

The first part of this chapter discusses the direction or orientation of features and 
the direction of their dimensions and tolerances. Of primary importance is how 
the angle between part features and the direction of the tolerance stackup deter-
mine whether they are included in the chain of dimensions and tolerances.

The second part of this chapter discusses how tolerances and assembly shift 
may allow parts in an assembly to translate or rotate relative to one another, and 
how rotation typically leads to increased variation.

The role of trigonometry in the tolerance stackup is discussed throughout 
the chapter.

dIrectIon oF dImensIons And tolerAnces 
In the tolerAnce stAckup

The direction of the tolerance stackup and the geometry of the parts being studied 
determine which dimensions and tolerances should be included in the chain of 
dimensions and tolerances. Only those dimensions and tolerances that contrib-
ute to the tolerance stackup are included in the chain of dimensions and toler-
ances; all other dimensions and tolerances should be excluded. It is not always 
easy to visualize which dimensions and tolerances affect the tolerance stackup. 
Chapter 13 discusses the importance of creating a tolerance stackup sketch before 
attempting to solve the tolerance stackup, as the sketch is essential for visualizing 
the problem and determining which tolerances should be included. Making the 
tolerance stackup sketch is the best way to make sure all the contributing dimen-
sions, tolerances and occurrences of assembly shift are included in the chain of 
dimensions and tolerances.

Generally speaking, only those dimensions and variables (tolerances, bonus 
tolerances, datum feature shift and assembly shift) that are aligned with the 
direction of the tolerance stackup should be included in the chain of dimensions 
and tolerances. This includes dimensions and variables that can be projected or 
resolved into the direction of the tolerance stackup using trigonometry, such as 
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the dimension and tolerance for a surface that is at a 45° angle with respect to the 
tolerance stackup direction.

Usually dimensions and tolerances that are perpendicular to the tolerance 
stackup have no effect on the result and should not be included. For example, the 
dimensions and tolerances for horizontal surfaces rarely have an effect on a toler-
ance stackup done in the vertical direction. Figure 15.1 shows the simple part used 
in Chapters 7 and 8. The tolerance stackup direction is horizontal in this example. 
Only the horizontal dimensions and tolerances contribute to this tolerance stackup. 
The vertical dimensions and tolerances do not play a role in the tolerance stackup 
and are therefore not included in the chain of dimensions and tolerances.

Sometimes one or more surfaces are at an angle to the tolerance stackup direc-
tion, such as 45°. The tolerance analyst may recognize that the angled surfaces 
affect the distance being studied, and that the dimensions and tolerances for these 
surfaces must be included in the chain of dimensions and tolerances. In such 
cases the tolerances are manipulated trigonometrically and included in the chain 
of dimensions and tolerances. Depending on the alignment of the dimensions, the 
dimensions may also require trigonometric manipulation.

Figure 15.2 shows a simple assembly of two parts. The two parts mate along 
inclined surfaces which are oriented 45° from the direction of the tolerance 

FIgure 15.1 Direction of dimensions in the tolerance stackup.
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stackup. A tolerance stackup is to be performed that determines the minimum 
and maximum overall length for the assembly, which is shown as distance A-B in 
Figure 15.2. Detail drawings of the parts are shown in Figures 15.3 and 15.4. The 
parts have been dimensioned and toleranced functionally, and an equal-bilateral 
profile of a surface tolerance has been applied to the inclined surfaces of both 
parts. Remember, profile tolerances apply normal to the surface, so the profile 
tolerance values must first be converted to ± format, then must be projected in the 
direction of the tolerance stackup.

Figure 15.5 shows the tolerance stackup sketch for this problem. The tolerance 
stackup report is shown in Figure 15.6. Converting the profile tolerance to ± is 
easy: equal-bilateral profile of 2 = ±1. The trigonometry for projecting the toler-
ance value in the direction of the tolerance stackup is shown in Figures 15.7 and 
15.8. This problem is relatively easy to solve, as there are only two mating sur-
faces at an angle with the tolerance stackup, and it is easy to recognize what must 
be done and do it. Depending on the trigonometric skills of the tolerance analyst, 
it may be obvious that in this case, all that is required is to multiply the equal-
bilateral profile tolerance value by 1/cosine 45°. Usually it is a bit more difficult to 

FIgure 15.2 Simple assembly with inclined surfaces.

FIgure 15.3 Detail drawing of part 1 with inclined surface.
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FIgure 15.4 Detail drawing of part 2 with inclined surface.

FIgure 15.5 Tolerance stackup sketch for simple assembly with inclined surfaces.
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FIgure 15.6 Tolerance stackup report for simple assembly with inclined surfaces.
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FIgure 15.7 Profile tolerance zone with surface normal vectors for part with inclined 
surface.

FIgure 15.8 Trigonometry for converting the profile tolerance.
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visualize the problem. With angles other than 45°, it is critical to recognize that 
the profile tolerance is normal to the surface, and it is the angle the tolerance vec-
tor makes with the tolerance stackup direction that must be solved and included in 
the chain of dimensions and tolerances. A common error is to solve for the angle 
the surface makes with the tolerance stackup direction. Review Figures 15.7 and 
15.8 carefully to make sure this point is clear.

direcTion oF Variables and inclusion in The Tolerance sTackuP

Later in this chapter examples will be discussed that show how variables (toler-
ances, bonus tolerances, datum feature shift and assembly shift) can be treated as 
purely translational (linear) displacements or as rotational variation that is pro-
jected as a translational displacement. In tolerance stackups where the variables 
are treated as adding translational variation only, all variables (tolerances, datum 
feature shift, assembly shift) that act perpendicular or normal to the tolerance 
stackup direction can be eliminated.

For datum feature shift and assembly shift to have their full effect in a toler-
ance stackup, the features they are related to or derived from must be perpen-
dicular to the tolerance stackup direction. Because tolerances apply normal to 
the surface of a feature, a tolerance applied to a feature that is perpendicular to 
the tolerance stackup direction will be parallel to the tolerance stackup direc-
tion. See Figure 15.9. Datum feature shift and assembly shift will not contribute 
to the tolerance stackup if the axes of the features that cause datum feature shift 
or assembly shift are parallel to the tolerance stackup direction. Figure 15.10 
shows a detail drawing of a simple part with a datum feature of size, datum 
feature B. The profile tolerance applied all around the part is related to datum 
reference frame A, B at MMC. The profile tolerance applied to the top surface 
is also related to datum reference frame A, B at MMC. Figure 15.11 shows an 
assembly of two of the parts from Figure 15.10 bolted together. This assembly is 
subject to datum feature shift and assembly shift, because of the part geometry 
and because of how the parts are dimensioned and toleranced. However, datum 
feature shift and assembly shift act only in the horizontal direction, which is 
perpendicular to the axis of the holes. Datum feature shift and assembly shift 
would be included in a tolerance stackup to determine the overall width of the 
assembly (distance A-B). Datum feature shift and assembly shift would not be 
included in a tolerance stackup to determine the overall height of the assembly 
(distance C-D).

recaP oF rules For direcTion oF diMensions and Tolerances

Only those dimensions and tolerances that are related to features that •	
affect the tolerance stackup are included in the chain of dimensions 
and tolerances.
In most cases, dimensions and tolerances that are perpendicular to the •	
tolerance stackup direction are not included in the tolerance stackup. 
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This includes ± tolerances, geometric tolerances, bonus tolerances, 
datum feature shift and assembly shift.
Contributing dimensions, tolerances, datum feature shift and assembly •	
shift that act in the direction of the tolerance stackup are included in the 
tolerance stackup without trigonometric manipulation.
Contributing dimensions, tolerances, datum feature shift and assembly •	
shift that are at an angle other than 0°, 90°, 180°, or 270° (etc.) to the 
tolerance stackup are projected in the direction of the tolerance stackup 
using trigonometric manipulation.

conVerTinG anGular diMensions and Tolerances usinG TriGonoMeTry

Sometimes a tolerance stackup requires one or more dimensions and tolerances 
to be resolved into the direction of the tolerance stackup using trigonometry. 
Figure 15.12 illustrates an example where one ± dimension and tolerance are at 
an angle to the direction of the tolerance stackup (horizontal in this example). 
The dimension and tolerance must be converted using trigonometry to be col-
linear or parallel to the other dimensions. Once the trigonometry is performed, 
the dimension and tolerance values are multiplied by the appropriate coefficient 

FIgure 15.9 Tolerances in the direction of the tolerance stackup: feature and zone 
orientation.
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and the results entered into the tolerance stackup. Figure 15.13 shows the same 
part with the angular dimension and tolerance resolved into the direction of the 
tolerance stackup.

For example, an engineer from another group wants to know the minimum and 
maximum horizontal distance between holes A and B in Figures 15.12 and 15.13. 
The only dimensions and tolerances to consider in the calculations are 60 ± 1 and 
45° ± 1°. As the engineer asked for the minimum and maximum distance between 
the holes, both the angle and distance must be entered into the trigonometric cal-
culations at their worst-case condition as follows.

conVerTinG deriVed liMiT diMensions To equal-bilaTeral ForMaT

Minimum distance: The minimum distance in the horizontal direction •	
occurs when the angle is largest and the length of the hypotenuse is 
smallest.

 Angle: 45° + 1° = 46°
 Hypotenuse: 60 – 1 = 59
 Calculation: X = 59 * cos 46° = 40.98

  This is the lower limit.

FIgure 15.10 Sample part for direction of datum feature shift in the tolerance stackup.



320 Mechanical Tolerance Stackup and Analysis, Second Edition

FIgure 15.11 Datum feature shift, assembly shift and the tolerance stackup direction.

FIgure 15.12 Part with dimension and tolerance at an angle.
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Maximum distance: The maximum distance in the horizontal direction •	
occurs when the angle is smallest and the length of the hypotenuse is 
largest.

 Angle: 45° – 1° = 44°
 Hypotenuse: 60 + 1 = 61
 Calculation: X = 61 * cos 44° = 43.88

  This is the upper limit.

Convert to equivalent equal-bilateral ± tolerance:•	

 Upper limit (metric format) = 43.88
 Lower limit (metric format) = 40.98

Subtract the lower limit from the upper limit to obtain the total •	
tolerance.

 Total tolerance = 43.88 – 40.98 = 2.9

Divide the total tolerance by two to obtain the equal-bilateral tolerance •	
value.

 Equal-bilateral tolerance value = 2.9/2 = 1.45

Add the equal-bilateral tolerance value to the lower limit. This is the •	
adjusted nominal value.

FIgure 15.13 Part with dimension and tolerance at an angle: angular dimension and 
tolerance resolved into horizontal direction.
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 Adjusted nominal value = 40.98 + 1.45 = 42.43

(Note: The adjusted nominal value can also be obtained by subtracting 
the equal-bilateral tolerance value from the upper limit.)

Conversion complete:

 Equal-bilateral equivalent = 42.43 ± 1.45

The equivalent equal-bilateral dimension and tolerance value would be 
entered into a tolerance stackup to represent the variations of these two dimen-
sions. It is likely that the distance being studied in the tolerance stackup would 
include more dimensions and tolerances, and this would be but one entry in the 
tolerance stackup.

It is important in calculations like these to remember to include the angular 
tolerance as well as the linear tolerance. Figure 15.14 shows the nominal, mini-
mum and maximum triangles with the resolved tolerance zone.

Figure 15.15 illustrates an example where a geometrically toleranced feature is 
at an angle to the direction of the tolerance stackup (horizontal in this example). 
The dimension must be converted using trigonometry to be collinear or parallel to 
the other dimensions. The positional tolerance zone for hole A is cylindrical and 
therefore allows the same variation or displacement in any direction normal to the 
axis of the hole, including horizontal—no conversion is needed for the positional 
tolerance zone. Once the trigonometry is performed for the basic dimension, the 
resolved dimension value and the converted positional tolerance value entered 
into the tolerance stackup.

Figure 15.16 shows the same part with the angular dimension and tolerance 
resolved into the direction of the tolerance stackup.

For example, an engineer from another group wants to know the minimum 
and maximum distance between holes A and B in Figures 15.15 and 15.16. The 
only dimensions to consider in the calculations are the basic 60 and basic 45° 
dimensions. The horizontal equivalent dimension can be derived from these 
basic dimensions. The positional tolerance on hole A must also be entered into 
the calculations, but as mentioned above, since the tolerance zone is cylindri-
cal, it is not necessary to include the tolerance in the trigonometric calculations. 
The positional tolerance on hole B is not included in the calculations as it is 
the referenced datum feature, and since it is referenced RFS, there is no datum 
feature shift.

conVerTinG anGular basic diMension To horizonTal equiValenT

Nominal distance: Since the dimensions are basic, only one triangle •	
needs to be resolved to find the horizontal dimension: this is the nominal 
or basic triangle.



Tolerance Stackup Direction and Tolerance Stackups with Trigonometry 323

FIgure 15.14 Part with dimension and tolerance at an angle: triangles and tolerance 
zone.
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FIgure 15.16 Part with basic dimension and geometric tolerance at an angle: basic 
angular dimesion resolved into the horizontal direction.

FIgure 15.15 Part with basic dimension and geometric tolerance at an angle.
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 Angle: 45° Basic
 Distance: 60 Basic
 Calculation: X = 60 * cos 45° = 42.43

  This is the nominal horizontal dimension value.

Convert the positional tolerance to equivalent equal-bilateral ± tolerance:
Divide the specified positional tolerance by 2

 2/2 = ±1 equal-bilateral equivalent

Conversion complete:

 Equal-bilateral equivalent = 42.43 ± 1

The equivalent equal-bilateral dimension and tolerance value would be entered 
into a tolerance stackup to represent the variation of these two dimensions. The 
positional tolerance would be entered on a separate line, and it would include 
separate lines for bonus tolerance and datum feature shift, which in this example 
were both zero.

Tolerance sTackuP uniTs

Tolerance stackups may be performed in either linear or polar units. This text con-
centrates on tolerance stackups using linear units. Polar unit tolerance stackups 
are less common in most industries, but may be very common in other industries, 
such as where optics are studied or perhaps in spacecraft flight path calcula-
tions. Several tolerance stackups done in this section of the text take rotation into 
account, projecting the angle one or more parts may rotate into the direction of 
the tolerance stackup. Ultimately, this rotation is translated into linear units, so it 
is compatible with the rest of the linear variation in the tolerance stackup.

A tolerance stackup cannot combine units; that is, the summations done in a 
tolerance stackup must be done using only one type of unit. For example, line 
items 1, 2 and 3 can’t be reported in linear units and lines 4, 5 and 6 in angular 
units. If the goal of a tolerance stackup is to determine a minimum or maximum 
distance, then the tolerance stackup should be reported in linear units. If the goal 
of a tolerance stackup is to determine a minimum or maximum angle, then the 
tolerance stackup should be reported in angular units.

It is appropriate, however, to derive some or all of the values in a linear toler-
ance stackup from angular relationships and units if needed. It is also appropriate 
to derive some or all of the values in an angular tolerance stackup from linear 
relationships and units, if needed. In fact, the entire tolerance stackup could be 
done using one set of units and reported in another, say, where all the tolerances 
are treated and summed as linear displacements, but the final results are con-
verted into angular units and reported as such. The approach used to solve each 
tolerance stackup problem must be carefully considered before proceeding.
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It is common to proceed down a path only to find a different path is necessary. 
This is okay. The original tolerance stackup should be saved and possibly copied 
for use in the revised approach.

The units to report in the tolerance stackup are determined by the goal of the 
tolerance stackup, often by the initial question asked by the person requesting the 
study, such as:

What is the minimum gap possible between the flanges on these two •	
parts? This question leads the analyst to understand that the requestor 
wants a linear tolerance stackup (gap), reported in linear units. Other 
keywords for a linear tolerance stackup are distance, space, overlap, 
displacement, etc.
How much can the machined face on this part tilt relative to the slot on •	
the mating part? This question leads the analyst to understand that the 
requestor wants an angular tolerance stackup (tilt), reported in angular 
units. Other keywords for an angular tolerance stackup are angle, rota-
tion, inclination, etc.

Anytime someone asks for a tolerance stackup to be performed, it is important 
to ask specific questions to make sure the request is clearly understood. Keywords 
such as clearance, interference, dimension, relationship and others should flag 
the analyst to ask more questions to make sure the goal of the tolerance stackup 
is understood.

rotAtIon oF pArts WIthIn A lIneAr tolerAnce stAckup

Another common situation is where one or more components in an assembly 
may rotate or tilt within a tolerance stackup. Parts may rotate because of toler-
ances specified on surfaces or application of forces that deform part features, or 
they may rotate by their holes or slots shifting about fasteners, pins, shafts, keys, 
tabs, etc. The last factor in this list is a form of assembly shift and is referred to 
as rotational assembly shift.

In cases such as these it may be necessary to solve the tolerance stackup 
twice using two methods to determine which leads to the greatest possible 
variation: first treating all the variation as if it was purely translation along 
the direction of the tolerance stackup, and second by treating the variation as 
a combination of rotation and translation and using trigonometry to resolve the 
effects back into the direction of the tolerance stackup. Often an educated guess 
is needed to determine which is more likely, translation or rotation. Assembly 
personnel may be confident that they can install a part in the horizontal posi-
tion, eliminating the possibility of rotation for that component, but they may not 
be confident about where the component is placed, which leads to including the 
translational tolerance in the tolerance stackup. Each case is different and must 
be considered carefully.
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The possible effects of rotation are very important. It cannot be overstated how 
important they may be. Part rotation can be a hidden source of large amounts 
of possible variation. Without recognizing where it may occur, determining the 
likelihood of its occurrence and analyzing its effect on the assembly, the designer 
may believe that the translational tolerance stackup performed is an adequate 
model of the possible variation.

Rotational variation is greatest when it is projected a large distance. This is a 
simple function of angular relationships, or like triangles. For example, if a sur-
face has ±1° variation from nominal and the surface is 1 unit long, the maximum 
equivalent linear displacement due to the angle is 0.0175 linear units. If that same 
surface is 5 units long, the maximum equivalent linear displacement due to the 
angle increases to 5 * 0.0175 = ~0.0873 linear units (see Figure 15.17).

The following examples compare the effects of rotation and translation in tol-
erance stackups done for a simple assembly with ± dimensions and tolerances. 
Figures 15.18 to 15.29 show the effects where locating features are far apart in 
the assembly, and Figures 15.30 to 15.41 show the effects where the same locating 
features are closer together.

FIgure 15.17 Like triangles and resulting linear displacement along tolerance stackup 
direction.
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roTaTion WiTh ParT FeaTures FarTher aParT

Figure 15.18 shows a simple assembly consisting of two parts: a plate with pins 
and a bar with mating clearance holes. Notice that the clearance holes and pins 
are spaced as far apart as practical in the assembly. A customer wants to know 
the maximum and minimum vertical distance between points A and B on the 
assembled parts as shown.

Figures 15.19 and 15.20 show the drawings for each part with ± dimensions 
and tolerances. The plate is detailed in Figure 15.19 and the bar is detailed in 
Figure 15.20.

FIgure 15.19 Rotation of parts: plate detail, far apart.

FIgure 15.18 Rotation of parts: assembly, far apart.
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In Figure 15.21 the worst-case assembly is shown, the variation is assumed to 
be purely translational (linear) and the parts are shown translated. Rotation is not 
considered in this tolerance stackup. The holes in the bar are biased downward 
within their tolerance zones, and the pins in the plate are biased upward within 
their tolerance zones. The height of the plate is smallest and the height of the bar 
is largest.

The tolerance stackup in Figure 15.22 represents the assembly shown in 
Figure 15.21, calculates the effects of the dimensions and tolerances as linear 
variation alone, and shows that the worst-case (smallest) distance between Points 
A and B is .090.

The assembly in Figure 15.23 shows the parts with a combination of linear and 
rotational displacement leading to the minimum distance A-B. The pins on the 
plate are at their LMC (smallest) size and are displaced to facilitate the maximum 
rotational effect on the bar—the pin on the left is translated upward within its 
tolerance zone and the pin on the right is translated downward within its tolerance 
zone. The holes in the bar are at their LMC (largest) size and are also displaced 
and sized to facilitate the maximum rotational effect: the hole on the left is trans-
lated downward within its tolerance zone and the hole on the right is translated 
upward within its tolerance zone. Detailed drawings of these worst-case parts 

FIgure 15.20 Rotation of parts: bar detail, far apart.

FIgure 15.21 Rotation of parts: worst-case assembly, translation only, far apart.
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FIgure 15.22 Rotation of parts: tolerance stackup report, translation only, far apart.



Tolerance Stackup Direction and Tolerance Stackups with Trigonometry 331

can be seen in Figure 15.24. The holes in the bar are allowed to rotate about the 
pins. Notice in this example the locational tolerances of the holes and pins and 
the assembly shift between the holes and pins are treated as rotational assembly 
shift in the tolerance stackup—not only can the parts shift linearly, but they can 
rotate as well. All remaining tolerances are treated as purely translational dis-
placements. Obviously the point of these examples is to show that the effect of 
the variation may be much greater when it is considered as rotation as opposed to 
treating it as purely translational.

The tolerance stackup in Figure 15.25 represents the assembly shown in 
Figure 15.23, calculates the effects of the dimensions and tolerances as rotational 
variation and linear variation, and shows that the worst-case distance between 
Points A and B is .0776. Comparing the results in the two tolerance stackups 
shown in Figures 15.22 and 15.25, the combination of rotational (or angular) 
variation and linear variation is greater than treating the possible variation as 
purely translational.

Once the effects of the rotational variation are converted into linear units, the 
effects can be entered into the tolerance stackup. After the equivalent linear dis-
placement is entered into the tolerance stackup, the effect on the geometry being 
studied can be clearly seen and analyzed. If there is a problem, the dimensioning, 
tolerancing, part geometry or assembly procedure can be changed to minimize or 
eliminate the effect of rotation.

The method for calculating the effect of the rotational variation follows. The 
steps below are for parts toleranced using plus/minus. The steps would be slightly 
different for parts toleranced using GD&T for several reasons. First, cylindrical 
positional tolerance zones may be specified with GD&T—such tolerance zones 
do not allow the pins or holes to be fully biased in two directions at once. That is, 
say, for a diameter 1 positional tolerance zone, the holes could not be displaced 
±0.5 vertically from nominal and ±0.5 horizontally from nominal at the same 
time. The tolerance analyst may decide to calculate both conditions separately to 
determine which yields the greater rotational variation. Second, MMC or LMC 
material condition modifiers may be applied to positional tolerance zones, which 

FIgure 15.23 Rotation of parts: worst-case assembly, translation and rotation, far 
apart.
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FIgure 15.24 Rotation of parts: worst case part dimensions, far apart.
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FIgure 15.25 Rotation of parts: tolerance stackup report, translation and rotation, far apart.
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allow the tolerance zones to increase in size. The effect of the material condition 
modifiers may need to be included when calculating the rotational variation.

The total possible worst-case angle of rotation (α) is the sum of two angles (α1 
and α2) projected over a distance. α1 and α2 are defined below.

sTePs To calculaTe WorsT-case roTaTional shiFT 
For ParTs Toleranced usinG Plus/Minus

 1. Determine the worst-case part geometry that leads to the greatest possible 
rotational variation. The worst-case occurs when the hole size is largest 
(LMC) and the pin size is smallest (LMC), the holes and pins are closest 
together within their tolerance zones, and the holes and pins are biased 
vertically in opposite directions as seen in Figure 15.24. In assemblies 
consisting of two parts with clearance holes that share common fasteners, 
the holes in both parts would be at their largest (LMC) size.

 2. The hole and pin center-to-center distance (d1) must be calculated for use 
in the formulas. The math and calculations are shown in Figure 15.26. 
(Note that the distance should be the same for both mating parts.)

 3. Calculate the angle of rotation contributed by the ± location tolerances 
on the mating part features (α1). The math and calculations can be seen 
in Figure 15.27.

 4. Calculate the angle of rotation contributed by the assembly shift (α2). 
The math and calculations can be seen in Figure 15.28. For this example, 
the assembly shift only occurs once, as the holes in the bar may shift 
about the pins in the plate. For assemblies consisting of two parts with 
clearance holes that share common fasteners the rotational effect of the 
assembly shift must be calculated and added twice, once for each part 
about the fasteners.

 5. Determine the total angle of rotation (α), which is the sum of α1 and α2. 
For this example:

 α1 = 0.6586° α2 = 1.2348°
 α = α1 + α2 = 0.6586° + 1.2348° = 1.8934°

   This is the total angle of rotation.

 6. Project the total angle of rotation to one of the points under consider-
ation. In this example, the angle is projected out to the corners of the bar 
at point B. Convert the projected angle to linear units in the direction of 
the tolerance stackup as shown in Figure 15.29. This linear displacement 
is added to the tolerance stackup report as rotational assembly shift. 
Because the locational ± tolerances for the holes and pins are included in 
the calculations above, these tolerances are not included with the dimen-
sions on the tolerance stackup report form. Notice on lines 2 and 4 the 
tolerance values are zero.
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FIgure 15.26 Rotation of parts: center-to-center distance, far apart.
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FIgure 15.27 Rotation of parts: worst-case angle from ± location tolerances, far 
apart.
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FIgure 15.28 Rotation of parts: worst-case angle from assembly shift, far apart.
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(Note: I must gratefully acknowledge Eric Schulz, mathematics professor at 
Walla Walla Community College for his help in correctly visualizing, modeling 
and solving this problem. Thank you Eric!)

The dimension values for the bar entered into lines 4 and 5 of the tolerance 
stackup report in Figure 15.24 have been trigonometrically manipulated. The tol-
erance value for the height of the bar on line 5 has also been trigonometrically 
manipulated. This is required because the bar has rotated, and these dimension and 
tolerance values are no longer directly aligned with the tolerance stackup direction.

roTaTion WiTh ParT FeaTures closer ToGeTher

The point was made prior to this exercise that the effect of rotation is greater 
when it is projected over a longer distance. In this example, the same assembly as 
above is considered, except the holes and pins are closer together—every other 
dimension and tolerance is the same. As will be shown, the effect of the rotation 
is greater where the locating features are closer together, and it is projected over 
the same distance. Notice that the resulting angle of rotation in this example is far 
greater than in the above example.

Figure 15.30 shows a simple assembly consisting of two parts: a plate with 
pins and a bar with clearance holes. Notice that the clearance holes and pins are 
spaced closer together in this assembly. As before, a customer wants to know the 

FIgure 15.29 Rotation of parts: projected linear displacement, far apart.
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maximum and minimum vertical distance between points A and B on the parts 
as shown.

Figures 15.31 and 15.32 show the drawings for each part with ± dimensions 
and tolerances. The plate is detailed in Figure 15.31 and the bar is detailed in 
Figure 15.32.

In Figure 15.33 the worst-case assembly is shown; the variation is assumed to 
be purely translational (linear), and the parts are shown translated. Rotation is not 
considered in the tolerance stackup. The holes in the bar are biased downward 
within their tolerance zones and the pins in the plate are biased upward within 
their tolerance zones. The height of the plate is smallest, and the height of the bar 
is largest.

When the variation is considered as translation only, the horizontal spacing of 
the holes and pins has no effect on the vertical distance between points A and B. 
The translational tolerance stackup is shown in Figure 15.34.

Comparing the results in the two tolerance stackups shown in Figures 15.22 and 
15.34, where only translation was considered, the results are exactly the same.

The assembly in Figure 15.35 shows the parts with a combination of linear 
and rotational displacements leading to the minimum distance A-B. The pins 
on the plate are at their LMC (smallest) size and are displaced to facilitate the 
maximum rotational effect on the bar: the pin on the left is translated upward 
within its tolerance zone and the pin on the right is translated downward within 
its tolerance zone. The holes in the bar are at their LMC (largest) size and are also 
displaced and sized to facilitate the maximum rotational effect: the hole on the 
left is translated downward within its tolerance zone, and the hole on the right is 
translated upward within its tolerance zone. Detailed drawings of these worst-
case parts can be seen in Figure 15.36. The holes in the bar are allowed to rotate 

FIgure 15.30 Rotation of parts: assembly, close together.
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FIgure 15.31 Rotation of parts: plate detail, close together.

FIgure 15.32 Rotation of parts: bar detail, close together.
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about the pins. Notice in this example the locational tolerances of the holes and 
pins, and the assembly shift between the holes and pins are treated as rotational 
assembly shift in the tolerance stackup—not only can the parts shift linearly, but 
they can rotate as well. All remaining tolerances are treated as purely transla-
tional displacements.

The tolerance stackup in Figure 15.37 represents the assembly shown in 
Figure 15.35, calculates the effects of the dimensions and tolerances as rotational 
variation and linear variation, and shows the worst-case distance between points 
A and B is .0499 interference! As in the previous example, comparing the results 
in the two tolerance stackups shown in Figures 15.34 and 15.37, the combination 
of rotational (or angular) variation and linear variation is greater than treating the 
possible variation as purely translational.

Comparing the results in the two tolerance stackups shown in Figures 15.25 
and 15.37, where translation and rotation were considered, and the pins and holes 
are spaced, respectively, farther apart and closer together, the variation is much 
greater when the holes and pins are closer together. The tolerances are exactly the 
same in both examples, but the resulting angle is nearly three times greater when 
the pins and holes are closer together. Remember, the only difference between 
these examples is the center-to-center distance between the holes and pins.

The total possible worst-case angle of rotation (α) is the sum of two angles (α1 
and α2) projected over a distance. α1 and α2 are defined below.

sTePs To calculaTe WorsT-case roTaTional shiFT 
For ParTs Toleranced usinG Plus/Minus

 1. Determine the worst-case part geometry that leads to the greatest possible 
rotational variation. The worst case occurs when the hole size is largest 
(LMC) and the pin size is smallest (LMC), the holes and pins are closest 
together within their tolerance zones, and the holes and pins are biased 
vertically in opposite directions as seen in Figure 15.36. In assemblies 
consisting of two parts with clearance holes that share common fasteners, 
the holes in both parts would be at their largest (LMC) size.

FIgure 15.33 Rotation of parts: worst-case assembly, translation only, close together.
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FIgure 15.34 Rotation of parts: tolerance stackup report, translation only, close together.
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FIgure 15.35 Rotation of parts: worst-case assembly translation and rotation, close 
together.

FIgure 15.36 Rotation of parts: worst-case part dimensions, close together.
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FIgure 15.37 Rotation of parts: tolerance stackup report, translation and rotation, close together.
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 2. The hole and pin center-to-center distance (d1) must be calculated for use 
in the formulas that follow. The math and calculations can be seen in 
Figure 15.38. (Note that the distance should be the same for both mating 
parts.)

 3. Calculate the angle of rotation contributed by the ± location tolerances 
on the mating part features (α1). The math and calculations can be seen 
in Figure 15.39.

 4. Calculate the angle of rotation contributed by the assembly shift (α2). 
The math and calculations can be seen in Figure 15.40. For this example, 
the assembly shift only occurs once, as the holes in the bar may shift 

FIgure 15.38 Rotation of parts: center-to-center distance, close together.
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FIgure 15.39 Rotation of parts: worst-case angle from ± location tolerances, close 
together.



Tolerance Stackup Direction and Tolerance Stackups with Trigonometry 347

about the pins in the plate. For assemblies consisting of two parts with 
clearance holes that share common fasteners the rotational effect of the 
assembly shift must be calculated and added twice, once for each part 
about the fasteners.

 5. Determine the total angle of rotation (α), which is the sum of α1 and α2. 
For this example:

 α1 = 1.8631° α2 = 3.4937°
 α = α1 + α2 = 1.8631° + 3.4937° = 5.3568°

  This is the total angle of rotation.

FIgure 15.40 Rotation of parts: worst-case angle from assembly shift, close together.
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 6. Project the total angle of rotation to one of the points under consider-
ation. In this example the angle is projected out to the corners of the bar 
at Point B. Convert the projected angle to linear units in the direction of 
the tolerance stackup as shown in Figure 15.41. This linear displacement 
is added to the tolerance stackup report as rotational assembly shift. 
Because the locational ± tolerances for the holes and pins are included in 
the calculations above, these tolerances are not included with the dimen-
sions on the tolerance stackup report form. Notice on lines 2 and 4 the 
tolerance values are zero.

The dimension values for the bar entered into lines 4 and 5 of the toler-
ance stackup report in Figure 15.36 have been trigonometrically manipulated. 
The tolerance value for the height of the bar on line 5 has also been trigono-
metrically manipulated. This is required because the bar has rotated, and these 
dimension and tolerance values are no longer directly aligned with the tolerance 
stackup direction.

FIgure 15.41 Rotation of parts: projected linear displacement, close together.
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16 Putting It All Together
Tolerance Stackups with 
GD&T Solved Using the 
Advanced Dimensional 
Management Method

This chapter presents a series of seven tolerance stackup examples based on an 
assembly of parts mainly dimensioned and toleranced using GD&T. Plus/minus 
dimensions and tolerances are only used to define features of size and for simple 
thicknesses (as they should be). The tolerance stackups are solved using Advanced 
Dimensional Management’s tolerance stackup sketch techniques and tolerance 
stackup reporting techniques described in Chapters 13 and 14. All of the tools and 
techniques learned up to this point are included in these tolerance stackups.

The drawings in Figures 16.1 to 16.9 are to be used with Examples 16.1 to 16.7. 
These problems are based on an assembly where a ground plate is mounted inside an 
enclosure. Assembly drawings and detail drawings of each part are included. There 
are three optional drawings for the ground plate and three corresponding optional 
drawings for the enclosure, labeled Options 1, 2 and 3. The Option 1 ground plate is 
to be used with the Option 1 enclosure, the Option 2 ground plate is to be used with 
the Option 2 enclosure and the Option 3 ground plate is to be used with the Option 
3 enclosure. The tolerancing schemes for each pair of drawings are coordinated, 
and each scheme is slightly different—the main difference between the schemes 
is in the datum reference frame. Tolerance stackup Examples 16.5 to 16.7 compare 
the effects of using these various dimensioning and tolerancing schemes.

The tolerance stackups presented in Examples 16.1 to 16.7 represent some 
of the more important tolerance stackups that would be performed on such an 
assembly. These tolerance stackups would be done as part of the design process, 
to verify that the part and assembly geometry satisfies the functional require-
ments, to verify that the dimensioning and tolerancing schemes satisfy the func-
tional requirements, to verify that the dimension and tolerance values satisfy their 
functional requirements and to verify the assembly procedure satisfies the func-
tional requirements.

Probably the first and most important tolerance stackup required for these parts 
is a fixed fastener calculation. Fixed fastener calculations are described in Chapter 
18. The fixed fastener formula would be used to determine the required size of 
the clearance holes in the ground plate; the formula may also used to determine 
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the allowable positional tolerance values for the holes in the ground plate and the 
enclosure. The fixed fastener calculation determines the smallest allowable size 
for the clearance holes based on their positional tolerance, the positional tolerance 
on the mating threaded holes and the maximum outer diameter of the fasteners. 
Although important, this calculation is not included in this chapter, because the 
theory and techniques have not yet been covered in the text.

Assembly drAWIngs And detAIl drAWIngs 
For exAmples 16.1 to 16.7

The enclosure assembly drawing shown in Figure 16.1 defines three axes of a 
Cartesian coordinate system: the X axis, the Y axis and the Z axis. The direction 
of the following tolerance stackups will be described in terms of these axes. As 
stated in Chapters 13 and 14, it is very important to describe and label the direc-
tion of the tolerance stackup. The nominal gap between the ground plate and the 
enclosure is also highlighted in this figure. The tolerance stackups in Examples 
16.5 to 16.7 determine if a gap remains after assembly using the three optional 
dimensioning and tolerancing schemes.

FIgure 16.1 Enclosure assembly for Figures 16.1 to 16.7.



Putting It All Together 351

Figures 16.2 to 16.4 show the three optional ground plate drawings. These draw-
ings only differ in their dimensioning and tolerancing scheme. The most impor-
tant difference between the three options is the datum reference frame used.

Figures 16.5, 16.6 and 16.7 show the three optional enclosure drawings. Like 
the ground plate drawings, these drawings differ only in their dimensioning and 
tolerancing scheme.

Figure 16.8 shows the enclosure assembly with its cover. The cover must fit 
within the enclosure. Figure 16.9 is a drawing of the cover.

FIgure 16.2 Ground plate for Figures 16.1 to 16.7: Option 1.



352 Mechanical Tolerance Stackup and Analysis, Second Edition

FIgure 16.3 Ground plate for Figures 16.1 to 16.7: Option 2.
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FIgure 16.4 Ground plate for Figures 16.1 to 16.7: Option 3.
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FIgure 16.5 Enclosure for Figures 16.1 to 16.7: Option 1.
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FIgure 16.6 Enclosure for Figures 16.1 to 16.7: Option 2.
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FIgure 16.7 Enclosure for Figures 16.1 to 16.7: Option 3.
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FIgure 16.8 Enclosure assembly with cover for Figures 16.1 to 16.7.
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FIgure 16.9 Cover for Figures 16.1 to 16.7.
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example 16.1: screw thread depth tolerance stackup

Determine if the M4 screws bottom out in the threaded holes.
Extra Data:

M4 washer thickness = 1.2 ± 0.1•	
M4 × 8 socket head cap screw length = 8 ± 0.2 (from vendor drawing). •	
Length is from bottom of head to end of screw.

Solve Example 16.1 as follows:

Stackup direction is along the •	 Z axis (see Figure 16.10).
Use Option 1 parts for this example.•	

The tolerance stackup in Example 16.1 determines if the M4 screws bottom 
out in the threaded holes in the enclosure. The tolerance stackup report is shown 
in Figure 16.11 and the tolerance stackup sketch is shown in Figure 16.12. The 
tolerance stackup sketch is included as page 2 of the tolerance stackup report.

Results: The worst-case tolerance stackup result shows that the threaded holes 
extend 0.9 mm beyond the ends of the screws—the screws do not bottom out in 
the threaded holes.

FIgure 16.10 Example 16.1: Screw thread depth.
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FIgure 16.11 Tolerance stackup report for Example 16.1.
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FIgure 16.12 Tolerance stackup sketch for Example 16.1.
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example 16.2: cover Fit tolerance stackup along x Axis

Determine if the cover fits within the enclosure along the X axis.

Solve Example 16.2 as follows:

Stackup direction is along the •	 X axis (see Figure 16.13).
Use Option 2 parts for this example.•	

The tolerance stackup in Example 16.2 determines if the cover fits within the 
enclosure. The tolerance stackup report is shown in Figure 16.14, and the toler-
ance stackup sketch is shown in Figure 16.15. The detail in Figure 16.15 shows 
that the top surface of the enclosure may tilt relative to the inside surfaces of the 
enclosure. This occurs because the top surface of the enclosure is not the primary 
datum feature for the profile tolerance on the inside surfaces of the enclosure. 
This tilting can lead to an apparent foreshortening of the opening for the cover. 
Line item 6 in the tolerance stackup report includes the linear equivalent for the 
angle between the top surface and the inside surfaces of the enclosure. This is the 
distance projected along the maximum depth that the cover protrudes into the 
enclosure. The calculations can be seen in Figure 16.16. The tolerance stackup 
sketch and the detail are included as page 2 and the calculations are included as 
page 3 of the tolerance stackup report.

Although this tolerance stackup appears to be fairly simple at first glance, it 
becomes more complex once the tilting allowed by the enclosure’s datum refer-
ence frame is taken into account.

Results: The worst-case tolerance stackup result shows that there is 0.6204 mm 
clearance between the cover and the enclosure—the cover fits inside the enclosure 
along the X axis.

FIgure 16.13 Example 16.2: cover fit stack, along X axis.
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FIgure 16.14 Tolerance stackup report for Example 16.2.
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example 16.3: cover Fit tolerance stackup along the y Axis

Determine if the cover fits within the enclosure along the Y axis.

Solve Example 16.3 as follows:

Stackup direction is along the •	 Y axis (see Figure 16.17).
Use Option 2 parts for this example.•	

This tolerance stackup is the same as the previous tolerance stackup except it is 
done in the Y axis direction. The potential for variation along the Y axis is greater 
than along the X axis, as the enclosure and cover are shorter in this direction, 
which leads to a greater angle of foreshortening. The tolerance stackup in Example 
16.3 determines if the cover fits within the enclosure. The tolerance stackup report 
is shown in Figure 16.18 and the tolerance stackup sketch is shown in Figure 16.19. 
The detail in Figure 16.19 shows that the top surface of the enclosure may tilt rela-
tive to the inside surfaces of the enclosure. This occurs because the top surface 
of the enclosure is not the primary datum feature for the profile tolerance on the 
inside surfaces of the enclosure. This tilting can lead to an apparent foreshortening 
of the opening for the cover. Line item 6 in the tolerance stackup report includes 
the linear equivalent for the angle between the top surface and the inside surfaces 

FIgure 16.16 Tolerance stackup calculations for Example 16.2.
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of the enclosure. This is the distance projected along the maximum depth that the 
cover protrudes into the enclosure. The calculations can be seen in Figure 16.20. 
The tolerance stackup sketch and the detail are included as page 2 and the calcula-
tions are included as page 3 of the tolerance stackup report.

Although this tolerance stackup appears to be fairly simple at first glance, it 
becomes more complex once the tilting allowed by the enclosure’s datum refer-
ence frame is taken into account.

Results: The worst-case tolerance stackup result shows that there is 0.5377 mm 
clearance between the cover and the enclosure—the cover fits inside the enclosure 
along the Y axis, albeit with slightly less clearance than along the X axis.

example 16.4: screw head clearance tolerance stackup

Determine if the cover contacts the M4 screw heads.
Extra Data: 

M4 washer thickness = 1.2 ± 0.1•	
M4 × 8 screw head height = 4/3.82 (from vendor drawing)•	

Solve Example 16.4 as follows:

Stackup direction is along the •	 Z axis (see Figure 16.21).
Use Option 1 parts for this example.•	

 The tolerance stackup in Example 16.4 determines if the screw heads contact 
the bottom of the cover. The tolerance stackup report is shown in Figure 16.22 and 
the tolerance stackup sketch is shown in Figure 16.23.

Results: The worst-case tolerance stackup result shows that there is a potential 
interference of 1.05 mm between the screw heads and the cover—the screw heads 

FIgure 16.17 Example 16.3: cover fit stack, along Y axis.
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FIgure 16.18 Tolerance stackup report for Example 16.3.
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FIgure 16.21 Example 16.4: screw heads vs. cover.
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FIgure 16.22 Tolerance stackup report for Example 16.4.
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contact the bottom of the cover. The result indicates interference because it is a 
negative number; a positive result indicates clearance in this example. Possible 
solutions are to decrease the profile tolerance on the top surface of the enclosure, 
increase the nominal distance from datum feature A to the top surface of the 
enclosure or decrease the depth of the cover, to name a few.

example 16.5: ground plate to enclosure 
gap study—option 1 parts

Determine if the ground plate contacts the inside walls of the enclosure.
Extra Data:

M4 threaded hole dimensions: minor diameter = 3.242 – 3.422•	
M4 × 8 socket head cap screw dimensions: major diameter = 3.82 – 4•	

Solve Example 16.5 as follows:

Stackup direction is along the •	 Y axis (see Figure 16.24).
Use Option 1 parts for this example.•	
Use minimum and maximum minor diameter for bonus tolerance calcu-•	
lations on the M4 threaded holes in the enclosure. (This is because the 
positional tolerance is specified on the minor diameter.)
Use the minimum screw major diameter for the assembly shift •	
calculations.

FIgure 16.24 Example 16.5: ground plate to enclosure gap, Option 1.
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The tolerance stackup report is shown in Figure 16.25. The tolerance stackup 
sketch and a detail of the worst-case results are shown in Figure 16.26. The 
tolerance stackup sketch and the detail are included as page 2 of the tolerance 
stackup report.

Results: This is the first of three examples that study the same problem, each 
using a different dimensioning and tolerancing scheme for the ground plate and the 
enclosure. This example uses the Option 1 ground plate and enclosure, in which 
surfaces are specified as the secondary and tertiary datum features. To many this 
seems to be the simplest dimensioning and tolerancing scheme of the three, but it 
is the least functional, and leads to the greatest overall variation. It must be stated 
that the values in these three dimensioning and tolerancing schemes are not quite 
equivalent. They are close, however. For the purpose of these examples they help 
to show that the dimensioning and tolerancing scheme can have a big impact on 
the variation between important features.

Using this dimensioning and tolerancing scheme, the worst-case tolerance 
stackup result shows that there is a potential interference of 0.08 mm between 
the ground plate and the enclosure—the ground plate contacts the enclosure. The 
result indicates interference because it is a negative number; a positive result indi-
cates clearance in this example.

Notice that the values for the positional tolerance and the associated bonus 
tolerance on lines 5, 6 and 9 are included in the tolerance stackup. Using this 
dimensioning and tolerancing technique requires these tolerances to be included 
in the tolerance stackup. Together these make up 31% of the total tolerance in the 
tolerance stackup, so there is still some room for improvement.

example 16.6: ground plate to enclosure 
gap study—option 2 parts

Determine if the ground plate contacts the inside walls of the enclosure.
Extra Data:

M4 threaded hole dimensions: minor diameter = 3.242 – 3.422•	
M4 × 8 socket head cap screw dimensions: major diameter = 3.82 – 4•	

Solve Example 16.6 as follows:

Stackup direction is along the •	 Y axis (see Figure 16.27).
Use Option 2 parts for this example.•	
Use minimum and maximum minor diameter for bonus tolerance calcu-•	
lations on the M4 threaded holes in the enclosure. (This is because the 
positional tolerance is specified on the minor diameter.)
Use the minimum screw major diameter for the assembly shift •	
calculations.
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FIgure 16.26 Tolerance stackup sketch and detail for Example 16.5.
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The tolerance stackup report is shown in Figure 16.28. The tolerance stackup 
sketch and a detail of the worst-case results are shown in Figure 16.29. The tolerance 
stackup sketch and the detail are included as page 2 of the tolerance stackup report.

Results: This is the second of three examples that study the same problem, 
each using a different dimensioning and tolerancing scheme for the ground plate 
and the enclosure. This example uses the Option 2 ground plate and enclosure. 
The pattern of eight ∅5 ± 0.15 clearance holes is specified as the secondary datum 
feature on the ground plate, and the minor diameters of the pattern of eight M4 
threaded holes is specified as the secondary datum feature on the enclosure. This 
dimensioning and tolerancing scheme reflects the function of the mating parts 
better and leads to less overall variation than was seen when using the Option 1 
parts. Using the minor diameters of the threaded holes as datum features was not 
a functional decision; it was done to allow the use of a functional gage for inspec-
tion. Even though a nonfunctional concession was made to facilitate inspection, 
this example still results in less overall variation than Example 16.5, which again 
better reflects the functional requirements of the assembly.

Using this dimensioning and tolerancing scheme, the worst-case tolerance 
stackup result shows that there is a minimum clearance of 0.17 mm between the 
ground plate and the enclosure—the ground plate does not contact the enclosure.

Notice that the values for the positional tolerance and the associated bonus 
tolerance on lines 4, 5, 8 and 9 are not included in the tolerance stackup. The 
values have been set to zero and “N/A – (See Assumption #1)” has been placed 
in the “Dim/Tol Source & Calcs” column. Surprisingly, using this dimensioning 
and tolerancing technique makes these tolerances inconsequential to the tolerance 
stackup result. The reason is as follows: the pattern of holes is specified as the 

FIgure 16.27 Example 16.6: ground plate to enclosure gap, Option 2.
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FIgure 16.28 Tolerance stackup report for Example 16.6.



Pu
ttin

g It A
ll To

geth
er 

379

FIgure 16.29 Tolerance stackup sketch and detail for Example 16.6.
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secondary datum feature. As the secondary datum feature, these holes are the 
basis from which all related tolerances are measured in the direction of the toler-
ance stackup. To put it another way, wherever the holes go, the rest of the features 
follow. So, using this technique has eliminated four tolerances from the tolerance 
stackup. This is a function of the rules of GD&T and can best be visualized by 
picturing the parts staged on the appropriate functional gage.

However, if the dimensioning and tolerancing is per ASME Y14.5M-1994, 
remember an MMC or LMC material condition modifier should accompany the 
datum feature reference in the feature control frame when the datum feature is 
a pattern of features of size. In this example that is precisely what we have: the 
secondary datum feature is a pattern of holes, which are features of size. That is 
why the datum feature B holes are referenced at MMC in the profile tolerance 
feature control frames. The MMC material condition modifier associated with 
the datum feature B reference creates a condition where datum feature shift is 
possible. Notice that values for datum feature shift have been included in the 
tolerance stackup on lines 2 and 13 following the profile tolerances applied to the 
ground plate and the enclosure. Together these make up 28% of the total toler-
ance in the tolerance stackup, so there is still some room for improvement. Note: 
For patterns of feature of size used as a datum feature, ASME Y14.5M-1994 only 
explains the meaning if a pattern of features of size is specified as a datum fea-
ture referenced at MMC virtual condition. The 1994 standard does not explain 
the meaning if the patterns of datum features are referenced RFS. If a pattern of 
datum features of size is referenced RFS, there would be no datum feature shift, 
and thus the tolerance values on lines 2 and 13 in the tolerance stackup would be 
zero. ASME Y14.5-2009 includes some coverage of referencing patterns of datum 
features RMB, which is equivalent to referencing datum features RFS in the 1994 
standard, but the 2009 standard still falls short of providing a full explanation 
and rule set. Refer to my book GD&T Update Guide: ASME Y14.5-2009 (2009) 
for a full explanation of specifying and simulating patterns of datum feature of 
size RMB.

example 16.7: ground plate to enclosure 
gap study—option 3 parts

Determine if the ground plate contacts the inside walls of the enclosure.
Extra Data:

M4 threaded hole dimensions: minor diameter = 3.242 – 3.422•	
M4 × 8 socket head cap screw dimensions: major diameter = 3.82 – 4•	

Solve Example 16.7 as follows:

Stackup direction is along the •	 Y axis (see Figure 16.30).
Use Option 3 parts for this example.•	
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Use minimum and maximum minor diameter for bonus tolerance calcu-•	
lations on the M4 threaded holes in the enclosure. (This is because the 
positional tolerance is specified on the minor diameter.)
Use the minimum screw major diameter for the assembly shift calculations.•	

The tolerance stackup report is shown in Figure 16.31. The tolerance stackup 
sketch and a detail of the worst-case results are shown in Figure 16.32. The 
tolerance stackup sketch and the detail are included as page 2 of the tolerance 
stackup report.

Results: This is the third of three examples that study the same problem, each 
using a different dimensioning and tolerancing scheme for the ground plate and 
the enclosure. This example uses the Option 3 ground plate and enclosure. The 
lower left ∅4.5 ± 0.1 clearance hole is specified as the secondary datum feature, 
and the lower right ∅4.5 ± 0.1 clearance hole is specified as the tertiary datum 
feature on the ground plate. The minor diameter of the lower left M4 threaded 
hole is specified as the secondary datum feature and the minor diameter of the 
lower right M4 threaded hole is specified as the tertiary datum feature on the 
enclosure. Of the three options, this dimensioning and tolerancing scheme reflects 
the function of the mating parts best, and leads to the least overall variation. Using 
the minor diameters of the threaded holes as datum features was not a functional 
decision; it was done to allow the use of a functional gage for inspection. Even 

FIgure 16.30 Example 16.7: ground plate to enclosure gap, Option 3.
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FIgure 16.32 Tolerance stackup sketch and detail for Example 16.7.
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though a nonfunctional concession was made to facilitate inspection, this exam-
ple still results in less overall variation than Examples 16.5 and 16.6, which again 
better reflects the functional requirements of the assembly.

Specifying one of the holes to be the secondary datum feature and another 
of the holes to be the tertiary datum feature offers several advantages. First, an 
agreement may be reached with manufacturing to allow tighter tolerances on 
these two holes and looser tolerances to be specified on the other six holes. Notice 
that the size and the size tolerance of the datum feature B and C holes have been 
reduced in this example. This will minimize assembly shift. Second, specifying a 
single hole as the secondary datum feature and a single hole as the tertiary datum 
feature instead of a pattern of holes allows the datum features to be referenced 
RFS (ASME Y14.5M-1994) or RMB (ASME Y14.5-2009) in a feature control 
frame. That means there is no datum feature shift for the profile tolerances that 
reference these datum features. Lastly, this technique allows the other six holes 
to be made larger (in the case of the clearance holes), as they no longer play a role 
in locating the ground plate to the enclosure. Their role is now merely to allow a 
fastener to pass through to hold the part in place. Given that the size of the other 
six clearance holes has been increased, the fixed fastener formula can be used 
to verify that the positional tolerance of the six clearance holes and the mating 
threaded holes can be increased.

There is a potential drawback to this method, however, as the assembly method 
must be carefully coordinated with the tolerancing scheme. The fasteners must be 
started through the two datum feature holes first or concurrently with the other 
holes, as the datum feature holes have the tightest fit. If the fasteners were started 
through the other larger holes first and tightened, it is likely that the fasteners 
would interfere with the smaller holes. It is critical that the assembly personnel 
understand the requirement to follow the necessary assembly sequence.

Using this dimensioning and tolerancing scheme, the worst-case tolerance 
stackup result shows that there is a minimum clearance of 1.11 mm between the 
ground plate and the enclosure—the ground plate does not contact the enclosure.

Notice that the values for the perpendicularity tolerance and the associated 
bonus tolerance for the datum feature B holes and the positional tolerance and 
associated bonus tolerance for the datum feature C holes on lines 6, 7, 10 and 11 
are not included in the tolerance stackup; the values have been set to zero and 
“N/A – (See Assumption #1)” has been placed in the “Dim/Tol Source & Calcs” 
column. As with the previous example, using this dimensioning and toleranc-
ing technique makes these tolerances inconsequential to the tolerance stackup 
result. The reason is as follows: the holes specified as the secondary and tertiary 
datum features are the basis from which all related tolerances are measured in 
the direction of the tolerance stackup. To put it another way, wherever these 
holes go, the rest of the features follow. Using this technique has eliminated six 
tolerances from the tolerance stackup. This is a function of the rules of GD&T 
and can best be visualized by picturing the parts staged on the appropriate func-
tional gage.



Putting It All Together 385

The secondary and tertiary datum features may be referenced in a feature con-
trol frame RFS because a single hole was specified for each. Notice that values 
for datum feature shift have been set to zero and labeled “N/A” in the tolerance 
stackup on lines 2 and 17 following the profile tolerances applied to the ground 
plate and the enclosure.

The Option 3 parts lead to the least variation of the three methods.
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17 Calculating Component 
Tolerances Given 
a Final Assembly 
Tolerance Requirement

Sometimes a final assembly tolerance requirement is known, and tolerances must 
be determined that will allow the final requirement to be met. This is commonly 
encountered where assembly level or finished product level objectives have been 
set. For example, automotive and truck body panels must meet predetermined 
design and manufacturing objectives for quality and fit. The final assembly toler-
ancing requirements must be met when all the subcomponents are assembled.

Complex assemblies such as vehicle bodies are usually toleranced using a 
combination of what-if tolerancing and computer statistical variational modeling 
software. Iterations are performed until an achievable combination of component 
tolerances is shown to yield an acceptable statistical result. Component tolerances 
must be selected that are within known manufacturing process capabilities for the 
analysis to be meaningful. Where it is shown that the overall assembly tolerance 
cannot be met by assigning realistic component tolerances, the design geometry 
must be altered to work with a larger tolerance.

Design geometry may be altered by using oversized holes or slots for adjust-
ment at assembly or in combination with tighter geometry coordinated with 
assembly fixtures. Other methods include changing mating relationships, such as 
changing butt joints to lap joints, changing surface geometry to make misalign-
ment less obvious, using shims at assembly, reducing the number of parts, or 
redimensioning the parts to reduce the number of tolerances contributing to the 
accumulated total.

Different industries and assembly preferences drive different solutions to this 
dilemma. Industries where manual assembly methods are prevalent and the skill 
and care of the assemblers can be relied upon often use oversized holes and slots 
as an easy solution. Here the assembler manually adjusts each part to a near opti-
mal position before tightening fasteners or welding. Industries where automated 
assembly or assembly line methods are prevalent typically cannot rely on the 
assembler to make fine adjustments at final assembly. Parts must work even if 
assembled in the worst possible manner. Typically these designs must be altered to 
allow for worst-case assembly. Factors include part weight and gravity, awkward-
ness of handling large parts, assembly line speed and turnover of workforce.
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This “what-if” method also works well with simple tolerance stackups. Guesses 
at the tolerances can be entered into a spreadsheet and the results studied. Once a 
satisfactory result is obtained, the study is complete.

In Figure 17.1 a final assembly tolerance of ≤2.5 mm is given and the part toler-
ances are to be determined. A spreadsheet with iterative calculations is shown in 
Figure 17.2, in which it is assumed that all parts have the same tolerance value and 
that an adjusted RSS tolerance stackup result will be used.

Another more precise technique is to use the Goal Seek function in Microsoft 
Excel, which allows the analyst to determine the required part tolerance value 
without iteration. Using this function the tolerance analyst can set the desired 
assembly tolerance value and ask the program to iterate a tolerance value to find 
the exact solution. This is a very powerful tool.

The tolerances derived in the above spreadsheet are used for the components 
in the assembly. The simple assembly is shown in Figure 17.3 with the iteratively 
calculated tolerance values. In this example, the same tolerance was applied to 
each part. Different tolerances for each part may be used with this method of 
tolerance assignment as well, inserting different tolerance value guesses into the 
spreadsheet for each part. It is more likely that the parts in most tolerance stack-
ups will require different tolerances.

Where multiple parallel part features are to be assigned the same tolerance 
as in the previous examples, a simpler approach may be to use the formula in 
Figure 17.4. The formula works for RSS tolerance stackups and for adjusted RSS 
tolerance stackups. The sample problem in Figure 17.4 shows that using the same 
values as in the previous examples yields the same results.

Derivation of the adjusted RSS allocation formula and the RSS allocation for-
mulas are shown in Figure 17.5. The only difference between the formulas is that 

FIgure 17.1 Simple assembly with assembly tolerance goal.
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FIgure 17.2 Spreadsheet with iterative solution for simple assembly.
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the ADJ coefficient variable is not included in the RSS part allocation formula. 

The RSS part allocation formula is actually a special form of the adjusted RSS 
part allocation formula. If the adjustment factor (ADJ) is set equal to one, the 
adjusted RSS part allocation formula reduces to the RSS part allocation formula. 
These formulas offer a simpler way to calculate the values for a set of equal-value 
tolerances. The result of these formulas and the statistical and adjusted statistical 
results from the tolerance stackup report form would be the same given the same 
inputs and the same RSS adjustment factor.

FIgure 17.3 Simple assembly with iterative tolerances.

FIgure 17.4 Adjusted RSS part allocation formula.
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FIgure 17.5 Derivation of RSS part allocation formulas.
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18 Floating Fastener and 
Fixed Fastener Formulas 
and Considerations

Floating fastener and fixed fastener are terms describing two possible relation-
ships between the corresponding features in mating parts. These features include 
clearance holes, tight-fitting holes, threaded holes, slots, pins, studs, keys, key-
ways, etc.

An example of a floating fastener situation is where a bolt passes though clear-
ance holes in mating parts, perhaps terminating in a hex nut.

An example of a fixed fastener situation is where a bolt passes through a clear-
ance hole in one part and threads into a threaded hole in the mating part. Another 
example is where a part has clearance holes that fit over threaded studs protruding 
from the mating part. Another example is where a part has tight fitting locating 
holes that fit over locating pins pressed into the mating part.

The tolerancing for each situation is determined by the relationship of the fas-
tener, pin or shaft to the holes in each part. It is the author’s opinion that the mate-
rial in this section of the text is the most important material in the book, even 
though it is relatively simple.

FloAtIng FAstener sItuAtIon

Definition: Where internal features, such as holes, in one or more parts must clear 
a common external feature, such as a fastener or a shaft, it is referred to as a float-
ing fastener situation. A common application is where a fastener passes through 
clearance holes in mating parts. This is common for applications using nuts and 
bolts, or when determining hole sizes for shims and washers.

Corollary: The holes do not locate the fastener in a floating fastener situation. 
The fastener is free to “float” within the holes. All the holes must do is stay out 
of the way.

An example of a floating fastener relationship in mating parts can be seen in 
Figure 18.1, which shows a section through two mating parts with matching pat-
terns of clearance holes. Note that the diameters of the holes may be different in 
each part. In this example, the function of the holes is to allow fasteners to pass 
so the parts can be fastened together. It is also important that the holes are not so 
large that there is no longer adequate bearing surface for the head of the bolts and 
nuts. The holes should be as small as they can be to maximize bearing surface. 
The floating fastener formula allows the designer to determine the minimum size 
the holes can be and still allow the fasteners to pass at the worst case.
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 Floating fastener formula: H = F + T

where:
 H = Minimum clearance hole diameter (MMC)
 F = Maximum fastener diameter (MMC)
 T = Clearance hole positional tolerance at MMC in considered part

Figure 18.2 shows a drawing of mating parts with positional tolerances and 
floating fastener calculations.

The holes in each part are different sizes. The drawings are shown at the top 
of the figure and the calculations are shown at the bottom. In this example, the 
floating fastener formula was used to calculate the positional tolerance allowed 
for the clearance holes. The floating fastener formula may also be used to calcu-
late the minimum allowable hole diameter or the maximum allowable fastener 
diameter. The variable to be calculated is based on which variables are known. 
If the fastener is already selected and the positional tolerance has already been 
determined, then the formula is used to solve for the minimum hole diameter. If 
the hole diameter has already been selected and the fastener diameter is known, 
then the formula is used to solve for the positional tolerance.

In floating fastener situations, the positional tolerance for the clearance holes 
in each part is calculated separately. The functional requirement for this applica-
tion is that the fastener must pass through the clearance holes in each part. One 
way to think of it is that the edges of the holes must not block the passage of 
the fastener. The role of a clearance hole is simple: to stay out of the way of the 
fastener. The absolute minimum clearance hole diameter is the fastener’s maxi-
mum diameter, which would require a positional tolerance of zero at MMC on 
the holes. To put it another way, the virtual condition of the clearance holes must 
be equal to or greater than the maximum fastener diameter. This last statement is 
not an absolute rule, but it is good design practice. Violation of this last statement 

FIgure 18.1 Floating fastener: section through mating parts.
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requires very careful consideration and may change the problem from a floating 
fastener situation to a fixed fastener situation.

As shown in Figure 18.3, the fastener passes through worst-case clearance 
holes in both parts. The clearance hole diameters (H) must allow for their varia-
tion in orientation and location, due to their respective positional tolerances (T). 
From these considerations we derive the floating fastener formula above.

It is important to note that each respective interfacial surface between the mat-
ing parts must be specified as the primary datum feature on each part. As such, 
the datum plane along the interfacial surface establishes the orientation of the 
positional tolerance zones for the holes through each part. It is assumed that the 
datum plane on both parts is the same plane; that is, the datum planes are copla-
nar. Consequently, the tolerance zones for the mating features in each part are 

FIgure 18.2 Floating fastener situation: drawings of parts and calculations.
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assumed to be collinear, and the formulas are valid. This is a bit of an oversimpli-
fication, as the form tolerances on the respective mating surfaces may allow the 
actual interfacial surfaces to mate slightly differently than this model predicts. 
The primary datum planes on the mating parts might not be exactly coplanar. 
However, for the majority of mating part applications the form tolerances and 
their effects are small enough that these assumptions are acceptable and the for-
mulas in this section may be used with confidence. For more information about 
how form tolerances may affect interfacial surfaces between mating parts refer 
to Chapter 20.

If the interfacial surface on a part is not specified as the primary datum feature 
for the positional tolerance applied to the holes in that part, the tolerance zones for 

FIgure 18.3 Floating fastener: holes tilted and shifted worst case.
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the holes would have additional orientation error not predicted by the formulas. 
This additional orientation error would have to be accounted for when determin-
ing the required size of the holes or the allowable positional tolerance value. This 
applies to the floating fastener and the fixed fastener formulas. A similar case can 
be seen in Examples 16.2 and 16.3 in Chapter 16. Remember in those examples 
the top surface of the enclosure was not the primary datum feature for the inside 
walls of the enclosure, which led to an apparent foreshortening of the opening.

example 18.1

Determine the minimum clearance hole diameter for the following situation:

Where:
H = Minimum clearance hole diameter (MMC)
F = Maximum fastener diameter (MMC)
T = Clearance hole positional tolerance at MMC in considered part

Given:

 F = M8 bolt = 8 mm maximum OD
 T = Positional tolerance on clearance holes = ∅1 mm at MMC

Solve H = F + T for H:

 H = 8 + 1 = 9

The minimum clearance hole diameter = ∅9 mm.

Calculate the nominal clearance hole diameter:

Where:
H = Minimum clearance hole diameter (from floating fastener calculation)
ST = Applicable plus or minus ± size tolerance on clearance holes
Hnom = Nominal hole diameter

From the result of the previous calculation, we see that the minimum clearance 
hole diameter = 9 mm. Also assume an equal-bilateral size tolerance (ST) is given 
of ±0.5 mm for the holes.

Solve Hnom = H + ST for Hnom:

 Hnom = 9 + 0.5 = 9.5

The nominal clearance hole diameter = ∅9.5. The hole specification on the 
drawing is ∅9.5 ± 0.5.
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In the explanation and illustrations above it is assumed the parts are held in 
place, that they do not shift relative to each other. Only the holes are free to 
move, and their movement is relative to the datum reference frame on each part, 
within the specified positional tolerance. To state this relationship another way, 
it is assumed that no other variables affect the relative orientation and location of 
the parts to one another.

Using the floating fastener formula ensures that the virtual condition of the 
holes allows the fastener to pass. In most applications, parts may shift relative to 
one another about the fasteners at assembly, which is assembly shift. To review, 
assembly shift is due to the clearance between the holes and the fastener. When 
parts shift about their fasteners, there is greater variation from their nominal loca-
tion than the fixed and floating fastener formulas accommodate. This shifting is 
irrelevant where there is only one hole in each part. When fastening parts through 
a pattern of holes (more than hole), care must be taken not to shift the parts to 
align one or more holes at the expense of the other holes. Fasteners should be 
started through all the holes in a pattern before any one is tightened, thus ensuring 
that the part was not overly shifted to align any of the holes. In cases where the 
assembly methods do not guarantee or allow all fasteners to be started before any 
one is tightened, the floating fastener formula should not be used, and a traditional 
tolerance stackup should be performed.

Gravity always affects the location of vertically oriented parts, especially if 
the parts are large or heavy. Gravity pulls parts downward against the fasteners 
unless there is some other means of holding the parts in place. An example where 
gravity affects parts at assembly can be seen in Figure 18.4.

FIgure 18.4 Floating fastener: hanger assembly with effect of gravity.
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In this example, the force of gravity has caused worst-case assembly shift 
between both parts and the fasteners. Perhaps the maximum distance shown in 
the figure is critical. If it is not acceptable to allow gravity to shift to the parts as 
shown, the parts should be assembled using a fixture, the parts should be rede-
signed such that surfaces align the parts vertically, or the parts should be manu-
ally adjusted at assembly.

Figure 18.5 shows a common problem that occurs when all the fasteners are not 
started through all the holes simultaneously. The hanger and the bracket have mat-
ing patterns of four holes in this example, and positional tolerances applied on their 
respective detail drawings (not shown). The floating fastener formula was used to 
calculate the required diameters and positional tolerances for the holes in each 
part. The size and location of the holes in both parts is within specifications.

In this example, the fasteners were inserted and tightened into the upper holes 
first, and the bracket was allowed to slide down against the fasteners. This pulled 
the fasteners down against the upper holes in the hanger. Consequently, this added 
two positional tolerances and two occurrences of assembly shift to the location 
of the lower holes.

The positional error of the upper holes in both parts and the assembly shift 
in both parts contributes to the total error in the location of the lower holes. The 
fasteners cannot fit into the lower holes even though the floating fastener formula 
was used. The assembler must loosen the upper fasteners and readjust the parts 
to allow the lower fasteners to fit, change the assembly procedure to start all 

FIgure 18.5 Floating fastener: assembly sequence violates floating fastener formula 
(with gravity).
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the fasteners at the same time, or a different tolerance stackup must be done to 
determine how large the lower holes must be to accommodate the total variation 
allowed by the assembly process.

Figure 18.6A and B show two assembly methods for a pair of mating parts 
with clearance holes. The holes in each part have been produced within their 
positional tolerance, but are at the extremes of their tolerance zones. The holes in 
the upper part are located inward within their tolerance zones, and the holes in the 
lower part are located outward within their tolerance zones. In Figure 18.6A the 
fasteners are started through all the holes before any are tightened. Even with the 
worst-case positional error all of the fasteners can be passed through the mating 

FIgure 18.6 Floating fastener: assembly sequence violates floating fastener formula 
(horizontal).
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holes; this agrees with the results of properly applying the floating fastener for-
mula. Notice in this example at worst case the parts cannot move relative to one 
another—the holes contact the fasteners in such a way as to disallow part move-
ment. The parts are locked up.

Figure 18.6B shows what happens if the fasteners on the left are inserted and 
tightened first. Remember in this example the holes in each as-produced part are 
biased in opposite directions. Figure 18.6B shows that the parts are shifted before 
the fasteners on the left are tightened. In this example, the positional tolerance 
and assembly shift of the left-hand holes in both parts are added to the right-hand 
holes, in effect adding four tolerances (two positional tolerances and two assem-
bly shifts) to the right-hand holes. If the positional tolerances were specified at 
MMC, two occurrences of bonus tolerance would also be added.

Although in these examples it may seem easy to change the assembly proce-
dure, there are situations where all the fasteners cannot be accessed simultane-
ously, where parts are very heavy, very large, or just awkward and difficult to 
handle, and it may not be possible to start all the fasteners simultaneously. A com-
mon tolerancing mistake occurs when engineering personnel use the floating and 
fixed fastener formulas assuming the assembly procedure will start all fasteners 
simultaneously, but the assembly procedure does not agree.

For example, the author was consulting with a firm designing large, heavy 
parts to be assembled into a large frame structure. There were several large cast 
and machined cross members with flanges and clearance holes on each end that 
were to be assembled in between two frames with matching flanges and threaded 
holes. The design team assumed that all of the cross members would be put into 
place between the frame members, the fasteners would be started though the 150 
or so clearance holes, and then the fasteners would be tightened.

A trip to the assembly facility proved us wrong. The left-hand flange on the first 
cross member was bolted down first. The frame on the right-hand side of the cross 
member was shifted to line up with the right-side mating holes and tightened. The 
left-hand flange on the second cross member was then bolted down. When they 
attempted to fasten the flange on the other side, the holes were completely mis-
aligned. The positional tolerances and assembly shift from the holes on both sides 
of the first cross member and the left-hand side of the second cross member were 
added to the total tolerance on the second cross member’s right-hand holes—six 
tolerances were added to the total tolerance on the holes in the right-hand flange 
of the second cross member. From a design point of view, this was the absolutely 
worst possible assembly process. From the assembly personnel’s point of view, 
this was the only way they could assemble the parts, given the size and weight of 
the parts and the tools available. The ultimate solution was to assemble the parts 
in a fixture and to start all fasteners before tightening any.

Remember, it is absolutely necessary to validate the assumptions made about 
the assembly process during the design process. If a design and its tolerance 
stackup are based on the assumption that all fasteners will be started simultane-
ously and they are not, then the tolerance stackup results do not represent real-
ity. The assembly process must be changed, the design must be changed, or the 
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tolerance stackup must be changed to match the actual assembly process. In cases 
where the assembly process is unknown, it may be a good idea to solve the toler-
ance stackup using several assembly models.

FIxed FAstener sItuAtIon

Definition: Where external features, such as pins or studs, are fixed in place in 
one part and pass though internal features, such as clearance holes, in a mating 
part, it is referred to as a fixed fastener situation. A common application is where 
two or more parts are fastened together, and the fasteners are fixed in one part, 
and the other parts have clearance holes. The fastener may be “fixed” by a number 
of methods, such as by pressing a pin or a stud into a hole, welding studs onto a 
part, or threading a fastener into a threaded hole or weldnut.

Corollary: The fastener cannot move relative to one of the parts in a fixed 
fastener situation. It is commonly assumed that a bolt or screw threaded into a 
threaded hole is fixed in place. Although there may be some movement allowed 
between mating threads, most tolerance stackups assume the fastener and the 
threaded hole are coaxial. Note: In very critical applications it may be necessary 
to calculate the amount of clearance and coaxiality error between the fastener and 
the threaded hole.

An example of a fixed fastener relationship in mating parts can be seen in 
Figure 18.7, which shows a section through two mating parts. The upper part 
(part 1) has a pattern of clearance holes and the lower part (part 2) has a match-
ing pattern of threaded holes. In this example, the function of the clearance holes 
is to allow fasteners to pass into the threaded holes. It is also important that the 
clearance holes are not so large that there is no longer an adequate bearing surface 
for the head of the bolts. The holes should be as small as they can be to maximize 
the bearing surface. The fixed fastener formula allows the designer to determine 
the minimum size the holes can be and still allow the fasteners to pass into the 
threaded holes at the worst case.

FIgure 18.7 Fixed fastener: section through mating parts.
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 Fixed fastener formula: H = F + T1 + T2

Where:
 H = Minimum clearance hole diameter (MMC)
 F = Maximum fastener diameter (MMC)
 T1 = Clearance hole positional tolerance at MMC
 T2 = Threaded hole positional tolerance at MMC

Figure 18.8 shows a drawing of mating parts with positional tolerances and 
fixed fastener calculations. Part 1 has a pattern of clearance holes and part 2 has 
a matching pattern of threaded holes. The drawings are shown at the top of the 

FIgure 18.8 Fixed fastener situation: drawings of parts and calculations.
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figure and the calculations are shown at the bottom. In this example, the fixed fas-
tener formula was used to calculate the positional tolerance allowed for both sets 
of holes. The value for the positional tolerance applied to the clearance holes does 
not have to be the same as the value applied to the threaded holes. In this example 
there was 2 mm available for the positional tolerance applied to both parts. The 
2 mm available was split between the parts as follows: a 1.2-mm positional toler-
ance zone was specified for the clearance holes and a 0.8-mm positional toler-
ance zone was specified for the threaded holes. The fixed fastener formula may 
also be used to calculate the minimum allowable clearance hole diameter or the 
maximum allowable fastener diameter. The variable to be calculated is based on 
which variables are known. If the fastener is already selected and the positional 
tolerances have already been determined, then the formula is used to solve for 
the minimum clearance hole diameter. If the clearance hole diameter has already 
been selected and the fastener diameter is known, then the formula is used to 
solve for the positional tolerances.

The fixed fastener formula presented in this section requires that a projected 
tolerance zone be specified for the positional tolerance applied to the threaded or 
press-fit holes. The height of the projected tolerance zone should be equal to or 
greater than the maximum thickness of the mating part(s). See Chapter 10 in this 
text, Section 5.5 and Appendix B4 of ASME Y14.5M-1994, and Section 7.4.1 and 
Appendix B4 of ASME Y14.5-2009 for more information on projected tolerance 
zones and fixed fastener formulas.

Projected tolerance zones are not the most popular specifications that manu-
facturing and inspection personnel encounter on drawings. The means of validat-
ing compliance with a projected tolerance zone specification using conventional 
(physical) inspection techniques can be cumbersome, time consuming, and there-
fore more expensive than validating compliance of a nonprojected tolerance zone. 
Often this involves threading plug gages into each threaded hole and verifying 
the positional tolerance on a mandrel that projects the required distance outside 
the part. This extra effort may cause grief with some manufacturing and inspec-
tion personnel, especially where their organization does not understand why it 
is important, but is concerned about the apparent extra time required to perform 
such tasks. For most threaded holes, properly inspecting the holes using a pro-
jected threaded plug gage takes no longer than if the gage was not used and, in 
fact makes the inspection easier than if the inspector had to measure inside the 
threaded hole. Where virtual inspection methods are used, such as a CMM, vali-
dating compliance with a projected tolerance zone specification should take no 
more time than if a projected tolerance zone was not specified. Whether projected 
tolerance zones are difficult or easy to inspect should not be the primary concern, 
however. Projected tolerance zones are necessary to ensure functional require-
ments are met.

In fixed fastener situations, both parts must be toleranced together, as the loca-
tion of the threaded hole affects the location of the fastener. The functional require-
ment for this application is that the fastener must pass unobstructed through the 
clearance hole into the threaded hole. As stated in the floating fastener material 
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earlier in this chapter, the role of a clearance hole is to stay out of the way of the 
fastener. As shown in Figure 18.9, the fastener is located by the threaded hole 
and in a sense follows the threaded hole—wherever the threaded hole ends up, 
the fastener is centered within it. The clearance hole diameter (H) must be sized 
to allow for the variation in the orientation and location of the fastener allowed 
by the threaded hole’s positional tolerance (T2). The clearance hole diameter (H) 
must also allow for its own variation in orientation and location, allowed by its 
positional tolerance (T1). From these considerations we derive the fixed fastener 
formula above. Unlike the floating fastener formula where the positional toler-
ance value T for the clearance holes in each part is calculated independently, the 
positional tolerance values T1 and T2 in the fixed fastener formula are dependent 

FIgure 18.9 Fixed fastener: holes tilted and shifted worst case.
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variables. In the fixed fastener situation the amount of clearance between the 
maximum fastener diameter and the minimum clearance hole diameter equals the 
total available to be shared by both tolerances T1 and T2.

It is important to note that each respective interfacial surface between the mat-
ing parts must be specified as the primary datum feature on each part. As such, 
the datum plane along the interfacial surface establishes the orientation of the 
positional tolerance zones for the holes through each part. It is assumed that the 
datum plane on both parts is the same plane, that is, the datum planes are copla-
nar. Consequently, the tolerance zones for the mating features in each part are 
assumed to be collinear, and the formulas are valid. This is a bit of an oversimpli-
fication, as the form tolerances on the respective mating surfaces may allow the 
actual interfacial surfaces to mate slightly differently than this model predicts; 
the primary datum planes on the mating parts might not be exactly coplanar. 
However, for the majority of mating part applications, the form tolerances and 
their effects are small enough that these assumptions are acceptable and the for-
mulas in this section may be used with confidence. For more information about 
how form tolerances may affect interfacial surfaces between mating parts refer 
to Chapter 20.

If the interfacial surface on a part is not specified as the primary datum feature 
for the positional tolerance applied to the holes in that part, the tolerance zones for 
the holes would have additional orientation error not predicted by the formulas. 
This additional orientation error would have to be accounted for when determin-
ing the required size of the holes or the allowable positional tolerance value. This 
applies to the floating fastener and the fixed fastener formulas.

example 18.2

Determine the minimum clearance hole diameter for the following situation:

Where:
H = Minimum clearance hole diameter (MMC)
F = Maximum fastener diameter (MMC)
T1 = Positional tolerance of clearance hole at MMC
T2 = Positional tolerance of threaded hole at MMC

Given:

 F = M10 bolt = 10 mm maximum OD
 T1 = Positional tolerance of clearance hole = ∅1 mm at MMC
 T2 = Positional tolerance of threaded hole = ∅1.5 mm at MMC

Solve H = F + T1 + T2 for H:

 H = 10 + 1 + 1.5 = 12.5

The minimum clearance hole diameter = 12.5 mm.
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Calculate the nominal clearance hole diameter:

Where:
H = Minimum clearance hole diameter (from fixed fastener calculation)
ST = Applicable plus or minus ± size tolerance on clearance holes
Hnom = Nominal hole diameter

From the result of the previous calculation, we see that the minimum clearance 
hole diameter = 12.5 mm. Also assume an equal-bilateral size tolerance (ST) is 
given of ±0.3 mm for the holes.

Solve Hnom = H + ST  for Hnom:

 Hnom = 12.5 + 0.3 = 12.8

The nominal clearance hole diameter = ∅12.8. The hole specification on the 
drawing is ∅12.8 ± 0.3.

In the explanation and illustrations above it is assumed the parts are held in 
place, that they do not shift relative to each other. Only the holes are free to 
move, and their movement is relative to the datum reference frame on each part, 
within the specified positional tolerance. To state this relationship another way, 
it is assumed that no other variables affect the relative orientation and location of 
the parts to one another.

Using the fixed fastener formula ensures that the virtual condition of the clear-
ance holes allows the fastener to pass into the worst-case threaded holes. As men-
tioned earlier, for the fixed fastener formula to be valid, a projected tolerance zone 
must be specified for the threaded holes’ positional tolerance.

In most applications, parts may shift relative to one another about the fasten-
ers, which is due to the clearance between the holes and the fastener at assembly. 
This is called assembly shift. As with the floating fastener formula, the fixed 
fastener formula requires all fasteners in a pattern to be started before any one is 
tightened. Tightening any one fastener before the other fasteners are inserted into 
the holes could allow the parts to shift relative to one another, invalidating the 
results of the fixed fastener formula for the remaining holes. Refer to the material 
at the end of the floating fastener section that discusses this assembly issue.



409

19 Limits and Fit 
Classifications

Generally speaking, there are three types of fits between mating features of size on 
mating parts. These are clearance fits, transition fits and interference fits. These 
are standard fit classifications; each is based on how mating features on mating 
parts interact. U.S. and international standards define systems of limits and fits that 
govern these fit classifications, such as ASME and ISO standards. Information on 
these standard systems of limits and fits can be found in the Machinery’s Handbook 
or in documents from the applicable standards governing bodies. Fit classes or 
grades may be designated using numeric values or using codes. In ISO 286-2:1988 
and ASME B4.2-1978 (R2004), fits are designated using codes representing the 
tolerance grade or fit class. Different codes are used in the standards, but the stan-
dards essentially provide very similar information. Charts are consulted in these 
standards to determine the required size limits for the mating features. The nomi-
nal (or basic*) sizes are stated on the drawing followed by the applicable code. 
Alternatively, the equivalent tolerances or limits may be specified.

Typically these fits are used for shafts into bearings, pressing pins into holes, 
keys and keyways, or similar applications. Interestingly, these fit classifications 
do not take into account orientation or positional error between parts; the part 
features are assumed to be coaxial. Many, if not most, mating part applications 
involve features that are subject to orientation and/or location error. In these situ-
ations it is very likely that a virtual fit is achieved, as the actual clearance or 

* Note that the use of the term basic to describe a dimension value in this section has a different 
meaning than in other sections of this text. In ISO 286:1988 and ASME B4.2-1978 (R2004), basic 
size is used to describe the nominal or general size of features. Basic size in this context means 
the general size of the feature. In GD&T, the word basic has a different meaning. In ASME Y14.5, 
basic means theoretically exact or perfect. If a feature is modeled at 20.000 and assigned a basic 
dimension, the dimension should read 20.000, and the dimension value should be enclosed in a 
rectangular frame to distinguish it as a basic dimension. Basic dimensions in ASME Y14.5 do not 
have a tolerance, and are essentially statements of the perfect geometry represented by the drawing 
or model. A basic size as defined in ISO 286–1:2010 and ASME B4.2-1978 (R2004) is not enclosed 
in a rectangular frame like a basic dimension in ASME Y14.5—it is shown like a directly toler-
anced dimension value, because it is a directly toleranced dimension value. It is unfortunate that 
this usage of basic has crept into ASME from ISO, as it adds some confusion about the exact mean-
ing of a basic dimension. In ISO dimensioning and tolerancing standards, the term theoretically 
exact dimension is used instead of the term basic dimension as defined in ASME Y14.5. Thus, in 
ISO standards, the term basic size has only one meaning. This is not a major problem; it is just an 
example of a term having slightly different meanings in different dimensioning and tolerancing 
standards. This example highlights the challenges faced by ASME, ISO and other standards-devel-
oping organizations in coordinating the terminology and content between many related standards 
developed by many different groups of people.



410 Mechanical Tolerance Stackup and Analysis, Second Edition

interference between the mating features is affected by the applicable orientation 
and location tolerances.

The fit classification standards include tables of standardized fits, each offering 
slightly more or less relative clearance or interference. Given a nominal size, the 
designer determines the parts’ functional requirement, and selects the appropriate 
fit. The fits in each table are grouped to address a certain set of conditions (such 
as high speed rotation or light press fit). Nominal sizes are listed with correspond-
ing upper and lower limits for the shaft and hole. The upper and lower limits are 
applied to nominal shaft and hole, leading to the desired fit.

In the fit classification tables, the hole and shaft are derived from the same 
nominal size. For example, given a Ø10 mm nominal size and a clearance fit, 
the hole tolerances may be listed as +0.10/+0.05, and the shaft tolerances listed 
as –0.02/–0.10. Notice that the tolerances for the hole are both + tolerances, and 
the tolerances for the shaft are both – tolerances. This convention should not be 
used on drawings prepared to ASME Y14.5M-1994 or ASME Y14.5-2009: never 
tolerance a feature with two positive tolerances, such as 10 +0.2/+0.1, or two nega-
tive tolerances, such as 10 –0.05/–0.1. Features such as holes on drawings should 
be toleranced using limit dimensioning, unilateral, equal-bilateral or unequal-
bilateral tolerances. (However, ASME Y14.5-2009 does allow using tolerance 
symbols on metric dimensions, which leads to ++ –  – tolerances as described 
above.) More information can be found later in this chapter. Examples of accept-
able tolerancing include:

10.27
10.26

10.27 0/–0.1 10.26 +0.1/0

10.265 ±0.005 10.262 +0.008/-0.002 10.267 +0.003/–0.007

The fit classification charts use this tolerancing scheme (allowing both limits 
to be positive or negative) as a convenience. Where fits are specified using let-
ter designations, it is appropriate to size both the hole and the shaft at the same 
nominal, with limits as defined by the specified fit. In these cases, the actual fit 
designations would be placed adjacent to the nominal size, and reference to the 
fit standard would be made by note. See Figures 19.1 and 19.3 for examples. This 
method is most commonly encountered on drawings prepared to ISO standards. 
It is very common on ISO-based drawings to see the basic size-tolerance class 
method of specification for features of size. This method is less commonly used 
on drawings prepared to ASME standards.

Any fit between an internal and external feature of size may be classified as a 
clearance fit, a transition fit or an interference fit, regardless if the fit was selected 
from a standard chart. This is true for all regular features of size, which includes 
width features and spherical features, as well as cylindrical features. Examples of 
width features of size are keys and keyways.

For the sake of simplicity, the following discussion will be in terms of a shaft 
passing through a hole.
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cleArAnce FIts

A clearance fit must always have clearance between the shaft and the hole. The 
maximum size shaft will fit into the minimum size hole with clearance. This means 
that the hole is always larger than the shaft. Typically the functional requirement is 
that the fit allows rotation or guarantees clearance for other purposes. The purpose 
of a clearance hole is to stay out of the way of whatever passes through it.

trAnsItIon FIts

A transition fit may have clearance or interference between the shaft and the hole. 
This means that the hole may be larger than the shaft or the hole may be smaller 
than the shaft. Typically the functional requirement is that the fit is tight, whether 
there is a small amount of clearance or interference is immaterial.

InterFerence FIts (Force FIts)

An interference fit must always have interference between the shaft and the hole. 
The minimum size shaft will fit into the maximum size hole with interference. This 
means that the hole is always smaller than the shaft. Typically the functional require-
ment is for a press fit, guaranteeing that the shaft will not break loose from the hole.

lImIts And FIts In the context oF geometrIc 
dImensIonIng And tolerAncIng

It is important to remember that these fit classifications are discussed in terms of 
an external feature that is fit into an internal feature, with no consideration given 
to the relative orientation and/or location of the features. The fit classifications 
assume that the external feature and internal features are aligned to one another, 
and thus coaxial or coplanar depending on the type of features. This is often not 
the case, and in fact, it is usually not the case. For example, holes are produced 
with orientation and location error. Typically this error is allowable and defined 
by the orientation and location tolerances on the drawing or annotated model. 
This orientation and location error will affect the fit between mating features. 
Typically, orientation and location error decreases the apparent clearance between 
mating features, such as a pin and a hole. If the pin tilts relative to the hole, the pin 
appears as if it has a larger diameter. If the hole tilts relative to the pin, the hole 
appears smaller to the pin, as if it has a smaller diameter. The designer must take 
the possible orientation and location error into account when determining fits.

The allowable variation in orientation and location between mating features 
of size tends to decrease clearance or to increase interference between mating 
parts. This decrease or increase (depending on your point of view) typically cre-
ates a problem in the virtual relationship between the mating features (virtual as 
in virtual condition). At issue is that virtual interference does not yield the same 
functional effect as the full cylindrical interference between a mating pin and hole 
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as may be predicted using the fit tables in the various references. For example, say 
there is a functional requirement for a stud to be pressed into a hole, and the stud 
must be able to be removed by application of a 200 Newton extraction force at 
room temperature, perhaps for repair or replacement. That is, application of a 200 
Newton force must be sufficient to remove the stud from the hole. The orientation 
of the hole will affect the extraction force required for the stud. If the hole is tilted, 
it is a fair assumption that the stud will align with the hole and also be tilted. Fit 
tables may be used to determine the fit required for the stud and the hole, given 
the materials of the mating parts, and other factors, such as if the stud is knurled, 
to meet the stated requirements. Calculations may be made to determine the mini-
mum and maximum force required to extract the stud under the given conditions. 
Assuming the data in the fit table is correct and the part features and the materials 
meet their specifications, the extraction force should be as predicted, if the stud is 
pulled out directly along its axis. To use different terms, the values (or range of val-
ues) predicted by the fit table and the related calculations will be correct if the force 
applied to remove the stud is aligned with the shared axis of the stud and hole. If 
the hole and stud are tilted, but the extraction force is applied in the nominal orien-
tation of the hole (meaning the extraction force vector is not coaxial with the axis 
of the hole and stud), a greater force will be required to remove the stud.

Figure 19.1 shows a drawing of a stud and plate with a hole as described above. 
The stud and hole are given a basic size dimension and the tolerances are specified 
using codes representing the tolerance class for the mating features. The limits of 
size are defined by the combination of the basic size and the specified tolerance class. 
The U7 and h6 tolerance classes in this figure are taken from ASME B4.2-1978 
(R2004), which brings the ISO system of limits and fits into the ASME B4 standards 
series. The limits of size could also have been specified as limit dimensions, with the 
option of specifying basic size and tolerance class as reference, or any of the tradi-
tional direct tolerancing methods defined in ASME Y14.5M-1994 and ASME Y14.5-
2009 could have been used. Keep in mind that direct tolerancing methods in ASME 
Y14.5 require the dimension value to be contained within the size limits.* Note that 

* When using symbolic methods to define tolerance classes and limits of size, the basic size is often 
outside of the size limits. To put it another way, the dimension value does not have to lie within the size 
limits. For example, as shown in Figure 19.1, the size limits of the Ø20U7 hole are 19.946 minimum 
and 19.967 maximum. These values are both less than 20; thus, 20 does not lie within the size limits. 
Another way to think of this is that the size tolerances for a U7 tolerance class applied to a Ø20 hole are 
not + and – tolerances (plus and minus), they are – and – tolerances (minus and minus). Both tolerances 
are in the negative direction from the basic size, meaning the as-produced hole is only allowed to be 
smaller than the stated size of Ø20. This method is perfectly acceptable, and is recognized as standard 
practice on drawings prepared to ASME Y14.5M-1994 and ASME Y14.5-2009 if and only if the tol-
erance class method is used. If the dimensional limits are to be specified using a directly toleranced 
dimension without using a tolerance class code, then the dimension value must fall within the size 
limits. Remember from Chapter 3, directly toleranced dimensions may be specified in equal-bilateral, 
unequal-bilateral, or unilateral formats, or they may be specified as limit dimensions. The techniques 
in Chapter 4 for converting dimensions and tolerances to equal-bilateral format may also be used to 
convert dimensions and tolerances specified using basic sizes and tolerance class codes. The first step 
would be to determine the size limits defined by the basic size and tolerance class, and then convert 
those values using the techniques for limit dimensions in Chapter 4.
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the sizes and tolerance classes specified in the figures do not necessarily lead to the 
200 N extraction force described above. The figures are for explanatory purposes.

Figure 19.2 shows the subassembly of the stud pressed into the hole in the 
plate. On the left the perfect, as-modeled condition is shown, with the hole and 
stud in perfect orientation. On the right, the worst-case, imperfect, as-produced 
condition of the part geometry is shown. The hole is shown with the maximum 
allowable orientation error, and as stated above, the stud is coaxial with the hole. 
Thus, the stud is shown with its maximum allowable orientation error. A vector 
is shown representing the extraction force applied to the stud. Note that the force 
vector is oriented to the nominal or perfect part geometry; it is not oriented to 
(coaxial with) the stud. As stated above, additional force beyond the predicted 

FIgure 19.1 Part drawings: with tolerance class symbols and orientation tolerance.
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200 N maximum will be required to extract the stud if the force is applied at such 
an angle to the stud. As a corollary, additional force would also be required to 
insert the stud into the hole at the angle shown, as the force would direct the stud 
at the same angle into the hole. These conditions could easily be encountered in 
practice, especially if the insertion or extraction tool is oriented to the surface of 
the part rather than to the stud, perhaps by a flange that mates with the surface of 
the plate. The geometry in this example is exaggerated to make a point, but this is 
a very common scenario, and evidence of why testing and experimentation with 
physical prototypes is often needed. Finite element analysis could also be used 
to address these conditions; however, the analyst must either recognize or be told 
to consider the variation and orientation error of these features in the analysis. 
Otherwise, the analysis would check the conditions using the perfectly oriented 
geometry shown on the left of Figure 19.2.

Consider another example using the same parts: the protruding portion of 
the pressed-in stud must fit within a clearance hole in another mating part. The 
mating part is shown in Figure 19.3. A fit table was consulted to determine the 
required clearance, and an H7 locational clearance fit was selected. However, the 
orientation error (tilting) of the clearance hole was not considered, and the virtual 
clearance between the hole in the mating part and the stud may be less than pre-
dicted. The solutions to problems such as this are discussed in the latter half of 
Chapter 18, which explains fixed fastener calculations. There is a fixed fastener 
relationship between the stud and the clearance hole. See Figure 19.4 for several 
possible scenarios of the mating relationship between the plate–stud subassembly 
and the mating part. In cases such as this where orientation and/or location error 
affects the relationship between mating features of size, the fits tend to be virtual 
fits (virtual as in virtual condition).

The top row of figures in Figure 19.4 shows the parts before and after final 
assembly of the perfect, as-modeled parts. The hole and stud are perfectly ori-
ented, the flange of the mating part sits flush against the surface of the plate, and 
the fit between the stud and clearance hole are as predicted. The middle row of 
figures shows the plate–stud subassembly with its allowable orientation error. 

a

FIgure 19.2 Press-fit subassembly: as-modeled and with orientation error.
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The conditions before and after final assembly are shown. The mating part is 
oriented to (coaxial with) the axis of the stud in these figures. In the figure on 
the right, the stud and clearance hole are coaxial with one another, and the fit 
between the stud and clearance hole is as predicted. However, the mating part 
does not sit flush against the surface of the plate, as evidenced by the gap shown 
in the figure. This is likely an undesirable and unconsidered condition. The bot-
tom row of figures also shows the plate–stud subassembly with its allowable ori-
entation error. The conditions before and after final assembly are shown. In this 
row, the mating part is oriented perpendicular to the surface of the plate, and 
would be coaxial with the stud if there was not any orientation error. However, 
the plate–stud subassembly is shown with its allowable orientation error. In the 
figure on the right, the surface of the mating part is flush with the surface of the 
plate, but the stud and clearance hole are not coaxial with one another. The fit 
between the stud and clearance hole is not as predicted, as there is a virtual inter-
ference that was not accounted for in the fit tables. The scenarios shown in the 
middle and bottom rows of Figure 19.4 represent potential failure modes for the 
assembly. To repeat, it is essential that the orientation and location error allowed 
by tolerances controlling orientation and location are included in the calculations 
for limits and fits. Refer to Chapter 18 for more information on floating and fixed 
fastener calculations.

FIgure 19.3 Mating part: with tolerance class symbol and zero orientation at MMC.
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FIgure 19.4
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20 Form Tolerances in 
Tolerance Stackups

Form tolerances are not included in most linear tolerance stackups. In most 
cases, the form of features in the chain of dimensions and tolerances has little or 
no effect on the result of the tolerance stackup, as a feature’s form tolerance is 
almost always smaller than its location tolerance. The tolerance stackup problem 
is idealized, and these tolerances are not included in the chain of dimensions and 
tolerances. Usually there is little risk in omitting form tolerances from the toler-
ance stackup.

The location of features is typically the most important characteristic of fea-
tures in linear tolerance stackups, which is why position and profile tolerances are 
more commonly included in tolerance stackups than form tolerances.

The orientation of features may also be important, but orientation tolerances in 
tolerance stackups are also not as common as location tolerances; whether orien-
tation tolerances are included in the chain of dimensions and tolerances is deter-
mined on a case-by-case basis. Even though they are usually far less important 
than location tolerances in tolerance stackups, orientation tolerances are typically 
more important than form tolerances in tolerance stackups.

The reason that form tolerances are of less concern in linear tolerance stack-
ups is because most tolerance stackups are done to find a minimum or maximum 
distance and in the majority of cases the form or shape of a feature has little to no 
effect on the distance being studied. As stated above, the location of features in 
the tolerance stackup has the greatest effect on the distance being studied. This 
is because when features in the tolerance stackup are located at extreme posi-
tions within their tolerance zones, they have the greatest effect on the distance 
being studied—the worst-case distance is seen when the features in the tolerance 
stackup are at their worst-case locations. Again, usually their form has little or no 
effect on this worst-case condition.

However, form tolerances may play a role in tolerance stackups. As stated ear-
lier, their effect in most cases is probably miniscule, but in some cases variation 
in the form of a feature can have a dramatic effect on the tolerance stackup. For a 
form tolerance to have a significant effect on a tolerance stackup, the form of one or 
more features in the chain of dimensions and tolerances must vary in a particular 
way. To put it in different terms, the form of a surface will only affect the tolerance 
stackup if its form varies a particular way. In many cases, similar variation must 
occur on the mating surfaces of mating parts to see the worst-case condition.



418 Mechanical Tolerance Stackup and Analysis, Second Edition

dAtum FeAture Form tolerAnces

Datum features, like all features, must be toleranced if a part is to be completely 
defined. Their allowable variation must be quantified.

As primary datum features are independent and the basis of all subsequent fea-
ture relationships, they are typically not toleranced relative to other features (all 
other features are toleranced relative to them). A form tolerance is most often applied 
to primary datum features that are not features of size, such as planar features.

Planar primary datum features are usually toleranced using flatness. Multiple 
coplanar or offset parallel planar surfaces are usually toleranced using profile of 
a surface. Curved or contoured surfaces (single or multiple surfaces) are usually 
toleranced using profile of a surface as well. Primary datum features of size may 
also have form tolerances applied, such as cylindricity or straightness, but such 
form tolerances will probably not affect the result of a tolerance stackup.

The form tolerance applied to primary datum features may be included in toler-
ance stackups if it contributes to the total possible variation between the features 
being studied. Where parts are functionally dimensioned and toleranced, planar 
mating surfaces are commonly specified as primary datum features. The form 
tolerances applied to each mating surface should be considered if the interface is 
part of the tolerance stackup. This is due to the difference between the method 
used to simulate the primary datum feature at inspection and the geometry of the 
actual parts at assembly.

When a primary planar datum feature is simulated in inspection, an “ideally 
flat” surface is used as the datum feature simulator. Certain “high points” of the 
as-produced datum feature contact corresponding points on the datum feature 
simulator. The form of the surface is measured relative to the datum feature simu-
lator or simulated datum, which is the tangent plane along the surface of the 
datum feature simulator.

In assembly, the as-produced part with its planar primary datum feature is 
mounted against another as-produced part. It is unlikely that the same high points 
on the surface will contact the corresponding high points on the mating part’s pri-
mary datum feature surface. Therefore, the part may not sit in the same location 
or orientation against the mating part as it did against the datum feature simulator. 
When there is no load applied to the interface, the maximum amount of this dif-
ference in location is equivalent to the form tolerance specified for the feature.

Form and orientation tolerances applied to secondary and tertiary datum fea-
tures may also be considered in tolerance stackups where applicable. They are 
treated similarly to the primary datum features described above, except their con-
dition is slightly more complex because they are located and/or oriented to higher 
precedence datums.

Form tolerances can affect the result of a tolerance stackup in two ways:

As translational variation only, such as where parts are very rigid or •	
where they are not subjected to forces that may deform the interfacial 
surfaces at assembly
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As rotational variation projected out to a linear displacement, such as •	
where thin-walled or sheet metal parts are subjected to loads that may 
deform the interfacial surfaces at assembly and the rotational displace-
ment causes other features on the parts to deform

Both of these scenarios are discussed in detail in the following material. For 
the worst-case error to occur, both scenarios require somewhat improbable com-
binations of geometric form error on both mating surfaces, but it is important to 
understand how form tolerances may affect a tolerance stackup. It is the toler-
ance analyst’s responsibility to decide whether to include these tolerances in the 
tolerance stackup, so it is critical that the tolerance analyst understands how form 
tolerances may play a role in tolerance stackups.

Form tolerAnces treAted As AddIng 
trAnslAtIonAl vArIAtIon only

The parts shown in Figure 20.1 mate along planar surfaces. Detail drawings with 
dimensions and tolerances of these parts can be seen in Figures 20.2 and 20.3. If 
we use the techniques learned earlier in this text to perform a tolerance stackup 

FIgure 20.1 Form tolerances: translation assembly.

FIgure 20.2 Form tolerances: upper part drawing (FT2).
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between the upper and lower surfaces, the chain of dimensions and tolerances 
starts at the upper surface (marked point A) and passes through the interface and 
down to the lower surface (marked point B). The tolerance stackup sketch for this 
problem can be seen in Figure 20.4, and the associated tolerance stackup report 
can be seen in Figure 20.5.

Using the techniques learned earlier in this text we see that the flatness toler-
ances specified for the datum feature A surfaces on each part are not included in 
the chain of dimensions and tolerances in the tolerance stackup sketch or the toler-
ance stackup report. The belief is that for all intents and purposes, the datum plane 

FIgure 20.3 Form tolerances: lower part drawing (FT3).

FIgure 20.4 Form tolerances: tolerance stackup sketch for FT1.
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FIgure 20.5 Form tolerances: tolerance stackup report for FT1.
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for each of the two surfaces will be the same plane. This is an oversimplification, 
as the problem has been idealized.

Remember, the variation allowed for all aspects of every feature on a part must 
be directly or indirectly defined. A flatness tolerance has been specified for each 
datum feature A surface to quantify how much its form can vary, to clearly state 
how flat it must be to pass inspection and still work at assembly. The flatness toler-
ance allows the surface to bow, to warp, to have any type of form error within its 
tolerance zone. In this example, each datum feature A surface must be flat within 
1 mm. The datum feature surfaces will not be perfectly flat, so the allowable form 
error must be stated.

A bit of review of basic GD&T is in order. To simulate primary datum plane A 
from datum feature A, a minimum of three points of contact are required between 
the datum feature and its datum feature simulator. Typically these three points 
are assumed to be the highest points on the surface, the three points that protrude 
farthest from the part. This is true for both parts. Figure 20.6 shows an imperfect 
as-produced part FT2 staged against its datum feature simulator, and Figure 20.7 
shows an imperfect as-produced part FT3 staged against its datum feature simu-
lator. The relationship between datum feature A and datum feature simulator A is 
shown along with the profile tolerance zone in both figures.

Notice that the high points of datum feature A contact the datum feature simu-
lator in Figures 20.6 and 20.7. Also notice that there are gaps where datum feature 
A does not touch the datum feature simulator.

Again from basic GD&T, the profile tolerance applied to the upper surface in 
the figures is basically related to datum plane A. At inspection, out of necessity 
the profile tolerance zone is related to simulated datum plane A, which is the tan-
gent plane along the high points of the datum feature simulator. For the sake of 
simplicity, we may assume this plane is the same plane as the plane along the high 

FIgure 20.6 Form tolerances: upper part with variation. As-produced part FT2 at 
inspection.
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points of the datum feature itself. This is a simplification, but it is often difficult to 
predict and quantify the potential mismatch between these two planes. In all but 
the most extreme cases this mismatch is insignificant. When the upper surface in 
Figure 20.6 is measured to determine if it lies within its profile tolerance zone, the 
profile tolerance zone is basically located from datum plane A. The upper surface 
is measured to determine if it is within the profile tolerance limits, which are from 
9 mm to 11 mm from datum plane A. The same is true for the mating part.

To ignore the form tolerance on these mating surfaces in a tolerance stackup 
requires that the same high points that contact the datum feature simulator contact 
the mating part at assembly. Remember the datum feature simulator is assumed to 
be perfect, perfectly flat in these examples. The datum feature A surfaces on the 
mating parts are not perfectly flat. In fact, the flatness tolerance has been speci-
fied to clearly state how much they can vary from perfectly flat. It is very unlikely 
that the form of the mating part surface will be as near perfect as the form of 
the datum feature simulator, and it is equally unlikely that the high points that 
contacted the datum feature simulator will contact the mating part. There will be 
some mismatch between the datum feature A surfaces of the as-produced parts 
at assembly—to be certain, the high points of the parts will probably not contact 
each other. This mismatch can be seen in Figure 20.8, where the two imperfect 
mating parts have been brought together.

For the form tolerance to have its full effect as a translational displacement in 
a linear tolerance stackup, the form error of both mating surfaces must be mirror 
images of one another, geometric inverses if you will. Consider the form of the 
as-produced datum feature A surfaces of the parts in Figures 20.6 and 20.7. The 
as-produced surfaces are shown with a sine-wave (sinusoidal) shape, with peaks 
and valleys at some interval. The peaks on one part align with the valleys on the 
mating part. As seen in Figure 20.8, the high points of the surfaces will not con-
tact each other when these parts are brought together at assembly. In this extreme 
example, the surface imperfections are the same and 180° out of phase with one 

FIgure 20.7 Form tolerances: lower part with variation. As-produced part FT3 at 
inspection.
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another. In this example, the as-assembled relationship of the features is 1 mm 
different than the as-inspected relationship of the features; the datum feature sur-
faces have nested or translated 1 mm within each other.

This can only happen when the form tolerance values are the same on both 
parts and the form error is such that the geometry of both surfaces align as shown. 
The same situation would happen if the form error of one mating surface was 
convex and the other was concave. In both cases, the high points that touched the 
datum feature simulator do not touch the high points of the mating part.

ProbabiliTy

It is important to realize that the form error shown in these examples is for three-
dimensional parts. To achieve the full amount of translational error possible 
between the as-assembled parts, the form error would have to have exactly the 
right shape in three dimensions, like the concave and convex example. The sinu-
soidal shape shown above would have to be three-dimensional as well, extending 
in both the X and Y directions along the entire interface.

In my opinion, it is very unlikely that this sort of variation is encountered in 
most mating part applications. The likelihood of this perfectly inverse form error 
occurring on both mating parts is very remote, close to zero. However, it is pos-
sible. As discussed in Chapter 8, which addresses statistics, again we are faced 

FIgure 20.8 Form tolerances: imperfect translation assembly with 1 mm flatness.
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with choosing between the possible and the probable. I also believe that the likeli-
hood of the high points of both mating surfaces contacting each other at assembly 
is also close to zero.

Form tolerAnces treAted As AddIng 
rotAtIonAl vArIAtIon

Form tolerances can also add to a tolerance stackup rotationally. The deforma-
tion of mating features during assembly may cause them to rotate, causing other 
features to rotate and translate in the direction of the tolerance stackup. This 
deformation is possible due to the form error of the mating surfaces and forces 
applied at assembly. The following example discusses the potential effect of the 
form tolerances applied to mating datum features.

Consider the assembly shown in Figure 20.9. Two parts are bolted together 
as an assembly, a brace assembly. The brace assembly consists of two parts and 
fasteners. Both parts are the same part (the half-brace) and bolted back to back. 
At the next higher level this assembly is assembled into a frame, as shown in 
Figure 20.10.

The clearance holes in the brace assembly must allow fasteners to pass through 
the clearance holes in the frame at final assembly. At first glance, this appears to 
be a floating fastener problem, as fasteners pass through clearance holes in both 
mating parts. However, the forces applied as the half-braces are bolted together 
may deform the parts, adding to the positional tolerance applied to the holes on 
the detail drawing. The detail drawing for the half-brace is shown in Figure 20.11. 
For this example, assume the half-brace is a stamped part.

The half-brace has been toleranced to match its function. The primary datum 
feature (datum feature A) is the mounting surface between the half-braces at 
assembly. A 2-mm flatness tolerance has been specified for this surface; accord-
ing to the manufacturing engineer, this is as tight as the manufacturing process 

FIgure 20.9 Form tolerances: brace assembly.
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can reliably hold. The designer wanted to hold this surface within a tighter flat-
ness tolerance, but the process can not be improved. The ∅12.5 ± 0.5 holes in the 
side flanges mate with holes in the frame and must allow M10 bolts to pass, as 
shown in Figure 20.10. The 2-mm positional tolerance applied to the holes in the 
side flanges of the half-brace also reflects the process capability limits and cannot 
be any tighter.

A tolerance stackup shall be done to determine the total location tolerance of 
the ∅12.5 ± 0.5 holes in the half-brace assembly. The holes were sized using the 
floating fastener formula. If the formula was valid in this application, the worst-
case assembly would allow M10 bolts to pass. However, in this application, the 
flatness tolerance applied to datum feature A of the half-braces affects the loca-
tion of the holes by adding rotational variation to their location. The tolerance 
stackup will show that the holes must be much larger to allow fasteners to pass.

Figures 20.12 to 20.17 show how the flatness tolerance applied to the half-
braces affects the location of the holes during the assembly process.

FIgure 20.10 Form tolerances: brace assembly installed in frame.



Form Tolerances in Tolerance Stackups 427

An imperfect as-produced half-brace is shown in Figure 20.12. All features 
on the part are within tolerance. Datum feature A is shown convex with maxi-
mum form error, completely bowed within its 2-mm flatness tolerance zone. The 
form error is such that the edges of the datum feature A surface are 2 mm above 
the middle of the surface. The part is stabilized on the datum feature simulator, 
and each side is adjusted or shimmed until the variation of datum feature A is 
approximately equal on both sides. Notice that there is a gap between the datum 
feature and the datum feature simulator on both sides. When the parts are fas-
tened together at assembly, these gaps will close, and the parts will deform.

The flatness tolerance applied to each datum feature A surface creates a toler-
ance zone that consists of two parallel planes 2 mm apart. All points of the sur-
face must lie within this tolerance zone. The form error of the surface may take 
on any form, be it sinusoidal, concave, convex, vee-shaped, or jagged; all that is 
required is that all points of the surface are within the form tolerance zone. For 
this example the form error of the surface is convex. It is assumed that the form 
error is uniformly distributed across the surface. Because the bolt holes are not 
at the edges of the surface, the surface is assumed to have convex form error, the 
mating surfaces will be pulled together at the bolt holes, and the full 2-mm flat-
ness tolerance value will not be used in the calculations. As will be shown, the 
approximate form error of datum feature A at the bolt holes is only 1.0577 mm. If 
the surface was produced with a different form error, e.g., vee-shaped, the approx-
imate value of the form error at the bolt holes would be larger, approximately 1.45 

FIgure 20.11 Form tolerances: half-brace detail.
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mm. For our calculations, however, we will use the 1.0577 form error from the 
convex form error.

Two imperfect as-produced half-braces are shown at assembly in Figure 20.13. 
The fasteners have been inserted but have not yet been tightened. Axial loads will 
pull the half-braces together as the fasteners are tightened. For the sake of this 
example, it is assumed the bolt forces bring the mating surfaces together at the 
bolts—the distance between the bolt holes and their relationship to the middle 
of datum feature A will be used in the calculations. As seen in Figure 20.13, the 
∅12.5 ± 0.5 holes in each pair of side flanges are approximately 240 mm apart 
before the bolt forces are applied. The bolt forces will pull the mating surfaces 
together, closing the gap on both sides of the interface. These gaps are the sum of 
each pair of 2-mm flatness tolerances on the interfacial surfaces.

It will also be assumed that the parts deform in a uniform manner. The defor-
mation between the point of contact on datum feature A and where the bolt forces 
are applied will cause the part features farther out to rotate uniformly, as if that 
portion of the part were rigid.

Figure 20.14 shows the half-brace assembly after the bolts have been tightened. 
The axial loads have pulled the mating surfaces together, and the side flanges 
have rotated inward a corresponding amount.

As the mating surfaces of the half-braces are deformed, they cause the edges of 
the interfacing surfaces and side flanges to rotate through an angle. It is relatively 
easy to calculate this angle, and just as easy to determine the amount this rotation 
affects the holes in the side flanges. This problem will be solved in the same man-
ner as in Chapter 15, which used like triangles to convert the rotation of one set of 
features into the linear translation of another set of features. Figure 20.15 shows an 

FIgure 20.12 Form tolerances: half-brace with variation.
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FIgure 20.13 Form tolerances: imperfect brace assembly (before loading).

FIgure 20.14 Form tolerances: imperfect brace assembly (after loading).
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enlarged detail view of the half-brace against datum feature simulator A. In this 
example, datum feature A of each half-brace may deviate 1.0577 mm, which is the 
height of the form error at the bolt holes. Again it is assumed that when the bolts 
are tightened, each surface will be pulled through the gap until the gap is closed 
and the surfaces touch. It is also assumed the gap will close along the centerline of 
the bolts, which is where the forces are applied. The triangle shown in Figure 20.15 
represents the amount each half-brace will rotate as the bolts are tightened. One 
last assumption is that the bolt forces are large enough to fully close the gaps.

Using like triangles, the angle of rotation about datum feature A will be pro-
jected out to the ∅12.5 ± 0.5 holes in the side flanges. Triangle 1 represents the 
variation in datum feature A: X1 is the horizontal distance from the point of con-
tact at the center of datum feature A to the axis of the bolt holes; Y1 is the vertical 
height of the gap at the centerline of the bolts allowed by the flatness tolerance 
on datum feature A. Triangle 2 in Figure 20.16 has the same angle as triangle 
1. X2 on triangle 2 is the horizontal distance from the center of datum feature A 
to the outside of the side flanges, which is 328 mm (325 basic to inside edge + 3 
mm stock thickness to outside edge). The problem is solved for the Y2 distance, 
which represents the linear translation created by projecting the rotation of datum 
feature A.

FIgure 20.15 Form tolerances: enlarged view with triangle 1.
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Using like triangles, the value of Y2 is 4.34 in Figure 20.16. Remember, this 
is the variation found in one half-brace. This variation would be added to the 
tolerance stackup twice, once for each part, as both parts would deform the same 
in this scenario. Figure 20.17 shows that the as-assembled worst-case distance 
between the ∅12.5 ± 0.5 holes in the side flanges has been reduced by 2 * 4.34 
= 8.68 mm worst case! This is only a function of the deformation of the datum 
feature A surfaces and does not include the positional tolerance applied to the 
holes in the side flanges. If the as-produced shape of the mating datum feature A 
surfaces was different, such as vee-shaped or wedge-shaped, the variation would 
be larger. In fact, with vee-shaped geometry the distance between the holes in 
side flanges would be 11.82 mm worst case.

A comment is in order here about rigid versus nonrigid parts: in many applica-
tions, 3 mm thick sheet metal parts as shown in this example are treated as rigid 
parts, at least from a dimensioning and tolerancing point of view. If the half-
braces were treated as nonrigid parts and inspected with forces that approximated 
the bolt loads encountered at assembly, much of the potential problem described 
above would disappear. There would still be potential for error as there would be 
a difference between the near perfect form of the datum feature simulator and 
the imperfect mating part, but the overall effect form tolerances would be much 

FIgure 20.16 Form tolerances: like triangles projecting the rotation out to the side 
flanges.
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less severe, as the inspection method would more closely match the as-installed 
condition of the parts.

Typically when the effect of form tolerances in tolerance stackups is treated as 
adding rotational variation there are assembly forces involved, that is, the form 
tolerances are applied to mating surfaces that are subjected to loading and defor-
mation at assembly. This is not always the case, but it is the most likely scenario 
in most mechanical assemblies.

An example of where interfacial surfaces are not loaded and rotational varia-
tion is possible can be seen in your kitchen cabinet. If you consider a stack of 
bowls and the interface between each pair of bowls, you will see that the upper 
bowl can rotate within the bowl beneath it. If a tolerance stackup was done to 
determine the height of the stack of bowls, this rotation would affect the result. 
This is more a function of the geometry of the mating surfaces than the form tol-
erances applied to them, but it provides an example of geometry where rotation is 
possible without loading. Another similar geometric example is a pair of spheri-
cal washers, which are used to level equipment during installation.

Tolerance stackups where form tolerances are treated as adding translational 
variation only are usually only subjected to the force of gravity, which does not 
appreciably deform the parts in most assemblies. It is also the same force the part 
was subjected to when it was inspected, so there should not be a difference at 
assembly due to gravity.

The translational variation caused by form tolerances acts in one direction in 
the example shown in Figures 20.1 to 20.8. When treated as purely translational 
tolerances, the form tolerances shown in the first example only serve to reduce 
the distance between the surfaces under consideration. Given the geometry of 
the rotational example shown in Figures 20.9 to 20.17, tightening the bolts is far 
more likely to move the side flange holes closer together than farther apart. It is 
also possible, however, that if the form error of the datum feature A surfaces was 

FIgure 20.17 Form tolerances: brace assembly after loading with dimensions.
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concave instead of convex, the surfaces would rotate outward while the bolts were 
fastened (see Figure 20.18). It is possible that the placement of the bolt holes out 
near the edges of the datum feature A surface could reduce any potential rota-
tional displacement outward caused by tightening the bolts. If the bolts that tight-
ened the half-braces together were only located at the middle of the datum feature 
A surface, it would be far more likely that the rotational displacement would only 
move the holes outward. This can be seen in Figure 20.19.

FIgure 20.18 Form tolerances: half-brace with concave form error.

FIgure 20.19 Form tolerances: brace assembly with concave form error (before 
loading).
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ProbabiliTy

As with the translation-only example, it is important to realize that the form error 
shown in these examples is for three-dimensional parts. To encounter this rota-
tional error between the as-assembled parts, the form error would have to have 
exactly the right shape in three dimensions. The entire mating datum features of 
both parts would have to be bowed in exactly the right manner.

In my opinion, it is unlikely that the full effect of this sort of variation is encoun-
tered in most mating part applications. The likelihood of the full effect of this 
form error occurring on both mating parts is very remote. However, it is possible. 
It is very likely that the same or similar form error would be seen in mating parts 
where both parts are the same part as in this example. If the stamping die used 
to make the parts was warping datum feature A and both parts were produced in 
sequence from the same production run, the form of datum feature A on both parts 
would probably be very similar. Whether the form error of datum feature A was 
at this worst-case extreme is another issue, and much less likely. As in Chapter 8, 
again we are faced with choosing between the possible and the probable.

Determining whether to treat the form tolerance as adding translational or 
rotational variation, and how to include it in the tolerance stackup presents us 
with a problem. There are four factors to consider:

Whether form tolerances should be included in the tolerance stackup•	
Whether the variation allowed by form tolerances should be treated as •	
translation or as rotation
How to include the form tolerances in the tolerance stackup•	
How to quantify the potential effect of the form tolerances•	

Whether Form tolerAnces should be 
Included In the tolerAnce stAckup

Whether a form tolerance is included in a tolerance stackup is left to the discretion 
of the tolerance analyst. As stated earlier, the likelihood of both surfaces being 
perfectly misshapen is very remote. This improbability may lead the tolerance 
analyst to omit the form tolerances from the tolerance stackup. The likelihood of 
the high points of both surfaces aligning and touching is also very remote. This 
may lead the tolerance analyst to include the form tolerances in the tolerance 
stackup. The decision ultimately must be based on the sensitivity of the design, 
understanding of the manufacturing process and the risk associated with includ-
ing or not including the form tolerances in the tolerance stackup.

There is risk on both sides. If the form tolerances are not included in the chain 
of dimensions and tolerances, and some mismatch occurs at assembly, there may 
be greater variation in a critical distance than predicted by the tolerance stackup. 
Likewise, if the form tolerances are included in the chain of dimensions and toler-
ances and no mismatch occurs at assembly, there may be less variation in a criti-
cal distance than predicted by the tolerance stackup.
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Generally speaking, form tolerances are less likely to add translational error 
than rotational error to a tolerance stackup. In Figures 20.1 to 20.8 the variation 
allowed by form tolerances is treated as purely translational. It is assumed in 
these examples that the mismatch between the datum features at assembly acts 
purely in the direction of the tolerance stackup, and that the simulated datum 
planes remain parallel but separated. To state it in different terms, the datum 
reference frames of the parts are assumed to remain parallel but shifted by the 
amount of the form tolerance. This can be seen as the distance between simu-
lated datum plane A on part FT2 and simulated datum plane A on part FT3 in 
Figure 20.8.

It is also possible that the variation allowed by form tolerances may result in 
rotational error, that is, that the mismatch between the datum reference frames 
on the mating parts are at an angle to one another rather than being parallel. As 
shown in the material covering rotation of parts within the tolerance stackup in 
Chapter 15, rotational error can be much greater than translational error when 
projected over a distance.

Whether the vArIAtIon AlloWed by Form tolerAnces 
should be treAted As trAnslAtIon or As rotAtIon

As stated in the previous section, the variation allowed by form tolerances may 
be treated as translation or as rotation. It requires a lot of factors to be in place for 
either case to affect a tolerance stackup, such as matching geometric imperfection 
in both mating parts.

Most likely the mismatch between parts will be a combination of translation 
and rotation. Given the fact that we don’t have the time to play around with a 
tolerance stackup and try 1000 iterations with different combinations of trans-
lation and rotation, it is likely that our best attempt would be to solve a toler-
ance stackup once using translation and once using rotation. The sort of iteration 
required to get a feel for the most likely worst-case combination of translation and 
rotation is handled well by 3D statistical tolerance modeling programs such as 
vis-VSA, 3DCS and CETol. Once the data is entered, these programs run a series 
of iterations that address many, many translational and rotational possibilities. 
This is very difficult for a person to do, but it is very easy for a computer program. 
However, these programs only offer statistical results, so the problem should be 
solved linearly if a worst-case result is needed.

It is possible to solve the tolerance stackup twice if desired, by treating the 
allowable form error as translational in one study and rotational in another. This 
approach is similar to the approach taken in Chapter 15.

Form tolerances treated as adding purely translational variation in tolerance 
stackups only serve to reduce the overall gap or distance being studied—they act 
in one direction only. Form tolerances treated as adding rotational variation in 
tolerance stackups may act only in one direction, or they may act in both the posi-
tive and negative directions, depending on the geometry of the parts.
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hoW to Include Form tolerAnces 
In the tolerAnce stAckup

Look again at Figure 20.8, which shows the assembled imperfect, as-produced 
parts from the first example. Notice that there is a 1-mm mismatch between datum 
A for both parts; if the surfaces were perfectly flat, they would not be able to nest 
within each other, and there would be no difference between how the features were 
inspected and how they assemble. This 1-mm mismatch is due to the flatness toler-
ances specified for the surfaces. With careful consideration, we see that the most 
these two flatness tolerances can add to the tolerance stackup is 1 mm total. This 
is because the most either datum feature can be displaced from its location against 
the datum feature simulator is the amount of its form tolerance. Furthermore, 
since both datum feature flatness tolerances are the same value (1 mm), the total 
amount both flatness tolerances add to the tolerance stackup is 1 mm.

In fact, in cases where the flatness tolerances on both mating surfaces are not 
equal, the amount added to the tolerance stackup is the smaller of the two flatness 
tolerances. This can be seen in Figures 20.20 to 20.24. Even though the flatness 
tolerance on datum feature A on part FT20 is 1 mm, it is not possible for the 
datum feature to translate the full 1 mm at assembly because the flatness toler-
ance on the mating part in Figure 20.22 is smaller. The most the datum feature 
can be displaced is limited to the smaller 0.5-mm flatness tolerance specified for 
the mating surface.

The effects of the form tolerance on each part are considered together where 
the form tolerance is treated as adding translational variation only. The effect of 
the mating form tolerances is only added once to the tolerance stackup.

The effects of the form tolerances on each part are considered independently 
in cases where the tolerances are treated as adding rotational variation. The effect 
of each mating form tolerance is added to the tolerance stackup.

Depending on the geometry of the mating surfaces and how the form toler-
ance is treated, the form tolerance may only affect the tolerance stackup in one 
direction, or it may affect the tolerance stackup in both the positive and negative 
directions. If the form tolerance is treated as adding translational variation only, it 
can only reduce the tolerance stackup result. In that case the effect of the form tol-
erance is only seen in the negative direction. In such cases a negative dimension 

FIgure 20.20 Form tolerances: upper part FT20 drawing (same as FT2).
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FIgure 20.21 Form tolerances: upper part FT20 with variation (same as FT2).

FIgure 20.22 Form tolerances: lower part FT22 drawing with 0.5 flatness.

FIgure 20.23 Form tolerances: lower part FT22 with 0.5 flatness with variation.
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is added on the same line as the equal-bilateral equivalent form tolerance in the 
tolerance stackup report. The form tolerance is numbered as it is encountered 
in the chain of dimensions and tolerances in the tolerance stackup sketch, and a 
negative sign is placed adjacent to its item number to highlight that it acts in the 
negative direction. Form tolerances that only affect the tolerance stackup in one 
direction are treated differently than other geometric tolerances, as is evidenced 
by the negative dimension and the negative sign associated with the tolerance’s 
item number. An example can be seen in Figures 20.25 and 20.26. See the follow-
ing material for more detailed instructions.

ForM Tolerances TreaTed as addinG TranslaTional VariaTion only

Form tolerances treated as adding translational variation only are included in the 
tolerance stackup as follows:

If the form tolerances of the mating surfaces are the same value:•	
Only one of the form tolerances on the mating surfaces should be •	
included in the tolerance stackup.
Convert the form tolerance to its equal-bilateral equivalent. (Divide •	
the form tolerance value by 2.)
Enter the equal-bilateral form tolerance into the tolerance stackup •	
report as it is encountered in the chain of dimensions and tolerances.
Enter a zone shift value in the negative direction dimension column •	
equal to the equal-bilateral form tolerance. The zone shift is entered 
on the same line as the form tolerance in the tolerance stackup report. 
Because the form tolerances only act in the negative direction and 
the form tolerance has been converted to an equal-bilateral format, 
a zone shift of half the total form tolerance value is included in the 
tolerance stackup. This is done by adding the zone shift value in the 
negative column.

FIgure 20.24 Form tolerances: imperfect translation assembly with 0.5 flatness.
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Figure 20.25 shows a tolerance stackup sketch and Figure 20.26 shows a toler-
ance stackup report for parts FT2 and FT3.

If the form tolerances of the mating surfaces are not the same value:•	
Only one of the form tolerances on the mating surfaces should be •	
included in the tolerance stackup.
Use the smaller form tolerance value in the tolerance stackup.•	
Convert the smaller form tolerance to its equal-bilateral equivalent. •	
(Divide the form tolerance value by 2.)
Enter the equal-bilateral form tolerance into the tolerance •	
stackup report as it is encountered in the chain of dimensions and 
tolerances.
Enter a zone shift value in the negative direction dimension column •	
equal to the equal-bilateral form tolerance. The zone shift is entered 
on the same line as the form tolerance in the tolerance stackup report. 
Because the form tolerances only act in the negative direction and 
the smaller form tolerance has been converted to an equal-bilateral 
format, a zone shift of half the total smaller form tolerance value is 
included in the tolerance stackup. This is done by adding the zone 
shift in the negative column.

FIgure 20.25 Form tolerances: tolerance stackup sketch for FT1 with form tolerance 
included.
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FIgure 20.26 Form tolerances: tolerance stackup report for FT1 with form tolerances.
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Figure 20.27 shows a tolerance stackup sketch and Figure 20.28 shows a toler-
ance stackup report for parts FT20 and FT22.

ForM Tolerances TreaTed as addinG roTaTional VariaTion

Form tolerances treated as adding rotational variation are included in the toler-
ance stackup as follows:

If the rotational variation allowed by the form tolerance acts in one •	
direction only:

The effect of the form tolerances applied to both mating surfaces •	
should be included in the tolerance stackup.
The rotational variation allowed by the form tolerance applied to •	
each surface must be calculated.
The projected linear displacement allowed by the rotational varia-•	
tion should be calculated using like triangles for the form tolerance 
applied to each surface. (Use the techniques described earlier in 
this chapter.)
Convert each projected linear displacement to its equal-bilateral •	
equivalent. (Divide the projected linear displacement value by 2.)

FIgure 20.27 Form tolerances: tolerance stackup sketch for FT20 and FT22 with form 
tolerance included.
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FIgure 20.28 Form tolerances: tolerance stackup report for FT20 and 22 with form tolerances.
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Enter the equal-bilateral equivalent for both form tolerances into the •	
tolerance column in the tolerance stackup report as they are encoun-
tered in the chain of dimensions and tolerances.
Add a zone shift value on the same line in the tolerance stackup •	
report as the form tolerance as follows:

If the projected linear translation allowed by the form tolerance  −
makes the considered gap or distance smaller, enter the zone 
shift value in the negative direction dimension column. The 
zone shift value is equal to half the value of the projected linear 
translation. Because the form tolerances only act in the negative 
direction and the form tolerance has been converted to an equal-
bilateral format, a zone shift of half the total form tolerance 
value is included in the tolerance stackup. This is done by enter-
ing the zone shift in the negative direction dimension column.
If the projected linear translation allowed by the form tolerance  −
makes the considered gap or distance larger, enter the zone shift 
value in the positive direction dimension column. The zone shift 
value is equal to half the value of the projected linear translation. 
Because the form tolerances only act in the positive direction 
and the effect of the projected linear displacement has been con-
verted to an equal-bilateral format tolerance, a zone shift of half 
the projected linear displacement value is included in the toler-
ance stackup. This is done by entering the zone shift in the posi-
tive direction dimension column.

Figure 20.29 shows a tolerance stackup sketch and Figure 20.30 shows a tolerance 
stackup report for the brace assembly FT9. In this example, the form tolerances are 
assumed to only make the distance between the holes in the side flanges smaller.

If the form tolerances were assumed to only make the distance between the 
holes in the side flanges larger, the zone shifts would be entered in the positive 
dimension column.

If the rotational variation allowed by the form tolerance acts in both the •	
positive and negative directions:

The effect of the form tolerances applied to both mating surfaces •	
should be included in the tolerance stackup.
The rotational variation allowed by the form tolerance applied to •	
each surface must be calculated.
The projected linear displacement allowed by the rotational varia-•	
tion should be calculated using like triangles for the form tolerance 
applied to each surface. (Use the techniques described earlier in 
this chapter.)
The projected linear displacement is used as its equal-bilateral •	
equivalent. (This is because the projected linear displacement can 
act in both the positive and negative directions.)
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Enter the equal-bilateral equivalent into the tolerance column in the •	
tolerance stackup report as it is encountered in the chain of dimen-
sions and tolerances. (A zone shift is not required if the effect of the 
form tolerance allows the same variation in both the negative and 
positive directions.)

Figure 20.31 shows a tolerance stackup sketch and Figure 20.32 shows a toler-
ance stackup report for the brace assembly FT9. In this example, the form toler-
ances are assumed to act in both the negative and positive directions, making the 
distance between the holes in the side flanges smaller and larger.

It is a good idea to explain how the form tolerance variation was treated by 
adding a note to the tolerance stackup report in the Notes or Assumptions block. 
This is critical for anyone interpreting the tolerance stackup report. The tolerance 
analyst should state whether the form tolerance was treated as adding translational 
or rotational variation, and if the form tolerance affects the tolerance stackup in 
one direction or in both the positive and negative directions.

hoW to quAntIFy the potentIAl 
eFFect oF the Form tolerAnces

Again we are faced with the dilemma of determining how much a tolerance is 
likely to contribute to a tolerance stackup. At one extreme lies the worst case. 
Regardless of probability (or improbability), all of the dimensions and tolerances 
in the chain of dimensions and tolerances are assumed to be at their worst-case 
value, which leads to a worst-case result. At the other extreme is assuming that 
all of the dimensions will be at their nominal values. Obviously that makes no 

FIgure 20.29 Form tolerances: tolerance stackup sketch for FT9 with form tolerances 
in one direction.
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FIgure 20.30 Form tolerances: tolerance stackup report for FT9 with form tolerances.
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sense. Root-sum-square and adjusted root-sum-square were presented as statisti-
cal options that approximate the probabilistic result provided a certain set of fac-
tors are in place.

Regardless of whether the worst-case, root-sum-square, adjusted root-sum-square, 
Monte Carlo, or other statistical methods are used, the tolerance analyst may still not 
want to include the full amount of the form tolerance value in the tolerance stackup. 
This reluctance may be due to understanding how unlikely it is for the mating surfaces 
to have exactly the right form error. In fact, you will notice that form tolerances are 
not included in the tolerance stackups presented in the other chapters of this text.

Although form tolerances are possible contributors to tolerance stackups, in 
many applications they probably play a very small role. If it is decided that the 
potential variation allowed by a form tolerance must be included in the tolerance 
stackup, one of two choices is available: the full possible variation may be added 
to the tolerance stackup as described earlier in this chapter, or the possible varia-
tion may be reduced, multiplied by a factor less than 1 that represents the tolerance 
analyst’s best guess as to the probability of actually encountering the variation.

recAp

Form tolerances may add variation to tolerance stackups. The form tolerance may 
be treated as adding translational variation only, or as adding rotational variation. 
If it is desired to split the form tolerance variation into some combination of transla-
tional and rotation components, it is suggested that the problem be solved using 3D 
statistical modeling software instead of modeling the tolerance stackup manually.

The variation from form tolerances that is treated as adding translational vari-
ation only is calculated differently than the variation that is treated as adding 

FIgure 20.31 Form tolerances: tolerance stackup sketch for FT9 with form tolerances 
in both directions.
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FIgure 20.32 Form tolerances: tolerance stackup report for FT9 with form tolerances in both directions.
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rotational variation. Depending on the geometry of the parts in the tolerance 
stackup, the form tolerance variation may affect the tolerance stackup in one 
direction only, or it may affect the tolerance stackup in both the positive and 
negative directions.

The effects of form tolerances are added to the tolerance stackup report as 
described earlier in this chapter. A zone shift value is added to the tolerance 
stackup where form tolerances only affect the tolerance stackup in one direction.

The full amount of the possible variation may be added to the tolerance 
stackup, or the amount may be reduced if desired to reflect the improbability of 
its occurrence. Or, alternatively, the variation allowed by the form tolerance may 
be discounted altogether and excluded from the tolerance stackup. These deci-
sions should be made by the tolerance analyst.

It is a good idea to explain how the form tolerance variation was treated by add-
ing a note to the tolerance stackup report. This includes whether the form toler-
ance was treated as adding translational or rotational variation and if it affects the 
tolerance stackup in one direction or both the positive and negative directions.

The form of a surface may also be controlled by an orientation or a profile 
tolerance. These tolerances and their effect on the form of a surface may be the 
same as a flatness tolerance as shown in this chapter. Consequently, if desired, 
the form error allowed by orientation and profile tolerances may be included in a 
tolerance stackup similar to the methods presented in this chapter. Remember, the 
probability of as-produced parts having the exact form error required to generate 
the worst-case conditions is usually very low, so the tolerance analyst must decide 
if the effects of form error should be included in the tolerance stackup, and if so, 
how much should be included.
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21 3D Tolerance Analysis, 
3D Tolerance Analysis 
Software, and 
Introduction to Six 
Sigma Concepts

This chapter presents a general discussion of three-dimensional (3D) tolerance 
analysis, focusing first on the general aspects of 3D analysis, when to use it ver-
sus linear 1D or 2D analyses, pros and cons, and finishes with a lengthy section 
discussing 3D tolerance analysis software. Note that all the tolerance analyses 
explained and performed in this book are, in fact, analyzing more than just the 
effects of tolerances. Assembly shift and other variables also affect the varia-
tion between as-assembled components of as-produced parts. The 3D tolerance 
analysis software discussed in this chapter is Sigmetrix’s CETOL 6 Sigma soft-
ware. Additionally, a short introduction to some of the statistical concepts and 
statistical process control concepts behind Six Sigma tolerancing applications 
is included.

When dealing with complex product geometry, understanding the geometric 
relationships and the variation possible within the system can be a formidable 
challenge. Initially, it may be difficult just to understand the geometric relation-
ships between parts and features. This is especially likely if the analyst is not 
the person who designed the product. Regardless of who is doing the analysis, 
however, it is an even greater challenge to understand the ways variation may 
manifest itself and accumulate in the system being studied. Modeling complex 
variation is often a daunting task, requiring significant simplification just to get it 
into the analysis. While the linear analytical methods presented in the rest of this 
book work well for most geometric problems, some geometric problems are just 
too complex for linear analysis and are handled best by true 3D analysis.

If you need to perform a true 3D tolerance analysis, it is best to do it using 
software tools developed specifically for that purpose. Commercial 3D tolerance 
analysis modeling software has been available in various forms for more than 
twenty years. Early on the tools were largely driven by programming, requiring 
the user to develop relationships explicitly using code in FORTRAN or other lan-
guages. This was a very abstract exercise, and required tremendous visualization 
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and programming skills to do it well. Today, these tools have matured; they are 
much more powerful and much easier to use. There are several software-based 
tools available in the market today, each with specific benefits.

Properly used, 3D tolerance analysis software provides a more realistic model 
of variation, especially for complex systems. As with linear analyses, variation 
may be modeled as rotation or translation. However, unlike linear analyses, 3D 
tolerance analysis software models the combined probabilistic effects of rotations 
and translations simultaneously, allowing a single model to reflect a combination 
of geometric effects. And these 3D tolerance analysis systems do not require the 
variation to be modeled using different techniques for translation or rotation; the 
software manipulates the same model automatically behind the scenes to obtain a 
combination of translational and rotational results. The tolerance analyst merely 
has to make sure that they build the feature tolerance relationships, assembly rela-
tionships and the overall tolerance model correctly. Thus, 3D tolerance analysis 
is a very powerful tool. However, like all analytical simulation tools, these tools 
have their pros and cons.

Some of the benefits of 3D tolerance analysis modeling tools are

The tolerance stackup may be modeled with far fewer assumptions than •	
with traditional linear analyses, which means the analysis may be a more 
accurate representation of probable variation that will be encountered in 
an actual assembly.
The effects of rotation(s) are more easily modeled.•	
The effects of multiple, successive rotations are more easily modeled—•	
the effects of multiple rotations can be very difficult to visualize and 
model manually.
It is much easier to derive a result that combines translational and rota-•	
tional data.
It is easier to integrate/combine different types of distributions (statisti-•	
cal, normal, skewed, uniform).
Dimensions may be extracted from the 3D model, alleviating the need to •	
enter dimensional data into the tolerance stackup (this of course requires 
3D models and for features and feature relationships to be modeled 
correctly).
It provides the ability to model complex geometric relationships without hav-•	
ing to develop potentially complex trigonometric relationships manually.
Properly modeled 3D tolerance analyses allow the analyst to visualize •	
and understand the results of complex systems far better than linear 
analyses.
In a properly modeled 3D tolerance analysis, the data entered into the •	
analysis and the results are linked; any changes to the data in the model 
are reflected in the results, both graphically and numerically (this is sim-
ilar to the relationship between a solid model and a drawing based on 
that solid model in a modern CAD system).
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3D tolerance analysis software allows the results to be displayed graphi-•	
cally directly on the 3D model, potentially improving the analyst’s abil-
ity to visualize the affect of variation on the design.
3D tolerance analysis software allows for more powerful design optimiza-•	
tion than linear optimization. That is, it allows for a deeper understand-
ing of the variation and easier methods for optimization based on that 
understanding.

Some of the drawbacks of 3D tolerance analysis modeling tools are

The software costs more than linear analysis tools.•	
The software is more complex than simpler linear tools, such as Advanced •	
Dimensional Management’s Tolerance Stackup Software Toolset.
It can take longer to create a 3D model of a simple tolerance stackup than •	
a linear tolerance stackup.
3D tolerance analysis software may require 3D CAD models to run the •	
analysis, as some of the tools use the CAD geometry as the basis for the 
part and assembly geometry. This is extremely beneficial when 3D CAD 
models are available, but may require additional work to model parts 
and assemblies in cases where 3D CAD models are not available. Data 
for linear tolerance analyses can be easily obtained from drawing data 
and entered manually. With the prevalence of 3D CAD systems used for 
mechanical design today, unavailability of 3D CAD models should only 
be an issue when dealing with legacy (older) parts and assemblies cre-
ated prior to the adoption of 3D CAD systems, or if translation from one 
CAD system to another is unavailable.
In cases where a 3D tolerance analysis is desired but 3D models are not •	
initially available, the tolerance analyst must first create or somehow 
obtain 3D solid CAD models of the assembly and its constituent parts 
before performing the analysis. An easy way to mitigate this issue is to 
use simplified 3D data. For many 3D tolerance analyses, simplified 3D 
data will yield perfectly acceptable results.
The complexity and power of a 3D program is not always required. In •	
fact, in most cases, the most important tolerance stackups are the sim-
plest—fixed and floating fastener calculations, which are used to deter-
mine size and tolerancing requirements for mating patterns of features 
of size. See Chapter 18.

Given the pros and cons, however, 3D tolerance analysis comes out a winner, as 
it is a very important tool and essential for analyzing and understanding complex 
geometric relationships. In many cases, there simply is no other way to visual-
ize and truly understand the effects of cumulative variation in a geometrically-
complex system. And, as industry moves toward a more complete implementation 
of model-based engineering and data interoperability, there will be less and less 
interest in using manual techniques.
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This author recommends that companies invest in both traditional linear ana-
lytical tools and 3D analytical tools. This combination ensures you will have the 
right tool for the job, and you will obtain the answers you need in the most timely, 
cost-effective manner possible. As mentioned above, most tolerance stackups can 
be effectively modeled as linear analyses, so the complexity and power of a 3D 
program is not always required. This can save time and money. 3D tools should be 
used to analyze complex relationships and to obtain answers where linear analysis 
would be inadequate. As most of this book discusses traditional linear analysis, 
this section will discuss one of the 3D tolerance analysis software tools available 
on the market today, Sigmetrix’s CETOL 6 Sigma software.

cAse study: sIgmetrIx cetol 6 sIgmA tolerAnce AnAlysIs

CETOL 6 Sigma is a very powerful 3D tolerance analysis modeling program 
integrated into several CAD systems, including Pro/ENGINEER, CATIA and 
SolidWorks. CETOL 6 Sigma is built using advanced technology for model-
ing geometric variation, and it uses the geometric representation of the part and 
assembly geometry directly from the CAD data. This means analyses are based 
on the most accurate data, and the data represents the full geometric definition 
of the features and parts being studied. It also means that no additional time 
is needed to remodel the geometry or enter dimensional data for the analysis. 
CETOL 6 Sigma also provides both worst-case and statistical results. The soft-
ware was constructed to ensure geometric variation is modeled correctly, to 
enhance ease of modeling, to present the results in an easy-to-understand format 
and to facilitate optimization of the design to obtain the desired results. I am very 
pleased to present the following examples based on the CETOL 6 Sigma software. 
I would like to thank Mr. James Stoddard of Sigmetrix, LLC for providing these 
examples, offering explanations of the software and the analytical model, and 
his invaluable assistance with this material. These examples were developed by 
Sigmetrix and edited for inclusion in this text. Sigmetrix has worked for many 
years to refine its product, its algorithms and interface, and to ensure the results 
portray the variation in the most accurate and easy-to-understand manner pos-
sible. Thank you, James!

The following material includes two sample 3D tolerance analyses and reports 
for a sample assembly, the seat latch mechanism assembly shown in Figures 21.1, 
21.2 and 21.3. This assembly is a good example of parts with complex geometric 
shapes and complex geometric interactions between the parts. Looking at these 
figures, it should be easy to see that there are many candidates for analysis within 
this assembly; however, only two analyses will be discussed in this section. The 
intent is to provide examples of the powerful capabilities of 3D tolerance analysis, 
a general discussion of the analysis process and sample results.

Figure 21.1 shows an axonometric view of the assembly with the striker in 
place. The claw is locked in the closed position, thus capturing the striker. There 
are torsion springs attached to the cam lock and the claw. The cam lock torsion 
spring applies a moment that tends to rotate the cam lock clockwise, and the claw 
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FIgure 21.1 Seat latch assembly: axonometric view with striker.

FIgure 21.2 Seat latch assembly: axonometric view with striker omitted.
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torsion spring applies a moment that tends to rotate the claw counterclockwise. 
Figure 21.2 shows the same axonometric view of the assembly as Figure 21.1, but 
has the striker removed to highlight the opening in which the striker would be 
captured. Figure 21.3 shows a front view of the assembly.

Figures 21.4 to 21.9 show detail drawings of the seat latch component parts 
that are used in this analysis. Note that these drawings are purposefully incom-
plete—all of the features have not been dimensioned and toleranced, and all fea-
ture relationships have not been fully defined. Only those features and feature 
relationships that affect the tolerance stackup are dimensioned and toleranced. 
Specifically, the peripheral surfaces for the complex shaped parts have not been 
dimensionally defined in the part drawings. If the drawings were more complete, 
these peripheral surfaces would be defined using basic dimensions, or as is more 
common today, several notes would be added to the drawing indicating that the 
3D CAD model data should be interrogated to obtain the dimensional data, and 
that this dimensional data represents basic dimensions. Also, note that GD&T 
was used to define many of the features and all of the feature relationships. Using 
GD&T is the best practice for defining the allowable variation between features, 
so GD&T is used in this example. In addition, tolerance analyses performed on 
parts and assemblies dimensioned and toleranced using GD&T provide more 
meaningful results than tolerance analyses performed on parts and assemblies 
dimensioned and toleranced using traditional +/-, as far fewer assumptions are 
required if GD&T has been properly applied.

FIgure 21.3 Seat latch assembly: front view with striker.
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FIgure 21.4 Side plate drawing (for CETOL example).
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FIgure 21.5 Claw drawing (for CETOL example).

FIgure 21.6 Claw stop drawing (for CETOL example).
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FIgure 21.7 Cam lock drawing (for CETOL example).

FIgure 21.8 Mid cam drawing (for CETOL example).
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Figure 21.10 shows the assembly with the claw rotated counterclockwise into 
the open (retracted) position. This is the pre-engagement position of the claw, 
the position that is intended to allow the striker to enter into the assembly and 
subsequently be engaged by the claw. For proper engagement, the bar of the 
striker must be able to pass the retracted claw tip unobstructed. A cable runs 
through the hole in the cam lock shown in Figure 21.10. When tension is applied 
to the cable, the cam lock rotates clockwise and the mid cam rotates counter-
clockwise, which disengages the mid cam from the claw. Once the mid cam is 
disengaged, the torsion spring on the claw rotates the claw counterclockwise 
until it engages the cam stop—this is the open position. The springs are not 
shown in Figures 21.10 and 21.11; see Figure 21.1 for a view with the torsion 
springs in place.

To ensure the striker is not impeded when the claw is in the open position it 
is determined that the tip of the claw must be flush or under flush with the right 
side of the notch in the side plate, which is marked A in Figure 21.10. The under 
flush condition is where the tip of the claw is to the right of the surface marked A. 
From the point of view of obstructing the striker, flush or under flush conditions 
are both acceptable. The tip should not protrude into the notch beyond the surface 
marked A. The normal (perpendicular) distance between the surface marked A 
and the tip of the claw marked B (distance A-B in Figure 21.10) is the subject of 
this study.

Figure 21.11 shows the striker engaged by the claw. As the striker enters the 
notch it contacts the claw at point C; this starts the clockwise rotation of the claw. 
When the cable is released, the cam lock is rotated counterclockwise by its torsion 

FIgure 21.9 Mid cam pivot drawing (for CETOL example).
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FIgure 21.10 Seat latch assembly, retracted, with distance being studied.

FIgure 21.11 Seat latch assembly, engaged, with contact force vector.
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spring; the cam lock engages the mid cam and rotates it clockwise, which engages 
the claw at the contact point and continues rotating the claw clockwise until the 
striker is fully engaged. The figure also shows the vector representing the contact 
force the mid cam applies to the claw and the moment arm (d) from the center 
of rotation of the claw. The point where the mid cam contacts the claw and the 
moment arm vary as a function of relative rotation between these two parts. This 
means that the moment the mid cam applies to hold the claw in the closed position 
varies as a function of the geometry. Two tolerance stackups will be discussed in 
the following material: the claw tip clearance in the open position, and the contact 
force moment arm.

Figure 21.12 shows the assembly model in Pro/ENGINEER, with a portion 
of the CETOL screen shown to the right. The CETOL examples in this chapter 
were modeled in the Pro/ENGINEER environment. Because CETOL 6 Sigma 
runs inside CAD programs and because of how its code is written, the geometric 
data representing the parts and assembly are not translated—the native CAD data 
are used in the analytical modeler. Thus, the results are very accurate, and there 
is less chance for error than if the data had to be reentered or exported from one 
program and imported into another program.

FIgure 21.12 CETOL model in CAD system.
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The geometric relationships and assembly process relationships between the 
parts must be modeled for the tolerance stackup. This is essentially constraint 
mapping or modeling, and is very similar to the methods used to relate the parts 
when the assembly model was created. The tolerances for each feature, the datum 
reference frames and the feature relationships must also be modeled. Figure 21.13 
shows the full effect of assembly constraint Claw;1 to Claw Stop;1 which allows 
the claw to rotate until it contacts the claw stop. The geometric relationships 
between all parts in the assembly must be modeled. Assembly relationships, 
assembly shift and the ways the parts mate are modeled at this point. Note that 
different terminology is used within the program to describe the chain of dimen-
sions and tolerances, assembly shift, datum feature shift, etc. The difference in 
terminology is not an issue, as the concepts and methodologies are much more 
critical than how these are named. However, keep in mind that understanding the 
material presented in the rest of this text will help you be a more effective 3D 
tolerance analyst.

The feature-to-feature relationships must also be modeled. These relationships 
are established by dimensions and tolerances specified on drawings or explicitly 
specified on the CAD models, and preferably should be defined using geometric 

FIgure 21.13 CETOL: setting an assembly constraint.
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dimensioning and tolerancing. The datum reference frames are established, the 
relationships between the datum features are mapped, and the geometric toler-
ances are related to the corresponding datum reference frames on the mating 
parts in the assembly. Figure 21.14 shows a screenshot of the logical map of the 
many tolerances and assembly constraints in the model. Figure 21.15 shows a 
screenshot of the logical map of the assembly constraints modeled between the 
mating parts in the assembly.

The final step is to enter the statistical data for each variable. Statistical param-
eters such as distribution shapes or types, standard deviation, Cp, Cpk, etc., may 
be entered for each tolerance and variable in the tolerance stackup. Note that 
there are default settings, thus if the default settings are adequate, then this step 
may be skipped. As mentioned in Chapter 8, sometimes the statistical data for 
a tolerance or variable are not known, such as with new products or when using 
new or unfamiliar processes. Often, in these cases an estimate or assumption is 
appropriate, preferably based on applicable historical data. Once the data for all 
of the contributors are entered, the model can be analyzed.

The results of the claw tip clearance in the open position tolerance analysis are 
shown in Figures 21.16 and 21.17. The worst-case and statistical results are shown 
numerically and graphically. As shown in the lower left part of Figure 21.16, the 
worst-case results represent a far larger range than the statistical results, and the 
worst-case results have a different distribution shape than the statistical results. 
The worst-case minimum and maximum are shown by the horizontal bar. The 
worst-case minimum value for the total possible variation is –1.07159 mm, and 
the worst-case maximum value is 2.23837 mm. Note that in this tolerance stackup 
the negative value for the worst-case minimum means the claw tip protrudes 
beyond the side plate into the notch. The range of the total possible variation is 
the absolute value or distance between the maximum and minimum limits, which 
is (2.23837 mm – ∣–1.07159 mm∣) = 3.30996 mm, or 3.31 mm rounded to two 
decimal places.

The statistical results are represented by a Gaussian or bell curve, which indi-
cates a normal distribution. This makes sense, as all of the tolerances input into 
this tolerance stackup were modeled as having normal distributions. As indicated 
by the results, the mean of the distribution (μ) is located at 0.56021 mm, and the 
standard deviation (σ) is 0.12548 mm. So the statistical results for a ±3σ varia-
tion would be μ ± 3σ, or 0.56021 mm ± 3 * 0.12548 mm, yielding a statistical 
minimum of 0.18377 mm and a statistical maximum of 0.93665 mm. For ±3σ, 
the area between the upper and lower 3σ limits represents 99.73% of the popula-
tion of assemblies manufactured, and the corresponding percent defects would be 
2700 parts per million. Stated in different terms, if 1,000,000 assemblies were 
manufactured, the total variation encountered on 2700 assemblies would exceed 
or fall outside the ±3σ minimum and maximum. Of course, we can extend our 
use of the statistical data by looking further from the mean, adding more standard 
deviations to include a greater percentage of the total assemblies manufactured. If 
we extend to plus and minus six standard deviations (±6σ) from the mean, we will 
increase the distance the statistical minimum and statistical maximum values are 
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FIgure 21.14 CETOL: logical map of assembly and tolerancing relationships.
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FIgure 21.15 CETOL modeler interface with tree and graph.
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FIgure 21.17 Worst-case and statistical results for claw tip and contact force tolerance stackups.
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from the mean, thus including more area under the curve and representing a larger 
percentage of the population of assemblies manufactured. The statistical results 
for a ±6σ variation would be μ ± 6σ, or 0.56021 mm ± 6 * 0.12548 mm, yielding 
a statistical minimum of -0.19267 mm and a statistical maximum of 1.31309 mm. 
Notice that the 6σ statistical minimum is a negative number. The negative result 
indicates that the 6σ statistical minimum is less than the lower limit, which was 
set at zero. Note that this negative value has a slightly different meaning than the 
negative worst-case minimum result. If our goal was full conformance at ±6σ 
limits, we would have to reduce one or more tolerances or assembly variables in 
the tolerance stackup, change the part geometry to move the claw a slight distance 
farther away from the notch, or we could adjust the lower limit to a value less 
than -0.19267 mm, assuming that this adjustment was functionally acceptable. 
For ±6σ, the area between the upper and lower 6σ limits represents 99.9999998% 
of the population of assemblies manufactured, and the corresponding percent 
defects would be 0.002 parts per million. Stated in different terms, if 1,000,000 
assemblies were manufactured, the total variation encountered on less than one 
assembly would exceed the ±6σ minimum and maximum. Figure 21.17 shows a 
screenshot of the numeric results for both tolerance stackups, the claw tip clear-
ance and the contact force moment arm. The results for both tolerance stackups 
performed on the same assembly may be shown on the same screen.

Note that the description of Six Sigma above is simplified and does not quite 
represent the full Six Sigma methodology employed by many leading compa-
nies. A large part of Six Sigma tolerance analysis is including and addressing 
what is properly called a mean shift, which represents cases where the mean or 
center of a process distribution is not centered on the mean of the specification 
limits. This author is using the term specification limits to mean the dimen-
sional limits specified on the drawings or model; these represent the specifica-
tions as defined by design engineering. For many reasons, the mean of an actual 
manufacturing process might not be at the midpoint or mean of the specification 
limits set by design. These concepts are discussed at length in Chapters 3 and 
5. One of the names for this mean shift is process drift, which signifies that the 
process has drifted from being centered within the design specifications. The 
process may still output variation that follows a normal distribution, but the 
mean of that normal distribution is no longer located where it started. Process 
drift implies that over time a process may drift, that the output of the process 
may vary over time. An easy way to visualize this is to consider tool wear in a 
machining operation. As a cutting tool wears, it will yield a larger or smaller 
feature, or given that its radius is smaller and not as sharp as its starting con-
dition, the as-manufactured surface will be a different shape, size and/or in 
a different location as a function of time. The process may still be in control 
statistically, but sample sets of measurements taken on parts at different times 
during the life of a tool will show that the process mean has shifted. True Six 
Sigma analysis addresses the mean shift component, typically by addressing 
and including the Cpk capability index, which represents how far the process 
mean may be from its nominal condition. It is beyond the scope of this text 
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to address the full extent of Six Sigma tolerance analysis. Refer to Advanced 
Tolerance Stackup and Analysis (Bryan R. Fischer, 2011) for more information 
about Six Sigma tolerance analysis.

CETOL 6 Sigma is a fully functional and full-featured tolerance analysis pro-
gram capable of managing these statistical data, addressing and modeling mean 
shift for all the variables in involved. Note that in the chart in the middle of 
Figure 21.16 there are Cpk values shown in the fourth column on the eighth and 
ninth lines, which represent the diametral size tolerance and the positional toler-
ance on the Ø7.22 ± 0.05 shaft on the claw stop. The program allows specific 
values to be entered for Cpk, thus allowing the tolerance analyst to represent the 
statistical reality of the assembly and the processes used to manufacture the com-
ponents within it.

Figure 21.18 shows close-up views of the assembly model with the minimum 
and maximum variation, which is valuable for helping the analyst visualize the 
variation, and thus aiding any corrective measures to be taken. Notice that the 
claw tip protrudes slightly into the opening of the notch in the minimum condi-
tion. As stated above, the analyst must decide if this small probability of a small 
amount of protrusion into the notch is acceptable. If not, adjustments must be 
made to correct the problem.

Figures 21.17 and 21.19 show the results of the contact force moment arm toler-
ance stackup. The numeric results are shown in Figure 21.17 alongside the results for 
the claw tip clearance tolerance stackup. Figure 21.19 shows a more complete set of 
numeric and graphical results for the contact force moment arm tolerance stackup. 
This tolerance stackup models the variation of the normal moment arm distance 
between the contact force vector that the mid cam places on the claw and the claw’s 
axis of rotation. This moment arm is shown as distance (d) in Figure 21.11, and is 
the distance component of moment F*d. This distance varies as a function of many 
variables in the assembly, including the size and shape of the parts, the locations of 

Maximum Variation—Overlap  Minimum Variation—Clearance 

FIgure 21.18 CETOL results: assembly model with minimum and maximum 
variation.
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the parts relative to one another, the orientation of the parts relative to one another, 
relative rotation of the parts, etc. This would be very difficult if not impossible to 
model accurately using manual techniques, and is another example of a problem 
that should be modeled using 3D tolerance analysis software.

The tolerance stackup results are shown in the box in the lower left corner of 
Figure 21.19. Similar to the previous example, the worst-case results represent a 
far larger range than the statistical results. The worst-case minimum value for 
the total possible variation is 3.12938 mm, and the worst-case maximum value is 
16.1365 mm. The range of the total possible variation is the distance between the 
maximum and minimum limits, which is (16.1365 – 3.12938 mm) = 13.0071 mm, 
or 13.01 mm rounded to two decimal places.

The statistical results of this tolerance stackup are a normal distribution. As 
indicated by the results, the mean of the distribution (μ) is located at 9.6564 mm, 
and the standard deviation (σ) is 0.49092 mm. So the statistical results for a ±3σ 
variation would be μ ± 3σ, or 9.6564 mm ± 3 * 0.49092 mm, yielding a statistical 
minimum of 8.1836 mm and a statistical maximum of 11.1292 mm. The statisti-
cal results for a ±6σ variation would be μ ± 6σ, or 9.6564 mm ± 6 * 0.49092 
mm, yielding a statistical minimum of 6.7109 mm and a statistical maximum of 
12.6019 mm.

This example also showcases the idea that the output from a tolerance analy-
sis may be used as the input to another analysis; in this example, the output of 
the tolerance stackup is the moment arm distance. The minimum and maximum 
moment arm distance, or the distribution of the possible moment arm distances, 
could be input to a secondary analysis, such as a finite element analysis (FEA) 
model that determines the force the mid cam applies to the claw and the resulting 
stress. Given the information obtained from the tolerance analysis, it is clear that 
the force the moment applies to the claw in actual assemblies is not a constant 
value in all as-produced assemblies. In other words, the force applied in each 
assembly is different because of the variation in each assembly. Looking at all the 
possible moments, it should be clear that they follow a distribution, be it worst-
case or statistical. Using techniques such as this, the stress analyst has more infor-
mation to obtain a better understanding of the minimum and maximum retention 
forces that may be encountered in an actual assembly.

The dimensional limits set in the contact force moment arm tolerance stackup 
are a minimum of 9.000 mm and a maximum of 19.000 mm, respectively. Note 
that the normal distribution shown in Figure 21.19 is centered at 9.6564 mm, and 
the left tail of the curve extends beyond the specified minimum limit of 9.000 
mm. Similar to the previous example, the analyst must decide if the statistical 
results should be used, and if so, what to do about the left tail area of the curve 
that extends beyond the minimum limit. It may be that the statistically modeled 
lower limit is acceptable, and thus the specified lower limit of 9.000 mm may be 
moved to or beyond 8.1836 mm or 6.7109 mm to encompass the predicted ±3σ or 
± 6σ lower limit, respectively.

Figure 21.19 also shows the Sensitivity List for the contact force moment arm 
tolerance stackup. The shaded horizontal bars on the right side of the upper part 
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of the figure show the effect of each variable in the positive or negative direction, 
which is indicated by the direction the bar extends from the vertical line in the 
center of each column. Note that the screenshot in Figure 21.19 also shows a very 
powerful aspect of CETOL, the ability to easily compare the effect a variable has 
on different tolerance stackups done on a common part or assembly. Sensitivities 
are shown for each variable, and more importantly, for the variables common to 
two or three of the tolerance stackups shown. The analyst is provided a powerful 
tool for comparing the effect a change to any variable has on the related stackups 
shown. For instance, it is possible (and often likely) that a change to a variable that 
improves the results in one tolerance stackup has a detrimental effect on another 
tolerance stackup performed on the same parts. Such contradictory requirements 
are discussed in Chapter 12, which addresses the often conflicting functional 
aspects of MMC and LMC, and MMB and LMB in ASME Y14.5-2009.

3D tolerance analysis software tools are very powerful. The examples in this 
section offer a glimpse into the world of 3D tolerance analysis and the software 
tools available. As stated above, I recommend that companies use a combination 
of manual analysis tools, such as the spreadsheets shown in this book for simpler 
problems, and 3D software tools for more complex problems. CETOL 6 Sigma is 
a great tool for complex geometric analysis and should be a welcome addition to 
the suite of analytical tools used by a modern company. As shown in the preced-
ing examples, CETOL 6 Sigma provides worst-case and statistical results, and 
allows the analyst to model the variation using various statistical data to get the 
most accurate model possible. In closing, I would like to offer my gratitude to 
Sigmetrix for their assistance with these great examples!

conclusIon

Remember, all parts and part features are imperfect. Sometimes, the amount of 
allowable variation between features on a part must be calculated, and sometimes 
the amount of allowable variation between parts in an assembly must be calcu-
lated. Tolerance analysis and tolerance stackups are the only way to determine the 
allowable variation and whether parts will satisfy their dimensional objectives. 
Sometimes it is necessary to work from the top down, from the assembly down 
to the individual parts, letting the assembly requirements determine the part tol-
erances. Sometimes it is necessary to work from the bottom up, from the part 
tolerances up to the assembly. Regardless of which direction is initially followed, 
in most cases, this is an iterative process. The information gained by proceeding 
from the top to the bottom or from the bottom to the top leads to better under-
standing of the parts and assemblies under consideration, and adjustments must 
be made to the initial goals.

Depending on the number of parts and the willingness to accept risk, a deter-
mination must be made whether worst-case or statistical tolerance stackups are 
appropriate. For complex three-dimensional tolerance stackups, computer statis-
tical variational modeling software is necessary, as linear tolerance stackups are 
insufficient tools for the job.
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The material presented in this text gives the tolerance analyst all the tools 
needed to solve a variety of tolerance stackups.

Remember, to become adept at performing tolerance stackups requires practice.
Keep at it and good luck.
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