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Summary

» Preamble: Additive Manufacturing (AM) and Delta Robot

» Design methology based on Quality Function Deployment
(QFD)

» Modeling and kinematic analysis of the linear delta robot
» Dimensional optimization of the linear delta robot

» Results, validation prototype and demostrative video

» Conclusions



Additive Manufacturing (AM)

» Manufacturing of physical objects
with complex geometries.

» Reduced time-to-launch of new
products.

» Mass customization.

» Improvements in the supply chain.

» Does not need expensive tools.




Fused Deposition Modeling (FDM) process
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Comparison of FDM architecture
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Comparasion of the new linear delta mechanism
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Comparison of different Linear Delta
robot Structure for FDM

Table 1: Comparison of different Linear Delta robot structure for FDM

Linear Delta I (3 Linear Delta II Linear Delta III
dual legs, 12 ball (3 single legs, 6 (3 single legs, 11

joints) cardans) revolute joints)
Cost -/+ - ++
Workspace — : +
Speed -/+ + +
Inertia - + ++
Stiffness ++ + -
Accuracy + + +
Assemblage - - e
simplicity

Note: much bigger (++), bigger (+), medium (+/-) and smaller (-)



Defined user requirements (URs) or “What’s”

Categories

User Requirements

1. Capacity

1.1-Printing quality; 1.2-Rapid movement; 1.3-Long
operating time; 1.4-Wide workspace; 1.5-Cross-platform
system: 1.6-Print with different types of materials

2. Operation

2.1-Easy to operate; 2.2- Quick and silent machine;

3. Design

3.1-Compact machine; 3.2-Robust structure; 3.3-Light
weight; 3.4-Minimum number of parts; 3.5-Easy to
assemble; 3.6-Good appearance; 3.7-Easy to add
technology

4. Economy

4.1-Low manufacturing and assembly cost; 4.2-Low
operating cost; 4.3-Low energy consumption; 4.4-Low cost
control system; 4.5-Low maintenance cost

5. Reliability

5.1-Safety operation; 5.2-Low failure probability
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Selected design parameters (DPs) or “How’s”

Categories Design parameters
1. Capacity 1.1-Resolution of the print nozzle; 1.2-Axes motion

accuracy; 1.3-Speed of movement; 1.4-Workspace volume;
1.5-Cross-platform software; 1.6-Temperature control
range

2. Operation

2.1-Graphic user interface; 2.2-Operating noise level; 2.3-
Modular design

3. Design

3.1-Machine dimensions; 3.2-Use resistant to corrosion
material; 3.3- Total weight of the machine; 3.4-Number of
parts; 3.5-Assembly strategies; 3.6-Beautiful form design;

4. Economy

4.1- Machine overall cost; 4.2-Manufacturing and
assembly process planning; 4.3-Power supply
management; 4.4-Open-source and open-hardware
technology: 4.5-Maintenance cost

5. Reliability

5.1-Safety standards; 5.2-Safety devices; 5.3-Rate of
occurrence of failure




Correlations matrix of the

design parameters
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Relationship matrix between user requirements

and design parameters

Relationship rating of the user
requirements

Set of design target
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QFD matrix of relationship between RUs and DPs
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Matrix of correlations between DPs

Correlations matrix of the

design parameters

Correlations
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Megative
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Specifications-meta for the linear delta robot

£| || Diameter less than 0.4 mm || 1-Print nozzle resolution
e POSitiﬂni;?c[;‘sicsismn: 30 1.2-Axes motion accuracy
2|g|e| Max speed 160 mm/s 1.3-Speed of movement
a(t| | Print cylindrical volume )

Bl 300 mm x 300 mm 1.4-Workspace volume
Ele 2L et forl:inw;:dows, mac, 1. 5-Cross-platform software
2 Q . 0°C - 300 °C ]rfr-lgﬁmpcmturc control

R bele Simple software 2. 1-Graphic user interface
25l Less than 80 dB 2 2-Operating noise level
2l o Systems, subsystems and |5 3 yro 00 design

== components

ol Overall size: T .

2 &< 500%500x1000 mm3 3.1-Machine dimensions
2 2lo|  Aluminium structure 3.2-Resistant to corrosion
55 materials

2|5 Less than 40 kg 3.3-Total machine weight
%|ge| Less than 300 parts 3. 4-Nuember of parts

(3 Assembly planning and .
= electronic distribution R

2| Z| =|Finished manufactured parts |3.1-Beautiful form design
¥ &|e| Lessthan$ 4000 USD  |4.1-Machine averall cost
w13 Milling, turnirllg, rapid 4.2-Manufacturing and .
=3 prototyping assembly process planning
ulwl | Power supply: 110-220V  [4.3-Power supply

Gl 350 W ement

e Open software-hardware  [4.4-Open software and
== non-propetary hardware

il o Less than 3% of the machine T I
= overall cost

2olel  Standard ISO/TC199 5.1-Safety standard

| = min/max endstops XYZ, .

ks emergency pushbuttom 5.2-Safety devices

%5  Max 1 fail/100 hours Qﬂ-mte of failure occurren




Kinematics model and mobility analysis

Common-Jomt

P RHRHR R
o o e e
4 P RHRHR R —
gry = === | =
P RHRHR
Linear  Leg End.Effector
Actuator
P: prismatic joints 13 1
R: revolute joints M=6(12) = (6-1)—>» (6-2)=72-13(5) - 1(4) =3

R: revolute joint with two DOF i=1 i=1



Inverse Kinematics

Top view - Frame XY

r;, = Ry costl;, vy, = Ry sinb;, 1=1,2,3,

21 — 2

T i=1,2.3,




Direct Kinematics

Trilateration method



Direct Kinematics

L2 _ :BIQ 4 y1’2 s zf2
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Trilateration method



Direct Kinematics

k=¢é,-(Q3— Q) 6, — Q1 — Q2
Q1 — Q]

d:HQI_QQH " Q3 — Q2 — ké,

€y = .
! ||Q3—Q2—?r€:c||
J:éy'(QS_Q2) - -~ A
€ € .

Solutions

Pryo= Q2 + xé; + yé, £ zé,

Trilateration method



Dimensional optimization with genetic algorithm

Problem definition

» In this approach, optimization problem
IS mono-objetive and minimization.

> Rb, Lr and Le are the decision
variables.




Activities IDEFO A1-A2: GA and 3D Model

Cl C2 C3 C4

Inverse Kinematic Model
Contraints and Sigularities
Fitness Function

Geometric Model of the Parallel Delta Robot

~
Options v_v v Fval,
_ » 02
Nvars Genetic Result§’
Parameter Lower Bound Algorithms x=[Rb,Le,Rm,Lr]. o1
| 4
Parameter Upper Bound Solver for
Current Parameters X Optimization
Workspace Parameter
Al
b 4

3D Model CAD

» CAD

=

Engineer
Mathematical Software (Matlab)

\
M1 M3

Dimensional | 3D Model CAD (Optimal Parameters)
» Analysis for » 04

3D Model

A2

3D CAD Design Software (SolidWorks)
M2



Cost function of the otimization problem

1

Ff = gwR§1 /L2 — R?+xHR*+nL,R; +P,+ P,
. S =

Ve

Le: length of each leg

Lr: length of the lienar actuators
Rb: overall workspace radius

R: usefull workspace radius

H: usefull workspace height

Ps: infinite penalty for singularity
Pw: infinite penalty for neglect
of the workspace

Vc: conical bouding-box volume
Vw: overall workspace volume
Vr:usefull workspace volume




3D model linear Delta robot

Kinematic Verification for Each Point in the Workspace

300 250



Volumes and Workspace

Delta Parallel Robot Workspace

Robotic configuration

volume
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20

Conical volume

Workspace volume




Conditions for genetic algorithm

s

Lower /upper Bound R, (mm) L. (mm) L, (mm)

Xmiﬂ R 10 H
Xonax 400 400 1000
Input Data Value

The Population size 20

The maximal Generation 1000

The variable number (Nvars): (R, L., R,,) 4

Fitness scaling Rank

Selection function Stochastic uniform
Reproduction (Elite count) 2

Reproduction (Crossover Fraction) 0.85

Mutation Function Adaptive feasible
Crossover Heuristic Ratio 1.2

Migration Forward (Fraction) 0.2

Migration Forward (Interval) 20

Stop criteria (Generations) 100

Stop criteria (Stall Generations) 50

Cylindrical workspace [Radio, Height](mm)  [100,250]




The best score value and mean score

75 X 10
& Best fitness
7L & Nean fitness
6.5
. Best: 40028445
u Mean: 40050829.65
= E, — -
g
S55
i
3 ]

4500eeeelfifBeee *2880028000

*83200,, X: 57

. $080000s0000gs Y: 4.005e+07

4 l l | ' 223280000000
0 10 20 30 40 50 60

Generation



Results of the dimensional optimization

[ )

200

Posistion [mimiy

Displacement actuator [d_]

[ Displacement actuator [-::1I | }‘

Displacement actuator [dml

0 20 40 il &0 100 120
Time [Sec]

Results: R, =185.4mm, L. =283 mm, e L, =584.8 mm.



Detailing of the robot structure

Top plate

Exploded view of the support
structure of the heat-bed

Aluminium

(Omeag

Exploded view of a
central bracket

Bottom plate



Detailing of the delta mechanism with single
legs

Arms Top secondary link

Bearings

Primary link

A )

i

-
Center secondary

Bottom secondary
link

Exploded view of the primary joint link Hotend :

Exploded view of the secondary joint
or common joint



Detailing of the extruder mechanism

Pulley

Teflon conduit

AR Motor
Spring

Bearings

Extruder body
Fixing bracket

Coupling Filament

Press buttom



Prototype of the linear delta robot for AM




Manufacturing error estimation

. 10mm

Part 1 (Parallelepiped part) - CAD model and printed part



Manufacturing error estimation

Measure X Y Z

mm| | [mm] | [mm]
1 29.91 | 29.94 | 10.08 Manufacturing Error = 604,
2 29.90 | 29.91 | 10.12
3 29.95 | 29.91 | 10.12 | | Confidence Interval (CI) X Y Z
4 29.94 | 29.95 | 10.07 || 99.7% mm| | [mm| | [mm]
5 29.91 | 29.94 | 10.07 | | Mean 29.93 | 29.92 | 10.08
6 29.94 | 29.94 | 10.06 | | Standard Deviation 0.017 | 0.016 | 0.025
7 29.94 | 29.90 | 10.05 || Manufacturing Error 0.10 | 0.10 | 0.15
8 29.94 | 29.91 | 10.05 Manufacturing Error XYZ 0.208 mm
9 29.95 | 29.90 | 10.12
10 29.95 | 29.91 | 10.10
11 29.94 | 29.92 | 10.08
12 29.94 | 29.91 | 10.08




Geometry deviation analysis

Part 2 (Propeller) - CAD model and printed part



Geometry deviation analysis

[mm]

Surface comparison on CAD ] 1.00
g | Al Selected
Max distance +1.50 +1.50

Min distance -1.50 -1.50 0.80
Mean distance +0.16 +0.16
Distance std deviation +0.28 +0.28
Area of valid distance +9530.03 ' +9530.03

Integrated distance +1684.83 | +1684.83 0.60
Integrated abs distance | +2624.87  +2624.87

—{ 0.40

— 0.20

0.00

-0.20

. -0.40

-0.60
-0.69

Deviation between the nominal model data and scan model data produced by
GOM inspect software for Part 2 - Propeller



Geometry deviation analysis

.’

Part 3 (Smartphone) - CAD model and printed part



Geometry deviation analysis

[mm]
Surface comparison on CAD
S All Selected 1.00
Max distance +0.93 +0.93
Min distance -0.99 -0.99
Mean distance -0.18 -0.18 0.80
Distance std deviation +0.27 +0.27
Area of valid distance +13733.58 +13733.58
Integrated distance -2557.57 -2557.57 | — 0.60
Integrated abs distance +3809.82 +3809.82
-0.50 — 940
0.20

0.00

[ |

-0.20

= -0.40

-0.60

-0.80

| +0.27 +0.55
Z>7< X -0.98

Deviation between the nominal model data and scan model data produced by
GOM inspect software for Part 3 — Smartphone Hand



More printed parts




Video Demonstration
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Printing with the linear delta robot - Demostration.mp4
Printing with the linear delta robot - Demostration.mp4

Conclusions

« The conceptual design and dimensional optimization of
the new structure of linear delta robot for AM was
presented.

« The use QFD methodology allowed to gradually
systematize the decision-making In the design of the
linear delta robot for AM.

« Optimal dimensions of the robot were obtained by
Implementing a method based on genetic algorithms that
yielded satisfactory results.

« A functional prototype was built to validate the design
concepts.
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