
Machining Part 2
• Production Machining

– Systems overview
– Process Planning
– Design for Machining

• New Developments

• Environmental Issues
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Performance



• Know options available: machines, tools, 
systems etc.

• Know how to connect the dots
– part drawing to process plans

 ex. tight tolerances  extra operations (DFM)

– process plans for systems

 ex. multiple steps need to be balanced to have 
smooth flow

How to proceed…



Picking Manufacturing Systems

• Job Shops – very flexible, low volumes, high variety

• Flow shops – arrange dedicated equipment in order of operations, 
balance flow, deskill jobs

• Transfer Lines – automated, hardwired flow shop 
• Flexible Mfg. Systems (FMS) – automate transfer between 

machines, allow skipping and double back

• Toyota cell – special arrangement of flow shop with many machines per 
operator
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* Source: Kalpakjian, “Manufacturing Engineering and Technology”



Flexible Manufacturing 
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Machining Systems Classification

Ref J T. Black



Example Problem

Job Shop to large scale production





Process planning
How would you machine this part?

Assumption:
1. We begin with a stock size of 2.5” X 2.25” X 12”
2. This will be manufactured in a job shop for very low 

quantity
We will use:
- A bandsaw to roughly cut the stock to size
- A manual vertical mill to create the planar features and 

the holes
- A belt sander to sand the radii ( assuming the tolerance is 

not very high)



Machines, tools, fixture



Machine Operation

Horizontal band 
saw

Saw stock to 
~4.125”

Manual vertical mill

Mill two ends to length 4”

Mill width to 2”

Mill out 2”X1.5”X4”

Drill hole 1” diameter

Bore 1” radius

Belt sender Sand 0.5 radii

* Source: http://www.jettools.com/Catalog/Metalworking/CatalogPages/HVBS56M.html  

*
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Machine Operation

Horizontal band saw Saw stock to ~4.125”

Manual vertical mill

Mill two ends to length 4”

Mill width to 2”

Mill out 2”X1.5”X4”

Drill hole 1” diameter

Bore 1” radius

Belt sender Sand 0.5 radii

* Source: http://www.jettools.com/jet-index.html  (WMH Tool Group)

*





Process plan
Machine Operation

Horizontal band saw Saw stock to ~4.125”

Manual vertical mill

Mill two ends to length 4”

Mill width to 2”

Mill out 2”X1.5”X4”

Drill hole 1” diameter

Bore 1” radius

Belt sender Sand 0.5 radii









Time estimation (minutes)
Machine Operation (V = Volume, 

A = Area, P = 
Perimeter)

Fixture Tool 
Change

Run 
(R=Rough, 
F=Finish)

Deburr/Inspect/
Measure

Horizontal 
band saw

Saw stock to ~4.125”
A = 5.6525 in2, P = 9 in 0.23 - 2.02 0.30D, 0.05I

Manual vertical 
mill

Mill two ends to length 
4”
V = 0.703 in3

A = 11.25 in2, P = 19in

0.20
0.20

2
0.13R
0.75F

0.63D, 0.05I,
0.13M

Mill width to 2”
V = 2.5 in3

A = 10 in2, P = 13in
0.20 -

0.46R
0.67F

0.43D, 0.05I,
0.13M

Mill out 2”X1.5”X4”
V = 12 in3

A = 14 in2, P = 15in
- -

2.19R
0.93F

0.50D, 0.05I
0.13M, 0.13M

Drill hole 1” diameter
-Center drill
-Pilot drill ½”
-Pilot drill 63/64”
-Ream

0.20

2
2
2
2

0.03
0.05
0.04
0.01

0.21D, 0.05I
0.17M

Bore 1” radius
V = 0.79 in3

A = 1.57 in2, P = 7.28in
0.20 2

0.96R
0.01F

0.24D, 0.05I
0.06M

Belt sender
Sand 0.5 radii
V = 0.05 in3

A = 0.79 in2, P = 3.14in
0.08 -

0.20R
0.21F

0.10D, 0.05I
0.06M, 0.06M



Summary Times (minutes)
Fixture Tool Change   Run (R=Rough, F=Finish)   Deburr/Inspect/Measure

  1.31       12 6.08 2.58 3.63

Total Time 25.6 minutes



Design for Machining

Handout on website

2002)



Production Fixturing

Vise

T-slot & clamps on mill

“Tombstone”

With hydraulic clamping

Soft jaws



Horizontal Milling Machine 
with Pallets

Horizontal Mill with tombstone mounted on pallet
Pallet changer



Simplify set-up

– Have tools and fixtures available
– Identify Internal and External Setup
– Convert Internal to External Setup
– Streamlining all aspects of the setup 

operation



Standardized Fixtures



How would you make this part? Bill?



Pop quiz; how would you 
make a gun stock?

See video



Blanchard’s
Lathe

built in 1822
for the 

Springfield
Armory



Fast Tool Server
http://web.mit.edu/pmc/www/index.html



Molded Plastic and Composite
Gun Stocks



New Developments

• Diamond turning

• Hexapods

• Fast Tool Servers

• Cryogenic Machining



New developments:

Diamond turning 
And grinding of optical parts

Micro machines



Hexapod Milling Machines

Tool

Linear actuator

Stewart 
Platform

*

* Source: http://macea.snu.ac.kr/eclipse/background/background.html 

Hexapod machining center
(Ingersoll, USA)

Schematics



Institut für Werkzeugmaschinen und Fertigung
Hexaglide from Zurich (ETH) 

www.iwf.mavt.ethz.ch/



Rotary Fast Tool Servo Machine for Eyeglass Lenses

D. Trumper & students



Fast Tool Servo State of the Art



Asymmetric Turning Operation

• Spectacle lenses
• Contact lenses
• Human lens implants
• Elements for laser vision 

correction surgery
• Camera lenses
• Image train elements in 

semiconductor processing
• Camshafts
• Not-round pistons



Tool at end of arm rotates about vertical axis



Diamond Turning Machine Cross Section



Cryogenic Machining
http://www.youtube.com/watch?v=GFOXbb7P2jc



* Source: Reintjes, “Numerical Control 1991”

NC machine tool developed at MIT mid 1950’s





Environmental issues

• Waste material

• Energy
– Machine, material (embodied energy), 

temperature controlled environment

• Lubricants and hydraulic fluids

• Cutting Fluids
– Dry machining



The average 
power plant in 
the United States 
is 33% efficient.

A Machine Tool Vs A SUV



50% of the energy from the 
grid comes from coal

•  electricity from the US grid comes with
– 667 kg of CO2/MWh

– 2.75 kg of SO2/MWh

– 1.35 kg of NOx/MWh

– 12.3 g Hg/GWh

– etc……..

Data from US Energy Information Administration, DOE  2002 & Klee & Graedel



annual SUV equivalents



the fine print
• Assumptions:

Annual emissions resulting from the operation of a 
typical production machine tool 
(22 kW spindle, cutting 57% of the time, 2 shifts, 
auxiliary equipment, electricity from US grid)
as measured in annual SUV equivalents (12,000 
miles annually, 20.7 mpg)

• CO2 – 61 SUV’s
• SO2 – 248 SUV’s
• NOx – 34 SUV’s



Production machining energy 
Vs production rate

Ref. Toyota



Electricity Breakdown

Constant start-up operations (idle)
Run-time operations (positioning, loading, etc)

Material removal operations (in cut)
Electricity Requirements

Constant start-up operations (idle)

Run-time operations (positioning, loading, etc)
Material removal operations (in cut)

Machine Use Scenario

Arbitrary Number of work hours

Machine uptime

Machine hours (idle, positioning, or in cut)
Percentage of machine hours spent idle

Machine hours spent idle

Active machine hours per 1000 work hours

Machining Scenario

Percentage of machine hours spent positioning
Machine hours spent positioning

Percentage of machine hours spent in cut
Machine hours spent in cut

Electricity Use per 1000 work hours
Constant start-up operations (idle)

Run-time operations (positioning, loading, etc)

Material removal operations (in cut)

Total electricity use per 1000 work hours
Electricity Used per Material Removed

Material Machined

Material Removal Rate 20.0 cm
3
/sec 4.7 cm

3
/sec 5.0 cm

3
/sec 1.2 cm

3
/sec 5.0 cm

3
/sec 1.2 cm

3
/sec 1.5 cm

3
/sec 0.35 cm

3
/sec

Material removed per 1000 work hours 40824000 cm
3

9593640 cm
3

4212000 cm
3

1010880 cm
3

4212000 cm
3

1010880 cm
3

510300 cm
3

119070 cm
3

Electricity used/Material removed 14.2 kJ/cm
3

60 kJ/cm
3

2.3 kJ/cm
3

10 kJ/cm
3

4.7 kJ/cm
3

20 kJ/cm
3

4.9 kJ/cm
3

21 kJ/cm
3

kWh

35%

315 hours

351 hours

40%

Aluminum Steel

13.2%
20.2%

65.8%

1.2

100

Aluminum Steel Aluminum SteelAluminum Steel

kWh

160996 kWh 5553 kWh 700 kWh2744 kWh

6237 kWh 702 kWh

600kWh 3033 kWh

673 kWh

1033

kWh

5471 kWh 1818 kWh 0 kWh

1038 kWh149288

30%
567 hours 234 hours 94.5 hours234 hours

70% 40%

70%
243 hours 351 hours 221 hours

60%30% 60%

585 hours

810 hours 585 hours 315 hours585 hours

90 hours 315 hours

900 hours
10% 35% 65%

900 hours900 hours 900 hours

1000 hours

90% 90% 90%90%

1000 hours 1000 hours1000 hours

22 kW 6.0 kW5.8 kW

3.4 kW

2.1 kW

0.7 kW

0 kW3.1 kW

kW

1.8

166 kW

6.8 kW kW

11.3%
0% (manual)

48.1% 69.4%

24.9%3.5%
31.6%

Manual Milling Machine (1985)Production Machining Center (2000)

85.2% 27.0%

Automated Milling Machine (1998) Automated Milling Machine (1988)

eye chart for energy values



Electricity Breakdown
Constant start-up operations (idle)
Run-time operations (positioning, loading, etc)
Material removal operations (in cut)

Electricity Requirements
Constant start-up operations (idle)
Run-time operations (positioning, loading, etc)
Material removal operations (in cut)

Machine Use Scenario
Arbitrary Number of work hours
Machine uptime
Machine hours (idle, positioning, or in cut)
Percentage of machine hours spent idle
Machine hours spent idle
Active machine hours per 1000 work hours

Machining Scenario
Percentage of machine hours spent positioning
Machine hours spent positioning
Percentage of machine hours spent in cut
Machine hours spent in cut

Electricity Use per 1000 work hours
Constant start-up operations (idle)
Run-time operations (positioning, loading, etc)
Material removal operations (in cut)
Total electricity use per 1000 work hours

Electricity Used per Material Removed
Material Machined
Material Removal Rate 20.0 cm 3/sec 4.7 cm3/sec 1.5 cm 3/sec 0.35 cm 3/sec

Material removed per 1000 work hours 40824000 cm 3 9593640 cm3 510300 cm 3 119070 cm 3

Electricity used/Material removed 14.2 kJ/cm 3 60 kJ/cm3 4.9 kJ/cm3 21 kJ/cm 3

Aluminum Steel

100

Aluminum Steel

kWh
160996 kWh 700 kWh

6237 kWh

600kWh kWh
5471 kWh 0 kWh

149288

30%
567 hours 94.5 hours

70%

70%
243 hours 221 hours

30%

585 hours
810 hours 315 hours

90 hours

900 hours
10% 65%
900 hours

1000 hours
90% 90%
1000 hours

22 kW 2.1 kW

0.7 kW
0 kW

166 kW
6.8 kW

11.3%
0% (manual)

69.4%
3.5%

31.6%

Manual Milling Machine (1985)Production Machining Center (2000)

85.2%

Results are in terms of primary energy



Ref Smil



Ashby 2009



Sample calculation
•  1 kg part made from 2 kg of aluminum 

stock 2024
•  production machining 14.2 kJ/cm3

•  1000 g /2.7 g/cm3 = 370 cm3
(14.2 X 370 = 5.25 MJ) X 3 = 15.8 MJ
•  material production 

(284.5 MJ/kg X 2 kg = 569 MJ)+15.8 = 
585 MJ/ kg of part



Power plant efficiency

C. Smith 2001



emissions for the power station

•  585 MJ of primary energy (195 MJ of 
electricity / efficiency = .33), or .06 
MWh. This gives:
– 33.35 kg of CO2

– 140 g of SO2

– 0.6 g of Hg

all for a 1 kg part
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