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Importance of Lifecycle Management

US not producing high accuracy machine tools

— our knowledge base is eroding

« Advancing machine complexity increases Cost
and Schedule

* Push older machines to produce with as-new
capability

» Capability maintenance is sacrificed to lower
cost
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Stages of Machine Tool Lifecycle

1. Vendor Selection

2. Installation and Run-off
3. Production Application
4

. Rebuild or Retire

Modeling Tools improve management of
the Machine Tool Lifecycle

Modeling and Management Tools

A. Process Error Budget Model consisting of:
— Part Measurement Budget
— Manufacturing Practices Budget
— Environmental Thermal Budget
— Internal Thermal Budget
— Machine Error Budgets
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Modeling and Management Tools

B. Error Control Tools, consisting of:
—1SO Test Codes for Machine Tools
— Data Acquisition and Analysis Systems

Modeling Tools Improve
Vendor Selection

« By matching multiple Part Feature
Tolerances with Machine Capability

» By establishing Standardized Capability
requirements for vendor purchase
agreement
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Modeling Tools Improve
Installation and Run-off

» Machine Capability is proven at vendor site

» Machine Capability is verified at customer
site

Modeling Tools Improve
Production Application

* Models identify Critical Process and
Machine Parameters

» Focused plans can be developed to
maintain Critical Parameters

* Maintenance of Critical Parameters leads to
>20% improvement in machine availability.
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Modeling Tools Improve
Rebuild or Retire Decisions

» User has more knowledge of machine
condition

* Rebuild decisions are focused on Critical
Parameters

» Rebuilder can focus on specific
requirements

 Machines can be Retired to tasks that
match current Capability

Modeling Tool Application

A Comprehensive Process Error Budget
model is the KEY to success since it
combines all factors impacting Feature
Tolerance into an easily understood
framework...
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Process Error Budget
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Process Error Budgets

e Each of the five Process Error elements
must be allocated a percentage of the total
tolerance

 Allocation should be based on the best
engineering/science practices

» For simplicity, this presentation will focus on
the machine

© 2013 IQL Independent Quality Labs, Inc.




Machine Error Budget Steps

1. Identify Critical to Manufacturing Features
and Processes (CTMs)

2. Create Machine Full Volume Error Models

3. Create multiple Part Feature Models from
Full Volume Models

4. Perform GAP analysis between Actual
(existing or offered) and Optimized
Machine and Process Performance

Step 1: Identify CTMs

* |dentify CTMs (Critical To Manufacturing)
features and tolerances

— that are most difficult to manufacture within a
specific part, part family or operation
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Step 1: Identify CTMs

* Review CTM manufacturing process details
(actual or proposed)

— to define machine, tooling, active axes, part
orientation, etc.

Step 1: Identify CTMs

Part I Part
Model #1 Model #X |
1
1
! I
-V - 1
Feature #1 Feature #2 I Feature #x | 1
Dim. & Dim. & LDim. &Tol. | 1
1
Y
Calculate

Unit Tolerance
Sort by Feature

Identify
CTMs
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Step 1: Identify CTMs

e Part Feature Tolerance

— limited by a machine’s capability to produce
that tolerance over a given distance

e Calculate Feature Unit Tolerance

— determined by dividing the feature tolerance
bandwidth by the distance over which it is
applied

Step 1: CTM Feature Assessment

» CTMs are Features having the smallest Unit
Tolerance for:

» Size

* Form

* Profile

* Location

* Orientation or

* Run-out
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Step 1. CTM Feature Identification

Feature Setup
Size Tolerance

Feature STEP
Measurement Limilslion # ML Type Zone. Tupe Feature s Dimensioned

L] 2] ‘Wickh [Two Planes) Shape Profile 06215
* B2 Plane (Height) Shape Profile 14670
2 B2 Interseet Line Shape Profile 03480
2 Diameter Dimension Tol B3 Hole Hole 02820
” Pasition Tol =] FPlane [Location] Shape Profile 03910
] Fusilion Tol ci Slot (Widkh and Location) Slot1 04150
n ) Pocket Widih) Slot 2 07400
8 Position Tol C2 | Chamfer (Width and Locafion] Charfer 05250
3 c Slot (Depth) Slot1 0.2400
2 B2 Plane (4ngle) Shape Profile 455000
] ci Chamfer [Angle) Charnfer
0 Pasition Tol (=] Pocket [Location] Slot 2
2 B2 Plane [Angle] Shape Profile 4160
# Fladial Dimension Tal D2 Fillet [Size) Fillet 00500
2 Radial Dimension Tel c2 Fillet (Size) Shape Profile 00250
5 Fiadial Dimension Tel c2 Fillet (Size) Stot1 0.0700
b2} Fladial Dimension Tol | B2 Fillet (Size) Shape Profile it
] B3 Counter Sink. Counter Sink Hole 0.0200
" c3 Pocket (Depth) St 2 0.0050
® Fladisl Dimension Tel | B3 Fillet (Size) Slot 2 00250
7 [ Plane [Angle] Shape Profile 20000
[ Pasilion Tol B4 Hole (Localion) Hole
5 Fosition Tol B4 Hole (Location) Hole
5 Angularity Tel =] Plane [ Angle] Shape Profile
7 Angularity Tol (=] Plane (Angle] Shape Profile

Tolerance

-0.0020
0.0050
0.0050
0.00%
0.0040
000
0.0200
00300
0.0200

00200
0.000
-0.0200
0.000
0.0200
0000
00200

Hominal Dimension

+-Tol

o000
0.0025
00025
0.0002
0.0020
0.0050
000
000
0000

PPM

3223.207
34141345
52602073
53050398
102827763
238085238
26666 6667
555555556
800000000

100000.0000
2774694784
333303.3333
3333333333
EcEccekece]
400000.0000
BEGEEE 66T
1000000.0000
1250000.0000
2000000.0000

Step 2: Machine Full Volume Model

* The weighted summation of all position
errors related to the Machine Parametric
Errors for the Full Travel of all the motion

axes.
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Step 2: 5-Axis Vertical Machining
Center Model

* A 5-Axis Machine has 35 Degrees of Freedom
and 50+ identifiable Parametric Errors

€Cx X YAW
eCy;Y PITCH

eBGXPITCH 0 eAx;XROLL
eBy; YROLL Ay Y YAW
Bz, ZPITCH eAZ ZYAW

VMC m_X,.Y,,Z,, CASt

Step 2: 3-Axis Machine Full Volume

Model
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PEN Axes Dser Error Comments [Micro Rad) (Degrees)  Ang Error Offsel | RefEror | Adusted | Efror
Ermor Narne Oir [T ] (A5) (irtfy in) (ir) (il %

e % |Linear Accuracy x USA07 150 230-2 8997 _ Sys Dev E 000050 | 000045 | 457
b % |Reversal Error x 091207 1S02320-2 1897 _ Feversal B 000020 | 0.00018 20%
e % |Linesr Repestability % G107 Perusham Anslysis . Max of Poslitive or Negslive 000020 | 0.0008 20%]
et X |Sraightness Y w B 000000 | 000000 0.0%4]
-3 * Straightriess 2 z - 000000 | 0.00000 00
ek X | Rl v Offset s 2 Travel 700 | 00041 [ 25 000085 | 000053 58%]
eBx R | Fitch x| Offsel=_ 2 Travel 700 | Q0041 ! 25 | 00085 | 000076 | 847
eCx X [Yaw v | Offsele X Travel 700 | 000041 [ 40 | 0006 | 000085 | 9.3%]
eCay | &YXV Squareness x| Cifsel=_ ¥ Travel W00 | 000056 [ 20 | 000057 | 000087 | 95%)
573 ¥ |Linear Accuracy v 07150 230-2 997 _Sys Dev E 000050 | 000031 347
by ¥ |Reversal Exror v 007150 220-2 1997 . Peversal B 000030 | 00008 21
ety ¥ |Linear Pepeatabiity v G130 Perushaw Analyeis _ Max of Postitive or Negative 0.00030 | 0.00019 214
e ¥ |Staighiness X x - 000000 | 000000 | 0.0%]
ey hd Straightress 2 z . 000000 | 0.00000 0.0%]
By ¥Rl x| Offsste 2 Travel 700 | 000041 [ 25 | 000085 | 000076 | 84%]
by ¥ |Piteh ¥ Offsel=_ 2 Travel 700 | oooost [ 5 000085 | 000053 5.8%]
eCy Y| Yaw x| Offsete ¥ Travel 700 | 000041 [ 20 | 000063 | 000061 6.7%
edyz Y&2 Y2 Squareness w Offset s 2 Travel W00 | 00008 [ 5 00022 | 0.00076 83%]
2z 2 Linesr Accuracy z 09107 1502302 1537 . Sys DevE. 000050 | 000038 | 437
b2z 2 Feversal Error z 0FA07 150 230-2 1997 _ Reversal B 000030 | 000023 26%
o2z 2 Linesr Fepeatability z ST Ferishaw Analysis _ Max of Poslitive or Negaive 000030 | 000023 | 26%)
evz 2 |Stsighiness Y » - I 000000 | 000000 | 00%
ez 2 |Swaighness X x - 000000 | 0.00000 | 0.0
ez 2 Rl Mo separste emor, contained in eBlzx Squsreness 700 | 000041

ehz 2 Fith y | O ngth 700 | o004 [ 000000 | 000000 | 0.0%
Bz 2w x| Offsel=_ Tool Lengh 70| oo T o 000000 | 000000 | 0.0%]
eBrx 2&X_|2XSquareness x Offset=_ 2 Travel 000 | 0000% [ 5 000122 | 00013 20z
s S |Radidl Ermor% - 000020 | 000000 | 0.0%]
s S Radial Erroc 000020 | 0.00000 0.0%]
52 S |AudErmorZ 000020 | 000000 | 0.0%

Sum = 7 ooosn " w0
Commerts
Positioning Perforamance Estimate =| 0.00245
Size Tolerance =|_0.00250 |
Ratio = 10
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Step 3: Feature Model Development

The development of a Feature Model from
the Machine Full Volume Model involves:

» Use of the CTM feature dimensions to
determine the machine axes moved and how
far they travel from datums.

Step 3: Feature Model Development

» Angular and orthogonal errors contribute to
part error in a selected direction using tool
and machine offsets

» Compute the weighted sum of all errors in a
selected direction of a feature tolerance

© 2013 IQL Independent Quality Labs, Inc.
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Step 3: Feature Model Application

» Compare the weighted sum of all errors to
the feature tolerance bandwidth, resulting in
the FTP (Feature Tolerance Percentage)

Step 3: Feature Model

PEN | Awes Dser Error Cornenents. (McroRad] (Degrees) | Ang | Eor | Offsel | PefEmor | Adjusied | Error
Error Name Oir [ (W] (45) (i (in) (in) i) %
e X |inear Accuracy x D107 150 230-2 1997 . Sys DevE 000050 | 000002 | 0%
x X |Lineas Pepeatabiity x OS1H7_ Perishaw Analysis _ Max of Postitive or Negaiive 000020 | 0.0005 557
&Yy X Straightress Y v - 0.00000 0.00000 0.0
ehx X Rall w Offsstm 2 Travel 700 000041 7 130 0.00005 0.00000 017
= X |Pitch % | Offsel=_ 2 Travel 700 | 000041 U 1380 | 000005 | 000000 (7
eCx X |Yew y | Offsel= X Travel 700 | 000041 © 2288 | 00000 | 000000 (2
eCxy | R&Y R Squarensss x| Offsel= ¥ Travel 00| 00005 [ 1900 | 000009 | 000007 | 267
ety ¥ |Linesr Accuracy ) O1A07 150 230-2 1997 _ Sys DevE 000050 | 000004 147
ety ¥ |Linear Repeatability v OS1207_ Renishaw Analysis . Max of Posiiive or Negaiive 00003 | 000024 | 897
e Y |Siraighiress X x - 000000 | 000000 | 0.0%
By Y |Foll = 2Travel 700 | 000041 U 130 | 000005 | 000000 (2
ehy Y |Pich y | Offsel=_ 2 Travel 700 | 000041 © 130 | 000005 | 000000 [0
eCy Y| Yow x| Offset=_ Y Travel 700 | 000041 " 100 | 000006 | 000000 | 0.2
etz | V&2 |YZSquereness y | Offset=_2Travel 000 | 000058 [ 1360 | 000007 | 000005 | 20%]
evz 2 [GraghinessY v - 000000 | 000000 | 0.0
ez 2 [SrughinessX x - 000000 | 000000 | 0.0%]
chz 2 |Pich y | Offsel=_ TodLengh 700 | 000041 ! 0000 | 00000 | 000000 | 0.3
eBe 2 [Yam x| Offset=_ TooLengh 700 | 000041 7 0000 | 000000 | 000000 | 007
eBzx | 28X |2 Sauareness x| Offsel= |2 Travel 000 | 000058 ! 1380 | 000007 | 000005 19%)
os 5 |Redal EmorX x - 000020 | 0.0005 557
evs S |Redial Emor Y v - 000020 | 0.000% 5.9%]
s | W&S |2XSquareness x| Offset=_Tod Lengh 520 | 000030 " 0000 | 000000 | 000000 |  0.0%]
ehys | Y&S |YZSauareness v | Offset= Todl Length 520 | 000030 [ 0000 | 000000 | 000000 |  0.0%]
iy | X& Y _|Contour XY x| @20PM 000T0_| 0.00084 | 305%
et X |Tool Chg Fpt x - 000020 | 0.0005 557
et ¥ |Tool ChgFpt v B 000020 | 0,000 59%]
aXp X |PertPrb Fipt x - 00020 | 0.0005 557
e Y |PortPrb Rt v - 000020 | 0.000%6 597
el X |Tool Pra Pt x - 000020 | 0.00055 557
Ea) ¥ [Tool Prbo Pt v - 000020 | 0.000%6 597
Sum = T oo0zzs " w0%
Cormmenis:
Positioning Perfaramance Estimate =
Size Tolerance =[_0.00500 |
Ratio =[50 |
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Step 4. GAP Analysis and Optimization

» Perform GAP analysis between Actual
(existing or offered) and Optimized Machine
and Process Performance

— to identify necessary corrective actions or
modifications to design, machine or process
specifications

Step 4: GAP Analysis and Optimization

o FTP for all CTMs (Critical to Manufacturing
Features) should not be greater than the
percentage allocated for the machine in the
Process Error Budget

« If an FTP is greater than the allocated
percentage, Machine Parametric Errors
must be Optimized by decreasing their
allowable value

© 2013 IQL Independent Quality Labs, Inc.
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Step 4. GAP Analysis and Optimization

* ldentify CPPs (Critical Performance Error
Parameters) with greatest impact on CTM
tolerance(s)

— using Optimized Machine Performance
and Part Feature Error Models to
determine required machine specifications
for success

Step 4: GAP Analysis and Optimization

e Calculate % contribution for each
Parametric Error

» Errors with the greatest contribution to error
sum become CPPs (Critical Performance
Parameters)
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Lifecycle Stage: Vendor Selection

 All Optimized Parametric Errors should be
used in conjunction with ISO 230 Test code
for machine tools when purchasing a high
value machine tool

» For lower value machines, the Full Volume
Model summation may be used to establish
requirements for the 1SO 230-6 Diagonal
Displacement Tests

Lifecycle Stage: Installation and Run-off

» These Tools have been successfully applied
to Machine Procurement Specifications for:
— Heavy Machinery - Engines
— Automotive - Power Train Parts
— Navy Nuclear - Turbine Components
— Army - Munitions Components
— Aircraft - Composite Parts
— Electronic Assembly System - Components
— Communications - Fiber Optic Components

© 2013 IQL Independent Quality Labs, Inc.
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Lifecycle Stage: Production
Application

» CPP Errors with the highest percentages
should be monitored periodically to maintain
control of the process

Lifecycle Stage: Production
Application

» Changes in machine condition can be
monitored by:

— Periodically probing a stable artifact
representing the volume of the work piece(s)

— Periodically applying the ASME B5.54 &
B5.57 One Day Tests (Ball Bar, Laser
Diagonals, Linear Displacement etc.)

© 2013 IQL Independent Quality Labs, Inc.
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Lifecycle Stage: Production
Application

» These Tools have also been successfully
applied for comparisons and diagnostics to:
— Machine Tools - Competitor Comparison
— Refrigeration - Rotary Pumps
— Aircraft Engine - Components
— Power Generation Mfg - Major Equipment Move
— Refrigeration - Equipment Move
— Automotive - Engine Block
— NASA - Robotic Hand Parts

Conclusion

Applying Machine Tool Lifecycle Management
Tools will:

* Renew US machine tool knowledge base

« Save millions of dollars in the lifecycles of
machine tools

» Improve the capability of new and older
machine tools

© 2013 IQL Independent Quality Labs, Inc.
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What’s Next

Prototype

Automated Process Error Model

This material is based upon work supported by the Armament
Research, Development and Engineering Center (ARDEC) through US
Army Contracting Command - Picatinny under Contract No. W15QKN-
10-C-0039.

Any opinions, findings and conclusions or recommendations

expressed in this material are those of the author(s) and do not
necessarily reflect the views of the ARDEC — Picatinny.

What the Prototype Does

» Estimates machine capability requirements
of annotated 3D part models for all
toleranced features in all possible
machining orientations

» Optimizes machining orientations
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How the Prototype Works

» Prototype divides the annotated 3D part
model into pairs of toleranced Attributes and
Features (AFPSs)

How the Prototype Works

» The AFPs are then analyzed individually or
in combination to determine the machine
tool performance requirement for a user
selected tolerance consumption targets

© 2013 IQL Independent Quality Labs, Inc.
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How the Prototype Works

» Prototype analysis uses 5 generic machine
tool performance grades, representing the
most common machine tool types (VMC &
HMC)

» Prototype has been developed as an Add-in
to a popular CAD system

Open File

© 2013 IQL Independent Quality Labs, Inc.
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Select File from drop-down list

Ly

Select Tools
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