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Preface

Congratulations and thank you for reading this book! You hold in your hand

perhaps the first book solely written on mechanicalreverse engineering from an

industry perspective. The motivation for this book originates from the needs of

today's global industry.

We recall an incident during one ofour industrial trips to alocal manufactur-

ing company. The office secretary was photocopyingdocuments for this meet-

ing, when the manufacturing manager remarked,"Wouldn't it be nice if I could

do
the

same with mechanical parts, it would save me and my team a lot oftime

and money. Have
you not

heard of reverse
engineering?

we asked him. "Re-
verse engineering, isn't that something to do with programming computers?"

"No,"
we

replied. "Reverseengineering (RE)
refers to creating a computer-aided

design (CAD) model trom
an

existing physical object, which can be used as
a
design

tool
forproducing

a copy ofan object, extracting the
design conceptof

an existing model,or
reengineering

an
existing part." Hiseyes lit up.Such situa-

tions are not uncommon in today's manutacturingarena.

With globalization and trade liberalization, manufacturingcompanies face

increasing competitionfrom goods and services
produced

in lowerwage econo-

mies. Countries
in the

West
cannot

compete against low wages and must there-

fore
depend on raising

innovation
and

best practices to create better products.

In
an

attemptto compete
in such a volatile environment,companies are look-

ing to
lean and agile strategies to compete and survive. Lean or world class

manufacturing
is principally aimed at reducing waste and controlling things

that
can be measured and controlled. On the other hand, agility

deals with

things that cannotbe controlled.

To
beagile and lean, companies

cannot
apply traditional approachesthat of-

ten result in problems with inventories, overhead, and inefficiencies. Compa-
nies need to create small quantities of highly customized,designed-to-order

parts that meet the needs of the global customer.The swift trend toward a mul-

tiplicity of finished products with short developmentand production lead times

has led many companies into problems with inventories, overhead, and ineffi-

ciencies. They are trying to
apply the traditional mass-productionapproach
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without realizing that the whole environment has changed.Mass production

does not apply to products where
the customers require small quantities of

highly custom,designed-to-order products,
and where additional services and

value-added benefits such asproduct upgradesand future
reconfigurations are

as important as the product itselfE.
Approaches

such as
rapid prototyping (RP)

and reverse engineering (RE)arehelping to solve some of these problems.

Rapid Prototyping
-
Rapid prototyping is a

relatively
new class of

technology
used for building physical modelsand prototype parts from 3-D computer-aided

design
(CAD)data. Unlike milling machines(which

are subtractive), RP systems

join liquid,powder,and sheet materials
together

to form complex parts. Layer

by-layer, RP machines fabricate plastic,
wood, ceramic, and metalobjects based

on thin horizontal cross sections taken from computer models.

Reverse Engineering Reverse engineering encompasses
a

variety ofap-
proaches to reproduce a physical object with the aid of drawings, documenta-

tion,
or

computer
model data. In the broadest sense, reverse

engineering is

whatever
it

takes-manualorundercomputer control-to reproducesomething.

This
is a

book for people interested
inRE from

an
industrial perspective. Sev-

eral journal papers have discussed issues related to RE, but from our conversa
tions with industrialists and our personal experience, there is a huge gap in

practical literature in this field, especially in manufacturing. Hence, this book is

written for the benefit of the industrialist, who might not have the time to
"scramble"through libraries and other sources to read journal papers. Although
this book is written for such "novice engineers, we expect the reader to be fa-

miliar with basic
computer-aided design and manufacturing principles. The

main theme of the book is to get you started using RE as quickly as
possible. We

have provided examples from the aerospace, automotive,and medical equip-
ment industries to familiarize you with the principles and techniques of reverse

engineering.

Probably the most unusual thing aboutthis book is that we start with practi-
cal examples from industry. This approach has worked well in the classroom
when we teach our course to industrial students. We expect the same results
with this book. Many of the examples used in the later chapters depend on the

principles and
techniques of RE, so, it is essential that you read the first few

chapters.

Having taught reverse
engineering to industrial managers and

engineers tor
a number of years, we are

beginning to see that RE is
finally receiving the respect

it deserves.



Contents

XVlList ofContributors.. ***********an
wanp******wea*****************erssnnsss*****asns****nasasesenem

anassae

Introduction to Reverse
Engineering..

1.1 Introduction..ee**nneenes********mor*************************************
What Is Reverse Engineering.
WhyUse ReverseEngineering.
Reverse Engineering-TheGeneric Process.
Phase1-Scanning*********************aaae***sasaes********a*e*arue******************o***
1.5.1 Contact Scanners..
1.5.2 NoncontactScannerS..
Phase2-Point

Processing-
Phase3-Application GeometricModel

Developmen.

*******

1.2 ***************************************

1.3 * eo*****a****oo********as********

1.4

1.5

1.6
********** eeeeneneenneseeseaeee*****

eeses******1.7

Methodologies
and Techniquesfor

ReverseEngineering-
The Potential forAutomation with 3-D Laser Scanners...

2.1 Computer-aidedReverseEngineering. *****ns*******a************

2.1.1 What Is Not ReverseEngineering?.
2.1.2 What isComputer-aided(Forward)Engineering?.
2.1.3 What Is Computer-aidedReverse Engineering?.

Computer Vision and Reverse
Engineering..******eeeeasaas*********

2.2.1 CoordinateMeasuringMachines...

2.2.2 Active Illumination 3-D Stereo..********aa******

2.2.3

12
15

152.2

15

17

Benefits and Drawbacks.
***************************mesasnona

Structured-light Range Imaging.
2.3.1 SourcelluminationCategories
2.3.2 Sheet-of-light Range Imaging-*************************************

ScannerPipeline..
2.4.1 Data Collection..

2.4.2 Mesh Reconstruction.

212.3 ********************

22*****************e****aee***** 2
272.4

**** *******-********* ********** *****

27

512.4.3 Surface Fitting... *******************************o** ******



Contents

2.5
Conclusions.****ea*maaeeaaasanaa************************** *******************

Acknowledgments 2*****************emsesseea***eanann*******************************e**************

3 Reverse Engineering-Hardwareand Software...Introduction.. oocoooo *sn
Reverse Engineering Hardware.

************************

3.2.1 Contact Methods..
3.2.2 NoncontactMethods...**********a**************

3.2.3 Destructive Method.
.3

43.2

4
37

**************************************

53Reverse
Engineering Software...

3.3.1 Reverse Engineering Software
Classification.

3.3.2 Reverse Eng�neering Phases..
3.3.3 FundamentalReverse Engineering Operations...

53

54************

00

693.4
Conclusion..

ececeoooossse***s*eeaenoanmmensaan

Selecting a Reverse
Engineering System..*ssna*s**as***************mesasee********sas*

4.1
ntroduction...

4.2
72

The Selection ProcesS.

754.2.1 Team
Formation. *************

4.2.2 Identify the Business Opportunity
75and Technical

Requirements..
Vendor and System Information Gathering
Vendor

Short-listing....
Visit the Short-listed Vendors.*************

4.2.3
******

4.2.4

774.2.5

78
4.2.6 Detailed Vendor

Assessment..***anneeoeenosaes*****s******eaas

794.2.7
Benchmarking-.

4.2.8 PerformaCommercial Evaluation

*aaasan********a**ss*******************************

79of the Vendor
Chosen..****oesecosenoseeno*** ******a************

4.3 Some Additional
Complexities..

Point CaptureDevices..
4.4.1 ContactDevices-Hard or Manual

Probe.0C....ocsseasseso********

S04.4
*****************************na*****

4.4.2
Touch-trigger ProDe... ***

4.4.3 ContinuousAnalogue Scanning Probe..*******************aa*
4.4.4 Other Facets of Probe

Selection..e*ms*e*ssaasaseenar********
4.4.5 Noncontact

Devices..**********s*aesn****************************a********

Triangulation Approaches.
4.6

Time-of-tlight" or RangingSystem..*************************sne*******
Structured-light and

Stereoscopic Imaging Systems...
4.8 Issues with

Light-based Approaches..*****ae********e****************aamenaad
4.9 Tracking Systems..
4.10 Internal Measurement

Systems..
4.10.1 X-rayTomography.

4.11 Destructive
Systems.

82

85

85
4.5

**********************

84

844.7

80

*****em*snenenemmwnapre*a*ntwrne

80
***************aa********

8/***********************s*se******ee****ase********



Contentss xii

874.12 Some Comments on
Accuracy

4.13 Positioning the
Probe...

4.14 Postprocessing the Captured atd.oneso*soeoreeee**************************

4.15 HandlingData Points..
4.16 Curve and Surtace

Creation.
4.17 Inspection Applications.
4.18 ManufacturingApproaches..******************eseseweeeaaaeesraa*aaaaaa************

4.19 Conclusion.e*******eesea ss*ns*****

4.20 Appendix.

************************************************

89*
***************a*eseeseea****************

90
91

esassos********************aeeneeo*****************

95
95******************

90
9o*************************************

97oo eoonssssosooo** ananoeoa********aaaano *******

974.20.1 Data CaptureVendors...***************e************

4.20.2 Postprocessing Vendors.. 98
aeonoo osansaeso *************

99Introduction to Rapid Prototyping.*************************e*********s****ee******

5.1 The Basic
Process.

5.2 Current Techniquesand Materials...*****************o *o**e*o**aeeoesse

100

102

102
Stereolithography..
Selective Laser Sintering-.************************ eo*ese***ee

Fused Deposition Modeling...
Three-dimensional Printing
LaminatedObject Manutacturing.

Multijet Modeling.
Laser-engineered Net Shapingb************************a*aasaeee*aaane

5.2.1

1045.2.2

1055.2.3

1065.2.4 ****a**********eenenansmeseenonansa

1085.2.5 * *****************aa* 95.2.6
eessesnenee******** ****s*** a***ennenn

1105.2.7

1105.3
APplications..
5.3.1

************************************sasneeseenea**aaeeaa****************enane

Rapid Prototyping-

Rapid Tooling..
5.3.3 Rapid Manufacturing.

************************

1125.3.2
********naaann**nseneassonoenanooon.

113
********************sas**sasn********

1145.4 Future

Relationship Between ReverseEngineering
and Rapid Prototyping

Introduction..

119

206.1

1206.1.1 Modeling Cloud Data in Reverse Engineering. eaa**
Data Processing forRapid Prototyping

6.1.3 Integration of RE and RP for Layer-based

226.1.2

Model Generation..
6.2 The AdaptiveSlicing Approach forCloud DataModeling.. 124

1256.3 Planar PolygonCurve Construction for a Layer...**e****aeaaeanenaaa**

1266.3.1
Correlation Coefficient..

*****aaaaasnr** *****"
276.3.2 Initial Point

Determination..
6.3.3 Constructing the First Line Segment(S).
6.3.4 Constructing the Remaining Line Segments ($).- 130

6.4 Determination of AdaptiveLayer Thickness..SS..o*sssemaanaanotensee****a*

Some Application Examples.

132

546.5



CIv Contents

1396.6 Conclusions.

Acknowledgments.

**** ****see**m*eranm******************************************

Reverse Engineering in the Automotive Industry...****** ***

.l
ntroduction.

7.2 Reverse Engineering-
Workflow for AutomotiveBody Design..*******sanasnes*****sesse ***********

7.3 Inside GM's Virtual NASCAR EngineBlock.

7.4 Ferrari Speed
Not

Confined
to

RaceTrack.
7.5 Reverse Engineering for Better Quality.

7.6 A Look Ahead-Convergenceof Digital
and Physical Worlds....152

ACKnOwiedgments.
154

141

143****************************

*** *********en

Reverse Engineering
in the Aerospace Industry.

8.1
lntroduction..

8.2 RE in Aerospace-A
Work in

Progress.
8.3 Reducing Costs of Hard Tooling

157

157

159******** ***

162********************* *******sn

1648.4 Digitizing a NASA SpaceVehicle..
8.5

Inspection in Halt the Time..

8.6 Making the NextGreat Leap.
Acknowledgments.

59

175

177Reverse Engineering in the Medical Device Industry.
1779.1 Introduction e o ************snnenassseneasneseenanne

9.2 Orthodontics WithoutWiresand
Brackets.

9.3

178

Improvingthe ScanningProcess...isensassse*****saneessneanaaa**********
The Six-stage Process...**eeeeseenes***************

oooa 181
9.5

Achievement.. noos

180
9.4

Digital Dentistry Becomes
Keality. o

Hearing Instruments Meet the Digital Age..

.6

185.7

Reverse Engineering-A Better Knee
Replacement.. 88

190
***************a********* 0

2

9.8

9.9 TheQuest for aTotal Artificial Heart..

9.10 Moving Toward Mass Customization.***eemeeneana*********osn

194Acknowledgments .. *. * *******

10 Legal Aspects of ReverseEngineering..6*******a*assa***a*sesanessseeaeen*asenonses*ssmhaans 195

19510.1
Introduction...*******************************************************************************

10.2 Copyright LaW.
10.3 Reverse

Engineering-.

*************enwnenaeenensnsnses*************eaneosenee

198******************asasenansrne*********

9910.4 Recent CaseLaw..**e******************************************* **senaese**********

10.4.1 Sega Enterprises Ltd. v. Accolade, Inc.. 1
10.4.2 Atari Games Corp.v. Nintendo of America,Inc. 201



Contents

20310.5 The Fair Use Statutory Defense..
10.5.1 History and Changing the Law...

******************* *
10.5.2 What Do WeKnow About Proper

203

203ReverseEngineering **************aa**a****************a*************

10.6 Conclusion.

20711 Barriers
to Adopting

Reverse
Engineering

11.1
Background...

11.2 The Research Model..******************************************************************

11.3 Research Methodology.
11.4 Factor Analysis APproach..

***
*******************************

207
*************************************

08
213

14
***aen*a*eemnnon*******enanosaue**e

21411.4.1 Factor Determination Phase.

21411.4.2 Data
Collection..

216T1.5 FindingS... *
*** **

11.6 Conclusions and Recommendations for
Further Research..218

219Color Section.. *******************************************a********saeeanaee***
******

231RetcTCttceS ****o os *******************sensa*****************

239Index


