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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 mechanical reverse 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 of our industrial trips to a local manufactur-
ing company. The office secretary was photocopying documents 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 of time
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. “Reverse engineering (RE) refers to creating a computer-aided
design (CAD) model from an existing physical object, which can be used as
a design tool for producing a copy of an object, extracting the design concept of
an existing model, or reengineering an existing part.” His eyes lit up. Such situa-
tions are not uncommon in today’s manufacturing arena.

With globalization and trade liberalization, manufacturing companies face
increasing competition from goods and services produced in lower wage 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 attempt to 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 cannot be controlled.

To be agile and lean, companies cannot apply traditional approaches that 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 development and production lead times
has led many companies into problems with inventories, overhead, and ineffi-
ciencies. They are trying to apply the traditional mass-production approach
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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 as product upgrades and future reconfigurations are
as important as the product itself. Approaches such as rapid prototyping (RP)
and reverse engineering (RE) are helping to solve some of these problems.

Rapid Prototyping - Rapid prototyping is a relatively new class of technology
used for building physical models and 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 metal objects based
on thin horizontal cross sections taken from computer models.

Reverse Engineering - Reverse engineering encompasses a variety of ap-
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-manual or under computer control-to reproduce something.

This is a book for people interested in RE 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 about this 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 for
a number of years, we are beginning to see that RE is finally receiving the respect
it deserves.
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Chapter 1

Introduction to Reverse Engineering

Vinesh Raja, University of Warwick, UK

Abstract

This chapter introduces readers to the term reverse engineering (RE), and to the associ-
ated techniques that can be used for scanning physical parts. In addition, the chapter
presents the process of reverse engineering and the strategy for scanning and converting
the scanned data into a 3-D surface or solid model.

1.1 Introduction

In today’s intensely competitive global market, product enterprises are con-
stantly seeking new ways to shorten lead times for new product developments
that meet all customer expectations. In general, product enterprise has invested

Original

7

Improved

Figure 1.1. Product development cycle
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in CADCAM, rapid prototyping, and a range of new technologies that provide
business benefits. Reverse engineering (RE) is now considered one of the tech-
nologies that provide business benefits in shortening the product development
cycle. Figure 1.1 below depicts how RE allows the possibilities of closing the loop
between what is “as designed” and what is “actually manufactured”.

1.2 What Is Reverse Engineering?

Engineering is the process of designing, manufacturing, assembling, and main-
taining products and systems. There are two types of engineering, forward engi-
neering and reverse engineering. Forward engineering is the traditional process
of moving from high-level abstractions and logical designs to the physical im-
plementation of a system. In some situations, there may be a physical part/
product without any technical details, such as drawings, bills-of-material, or
without engineering data. The process of duplicating an existing part, subassem-
bly, or product, without drawings, documentation, or a computer model is
known as reverse engineering. Reverse engineering is also defined as the process
of obtaining a geometric CAD model from 3-D points acquired by scanning/
digitizing existing parts/products. The process of digitally capturing the physical
entities of a component, referred to as reverse engineering (RE), is often defined
by researchers with respect to their specific task (Motavalli & Shamsaasef 1996).
Abella et al. (1994) described RE as, “the basic concept of producing a part based
on an original or physical model without the use of an engineering drawing”.
Yau et al.(1993) define RE, as the “process of retrieving new geometry from
a manufactured part by digitizing and modifying an existing CAD model”.

Reverse engineering is now widely used in numerous applications, such as
manufacturing, industrial design, and jewelry design and reproduction For ex-
ample, when a new car is launched on the market, competing manufacturers
may buy one and disassemble it to learn how it was built and how it works. In
software engineering, good source code is often a variation of other good source
code. In some situations, such as automotive styling, designers give shape to
their ideas by using clay, plaster, wood, or foam rubber, but a CAD model is
needed to manufacture the part. As products become more organic in shape,
designing in CAD becomes more challenging and there is no guarantee that the
CAD representation will replicate the sculpted model exactly.

Reverse engineering provides a solution to this problem because the physical
model is the source of information for the CAD model. This is also referred to as
the physical-to-digital process depicted in Figure 1.2. Another reason for reverse
engineering is to compress product development cycle times. In the intensely
competitive global market, manufacturers are constantly seeking new ways to
shorten lead times to market a new product. Rapid product development (RPD)
refers to recently developed technologies and techniques that assist manufactur-
ers and designers in meeting the demands of shortened product development
time. For example, injection-molding companies need to shorten tool and die
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Physical Digital

Figure 1.2. Physical-to-digital process

development time drastically. By using reverse engineering, a three-dimensional
physical product or clay mock-up can be quickly captured in the digital form,
remodeled, and exported for rapid prototyping/tooling or rapid manufacturing
using multi-axis CNC machining techniques.

1.3 Why Use Reverse Engineering?

Following are some of the reasons for using reverse engineering:

The original manufacturer no longer exists, but a customer needs the prod-
uct, e.g., aircraft spares required typically after an aircraft has been in service
for several years.

The original manufacturer of a product no longer produces the product, e.g.,
the original product has become obsolete.

The original product design documentation has been lost or never existed.

Creating data to refurbish or manufacture a part for which there are no CAD
data, or for which the data have become obsolete or lost.

Inspection and/or Quality Control-Comparing a fabricated part to its CAD
description or to a standard item.

Some bad features of a product need to be eliminated e.g., excessive wear
might indicate where a product should be improved.

Strengthening the good features of a product based on long-term usage.
Analyzing the good and bad features of competitors’ products.
Exploring new avenues to improve product performance and features.

Creating 3-D data from a model or sculpture for animation in games and
movies.

Creating 3-D data from an individual, model or sculpture to create, scale, or
reproduce artwork.

Architectural and construction documentation and measurement.

Fitting clothing or footwear to individuals and determining the anthropome-
try of a population.
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e Generating data to create dental or surgical prosthetics, tissue engineered
body parts, or for surgical planning.

e Documentation and reproduction of crime scenes.

The above list is not exhaustive and there are many more reasons for using
reverse engineering, than documented above.

1.4 Reverse Engineering—The Generic Process

The generic process of reverse engineering is a three-phase process as depicted in
Figure 1.3. The three phases are scanning, point processing, and application-
specific geometric model development. Reverse engineering strategy must con-
sider the following:

()
=
e 3D
§ Scanning
© Point Multiple
= Cloud Scan
[¥e] . "
& Processing Aligment
£
=
4
[ Polygonisation ]
Surfaces Inspection
NURBS with CAD Model
v
_—
=
=
S
=
(=
=3

Surfaces
NURBS

Figure 1.3. Reverse engineering — the generic process
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e Reason for reverse engineering a part

e Number of parts to be scanned-single or multiple

e Part size-large or small

e Part complexity-simple or complex

e Part material-hard or soft

e DPart finish-shiny or dull

e Part geometry-organic or prismatic and internal or external
e Accuracy required-linear or volumetric

1.5 Phase 1-Scanning

This phase is involved with the scanning strategy-selecting the correct scanning
technique, preparing the part to be scanned, and performing the actual scanning
to capture information that describes all geometric features of the part such as
steps, slots, pockets, and holes. Three-dimensional scanners are employed to
scan the part geometry, producing clouds of points, which define the surface
geometry. These scanning devices are available as dedicated tools or as add-ons
to the existing computer numerically controlled (CNC) machine tools. There are
two distinct types of scanners, contact and noncontact.

1.5.1 Contact Scanners

These devices employ contact probes that automatically follow the contours of
a physical surface (Figure 1.4). In Ithe current marketplace, contact probe

Figure 1.4. Contact scanning touch probe. Originally published in Rapid Prototyping Casebook, McDonald,
J.A., Ryal, C.J. and Wimpenny, D.I.,, 2001, © John Wiley and Sons Limited. Reproduced with permission.
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scanning devices are based on CMM technologies, with a tolerance range of
+0.01 to 0.02 mm. However, depending on the size of the part scanned, contact
methods can be slow because each point is generated sequentially at the tip of
the probe. Tactile device probes must deflect to register a point; hence, a de-
gree of contact pressure is maintained during the scanning process. This con-
tact pressure limits the use of contact devices because soft, tactile materials
such as rubber cannot be easily or accurately scanned.

1.5.2 Noncontact Scanners

A variety of noncontact scanning technologies available on the market capture
data with no physical part contact. Noncontact devices use lasers, optics, and
charge-coupled device (CCD) sensors to capture point data, as shown in Fig-
ure 1.5. Although these devices capture large amounts of data in a relatively short
space of time, there are a number of issues related to this scanning technology.

e The typical tolerance of noncontact scanning is within +0.025 to 0.2 mm.

¢ Some noncontact systems have problems generating data describing surfaces,
which are parallel to the axis of the laser (Figure 1.6).

¢ Noncontact devices employ light within the data capture process. This cre-
ates problems when the light impinges on shiny surfaces, and hence some
surfaces must be prepared with a temporary coating of fine powder before
scanning.

Figure 1.5. Optical scanning device. Originally published in Rapid Prototyping Casebook, McDonald, J.A.,
Ryal, C.J. and Wimpenny, D.l., 2001, © John Wiley and Sons Limited. Reproduced with permission.
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Figure 1.6. Vertical faces—touch probe versus a laser. Originally published in Rapid Prototyping Casebook,
McDonald, J.A., Ryal, C.J. and Wimpenny, D.I., 2001, © John Wiley and Sons Limited. Reproduced with
permission.

These issues restrict the use of remote sensing devices to areas in engineering,
where the accuracy of the information generated is secondary to the speed of
data capture. However, as research and laser development in optical technology
continue, the accuracy of the commercially available noncontact scanning de-
vice is beginning to improve.

The output of the scanning phase is point cloud data sets in the most conven-
ient format. Typically, the RE software provides a variety of output formats such
as raw (X, Y, Z values separated by space or commas).

1.6 Phase 2-Point Processing

This phase involves importing the point cloud data, reducing the noise in the
data collected, and reducing the number of points. These tasks are performed
using a range of predefined filters. It is extremely important that the users have
very good understanding of the filter algorithms so that they know which filter is
the most appropriate for each task. This phase also allows us to merge multiple
scan data sets. Sometimes, it is necessary to take multiple scans of the part to
ensure that all required features have been scanned. This involves rotating the
part; hence each scan datum becomes very crucial. Multiple scan planning has
direct impact on the point processing phase. Good datum planning for multiple
scanning will reduce the effort required in the point processing phase and also
avoid introduction of errors from merging multiple scan data. A wide range of
commercial software is available for point processing.

The output of the point processing phase is a clean , merged, point cloud data
set in the most convenient format. This phase also supports most of the proprie-
tary formats mentioned above in the scanning phase.
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1.7 Phase 3-Application Geometric Model Development

In the same way that developments in rapid prototyping and tooling technolo-
gies are helping to shorten dramatically the time taken to generate physical rep-
resentations from CAD models, current RE technologies are helping to reduce
the time to create electronic CAD models from existing physical representations.
The need to generate CAD information from physical components will arise
frequently throughout any product introduction process.

The generation of CAD models from point data is probably the most com-
plex activity within RE because potent surface fitting algorithms are required to
generate surfaces that accurately represent the three-dimensional information
described within the point cloud data sets. Most CAD systems are not designed
to display and process large amounts of point data; as a result new RE modules
or discrete software packages are generally needed for point processing. Gener-
ating surface data from point cloud data sets is still a very subjective process,
although feature-based algorithms are beginning to emerge that will enable
engineers to interact with the point cloud data to produce complete solid mod-
els for current CAD environments.

The applications of RE for generating CAD data are equally as important as
the technology which supports it. A manager’s decision to employ RE technolo-
gies should be based on specific business needs.

This phase depends very much on the real purpose for reverse engineering.
For example, if we scanned a broken injection molding tool to produce a new
tool, we would be interested in the geometric model and also in the ISO G code
data that can be used to produce a replacement tool in the shortest possible time
using a multi-axis CNC machine. One can also use reverse engineering to ana-
lyze “as designed” to “as manufactured”. This involves importing the as de-
signed CAD model and superimposing the scanned point cloud data set of the
manufactured part. The RE software allows the user to compare the two data
sets (as designed to as manufactured). This process is also used for inspecting
manufactured parts. Reverse engineering can also be used to scan existing hip
joints and to design new artificial hips joint around patient- specific pelvic data.
This creates the opportunity for customized artificial joints for each patient.

The output of this phase is geometric model in one of the proprietary formats
such as IGES, VDA, STL, DXF, OBJ, VRML, ISO G Code, etc.

This chapter defined the term “reverse engineering” followed by reasons for
using reverse engineering. It also introduced the reverse engineering strategy,
the three phases of the reverse engineering generic process, contact and noncon-
tact scanning, point processing, and application geometric model development.

Chapter 2 builds on Chapter 1 by providing an in-depth depiction of method-
ologies and techniques for reverse engineering.

Chapter 3 presents information on reverse engineering hardware and soft-
ware and also provides excellent information on commercially available reverse
engineering hardware and software.
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Chapter 4 provides a structured approach for selecting the appropriate re-
verse engineering system for a specific business need.

Chapter 5 introduces the fundamentals of rapid prototyping with an in-depth
description of various commercially available rapid prototyping technologies.

Chapter 6 provides excellent information on the relationship between reverse
engineering and rapid prototyping.

Chapter 7 provides cases studies of successful applications of reverse engin-
eering in the automotive industry.

Chapter 8 provides cases studies of successful applications of reverse engin-
eering in the aerospace industry.

Chapter 9 provides cases studies of successful applications of reverse engin-
eering in the medical equipment industry.

Chapter 10 describes the legal aspects and implications of reverse engineering.

Chapter 11 discusses the barriers to adopting reverse engineering.
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Methodologies and Techniques
for Reverse Engineering-The Potential
for Automation with 3-D Laser Scanners

David Page, Andreas Koschan, and Mongi Abidi, University of Tennessee, USA

Abstract

In this chapter, we present methodologies and technologies for automating reverse engi-
neering (RE) through digital imaging and computer vision. We begin this chapter with
a definition of RE in terms of generating computer-aided design (CAD) models from
existing objects and components. We use the term computer-aided reverse engineering
(CARE) to describe this process. With this definition, we present a brief overview of the
traditional approach to RE using coordinate measuring machines (CMMs). Then, we
begin the main focus of the chapter where we explore digital imaging and computer vision
as an alternative to CMMs. This exploration begins with data acquisition, where we pre-
sent laser-based range scanners as a promising approach. For these scanners, we explain
and highlight differences in data resolution and scanning rates and contrast those to CMM
performance. Next, we present a processing pipeline for creating CAD models using these
scanners. This processing includes tasks such as view registration, surface integration,
patch reconstruction, model fitting, noise removal, and other functions. This chapter
explains these topics to help the reader understand their importance in designing an RE
imaging system and the impact that various parameters have on modeling accuracy.

2.1 Computer-aided Reverse Engineering

Reverse engineering (RE) has many meanings to many different people. As we
begin this chapter, we first focus our attention on the specific meaning that we
intend to address and then extend our attention to the automation of RE, which
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we call computer-aided reverse engineering (CARE). To this end, this chapter
discusses CARE in general and then explores 3-D laser scanning in depth as an
emerging CARE technology from the computer vision community, as intro-
duced in Varady et al. (1997), Bernardini et al. (1999), and Page et al. (2003).
The chapter details the methodologies and techniques associated with computer
vision scanning and notes specific challenges for the CARE problem.

2.1.1 What Is Not Reverse Engineering?

Each discipline of engineering has a different definition for RE. Computer engi-
neers and computer scientists, for example, refer to RE when they speak of de-
termining the algorithmic functionality of a software package when they have no
prior knowledge of the original software design. Engineers and programmers
attempt to develop functional block diagrams of the software through interac-
tion with the interface and to develop high-level code descriptions from raw
machine code. This software definition is not the scope of our RE discussion.
Another example of RE that might be familiar-but also outside the scope of this
chapter-concerns revealing the inner workings of a machine to figure out what
makes it tick. This form of RE is also a systems level approach where an engineer
disassembles the item of interest to develop an understanding of the functional
relationship of components or to gain insight into the types of materials used to
fabricate the components. As with software RE, the goal is to develop a high-
level description of a system without a priori knowledge. These two examples
are common applications that use the term RE, but we wish to emphasize that
our definition of RE is not related to these examples, but is instead related to the
area of computer-aided engineering (CAE).

2.1.2 What is Computer-aided (Forward) Engineering?

In the late 1970s and into the 1980s, computer-aided design (CAD)-a compo-
nent of CAE-began to revolutionize engineering disciplines. The peak of this
revolution occurred in 1990 with the design of the Boeing 777; the entire aircraft
was designed and preassembled through a virtual CAD) simulation. According
to Boeing, the first 777 to roll out of the production hangar in 1994 was just hun-
dredths of an inch-about the thickness of a playing card-within alignment. This
precision contrasts with the half-inch alignments common with most aircraft
parts before that time-an improvement of several orders of magnitude. This
revolution in technology has continued into the 1990s and today with the emer-
gence and growth of computer-aided manufacturing (CAM). CAM is the auto-
mation of the manufacturing process itself-beyond just the design process-
where machines such as computerized numerically controlled (CNC) mills allow
precise fabrication of objects directly from CAD descriptions. With CAM, a de-
signer can rapidly move from a conceptual CAD description to a real-world



