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Reverse Engineering as a Learning Tool in Design Process

Abstract

To include an element of practice in an engineering design course, a reverse engineering activity
in the form of a project could enhance engineering students’ learning experiences through the
tear down of an existing product or device. This activity helps the student learn the principles
behind the design of the product under study, uncover the inner workings of the device, as well
as ways to redesign and improve the performance of the system.

In the body of this paper, a preliminary reverse-engineering design methodology is presented
followed by case studies in which students as groups of three to four take an existing product and
apply the reverse engineering technique to learn the design process behind the product. The types
of product being studied are based on either instructor’s suggested list of products or choice of
the students design team. In most cases students selected a device with some kind of malfunction
to study the reason behind the unit breakdown. These case studies are presented on reverse
engineering projects performed by mechanical engineering students. Their learning experiences,
as well as the challenges on trying to come up with conceptual ideas to improve the existing
product based on their studies are presented.

The ABET outcomes for both students’ and instructor’s assessment presented in the paper prove
that the reverse engineering process has been successful in our mechanical engineering program,
enhancing students’ skills in engineering design, hands-on experience, team-work, and
engineering problem solving.

Introduction

Mech 314, Design Process is a three-credit Junior-level course offered in our Mechanical
Engineering Department. The class meets twice per week for 75-minute sessions. The main
focus of the course is on engineering design process. The textbook adopted for this course is
Engineering Design by Rudolph J. Eggert [1], one of the best textbooks published in this area.
This is a writing-in-the-major course, as such the students will have several major writing
assignments in the form of design project reports. One of the topics introduced in the course is
the concept of reverse engineering.

The practice of reverse engineering as a learning element in our design process course has been
implemented for the past several years. The main objective of this exercise is to familiarize the
students not only with the nature of redesign of a mechanical system, but also the ongoing
process of investigating and understanding of the engineering principles behind the new products
entering the market. In addition, as part of the assignment, student design teams working on
various products must come up with at least one concept to improve the performance of the
system being studied for their reverse engineering project.

Due to its very nature, reverse engineering is a common practice in diverse fields, such as
mechanical design, electronics, software engineering, and consumer products in general. Among
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many valuable reasons for reverse engineering, we can refer to gaining competitive
benchmarking methods to understand how a product functions, its material properties,
manufacturing methods, and ways to improve the current design.

In literature, a number of authors have addressed the concept of reverse engineering as a learning
and teaching tool. Jahan and Dusseau [2] use a portable water purification unit to introduce the
concept to a freshman class of different engineering disciplines. Orta, P., et.al. [3] claim that
reverse engineering is an invaluable tool to learn from the original structure and design, which is
equivalent to going backwards through the development of the product. O’Brien and Abulencia
[4] have implemented the reverse engineering principle for a sophomore fluid mechanics class.
They have hypothesized that students improve their problem solving ability by dissecting
problems in this manner.

Kellogg and Jenison [5] have utilized the process in an engineering design graphics course.
Design teams of three to five had the task of disassembling a product given by their instructor to
learn about design. McCracken and Newstetter [6] have used the reverse engineering
methodology as a tool for design recovery for learning and teaching designing. Other authors
have used this method primarily to teach how to design through hands-on design projects [7, 8].
Otto and Wood [9] have started with customer needs, followed by reverse engineering, creating a
functional model through teardown of a product.

This paper presents the results of the studies from a junior class on reverse engineering process
as part of their assignment in the “Design Process” course. The main objective of this study, in
addition to understand how the system functions, is to try to improve the existing design by at
least one area.

1. Objectives and Methodology

Design of a new product usually starts with a forward design process in which the need is put
forward by a customer/client. The students work in groups to solve challenging open-ended
design problems. They come up comes up with several feasible alternative solutions from which
the best solution is taken for further studies and analysis.

The reverse engineering process starts with tearing down an existing product to explore the
physical principles behind it, to gather the technical data for documentation of the observations
made by the researcher and the operation of a technology or components of a system. Since the
design process course in our engineering school heavily emphasizes involving the students in
hands-on learning activities, it helps them to understand the theoretical rationales behind the
engineering design process. Our engineering students are introduced to the concepts of reverse
engineering through a series of hands-on experiences of real-world products. Students in groups
of three to four are given a list of basic products to choose from, or they may propose a product
of their choice to disassemble for this study.

Through the teardown process of a product, the design team would learn how the product
functions and how the parts or subassemblies interact with one-another. One of the main tasks is
to have the students explore ways to improve the current product in at least one feature.
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Among many, some of the products in the list are vacuum cleaners, hand-held electric drills,
coffee makers, RC cars, staplers, to name a few. Each may be selected by the students to practice
on the reverse engineering process. Based on the past projects, in some cases a group of students
select a system which no longer functions. They disassemble the product to investigate the cause
of the malfunction. However, when the unit was reassembled, it started to work.

The reverse engineering part of the design Process course offered here in our Mechanical
Engineering Department proven successful and has increased the enthusiasm our engineering
students to learn how the products are designed, manufactured, and assembled. This task seems
to fulfill students’ curiosity and provides valuable stimulus for students’ learning as well as
encouraging them to brainstorm new ideas to improve the current product.

2. Case Studies

In early part of the Design Process course offered at the junior level, after the forward
engineering process is introduced, the topic of reverse engineering is covered. Students utilize
the reverse engineering technique through hands-on experience with a selected mechanical
system. They reverse engineer an existing product in form of design team. During the process,
they investigate the working principles behind the unit, as well as, finding ways to improve the
product through brainstorming. They present their studies in form of a technical report as part of
the course requirement. In this paper some examples along with the outcomes of the types of
projects our students worked on during the past several years, are introduced below.

2.1 Lighted Ball-Point Pen

In this project a group of students in the class of 2008-2009 [10] reverse engineered a lighted
ball-point pen to better understand how it operates and to improve the function of its light
emitting diode. The improvement consisted of modifying the switch that activates the LED to
close and complete the circuit twice as often. Both a part and function decomposition chart were
created and included in the document, as well as a part list and assembly drawing.

Before disassembling the pen, the students observed how the LED inside of the assembly
functions; a switch is used to open and close the circuit when the user clicks the pen. However,
the light did not turn on and off on every click. It only activated every four clicks.

After examining each part of the product, a product-component decomposition chart was created,
as shown in Figure 1, which displays a hierarchy of the overall product, the subassemblies, and
the specific parts. This was an important step to determine which subassembly contains the parts
that accomplish the function of illuminating the LED.
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LED PEN

LED Switch 1 Switch 2 Other Parts
LED Light Plastic Indexer Plastic Shell Brass Coated Plastic Cap
Metal Wires Copper Contact Spring Clicker (Plastic)
Plastic Rod Contact Spring
Metal Casing Spring Cap
Installing Strip Case (Plastic)
Metal Clip

Ink Cartridge Holder
Ink Cartridge

Plastic Tip

Beauty Rings 2x
Battery 3x

Output Housing
Silicone Grip

Figure 1 - Product-Component Decomposition Chart for Lighted Ball-Point Pen [10]

The product was disassembled for further study of how this deficiency could be corrected. A
layout of the pen with different parts identified is shown in Figure 2.

Since the pen does not light up every other time it is clicked, the objective was to modify the
switch so that it would do so. This was accomplished by adding a second strip of brass on the

piece that rotates and closes the switch.
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Figure 2 - Exploded View of Lighted Ball Point Pen with Bill of Materials [10]



On its own, this strip only makes contact every four clicks shown in Figure 3(a). Adding an
additional strip, shown in Figure 3(b), causes the LED pen to light up every other click. It is
important that the pen does not light up on every click because one click is to open the pen and
the other to close it.

Before: After:

(@) (b)
Figure 3 - Design improvement of the metal contacts (top view) for Lighted Ball Point Pen [10]

In conclusions while going through the reverse engineering process, the students working on this
project learned about the different parts in the product, as well as how they functioned together
as a whole. Ultimately, they came up with a way to improve the LED function of the pen, for the
light being turn on and off on every other click, rather than every four clicks.

2.2 Shop Vacuum

Among several projects in the class of 2009-2010, a team of juniors in Design Process worked
on reverse engineering a Shop Vac® model 4025 [11]. There were several problems with this
particular model that they had to address, including the high noise level during the operation, the
life of the bearings on the motor, and the weight of the unit when full of water, which was too
heavy for the average user. With these ideas for improvements, the team felt that the revised
product was to be superior to the unit it replaced, and would be one of the best vacuums
available in market.

To accomplish this task, the team produced and analyzed a customer survey based on 1000
customers to rate their experiences and gauge the important factors when using the unit. The
outcome of this survey shows that most customers/end users emphasized that the Shop Vac®
must have sufficient power, perform well, and be safe. The team also employed a scientific and
mathematical approach to solve the problems as follows.

The first design improvement was the noise level of the vacuum during the operation. The 80 db
TWA decibel rating approaches 85 db, the upper limit of tolerance. While not causing any major
hearing loss, this level of mechanically produced aural output did cause several researchers to
report significant “ringing” in ears after short periods of usage. It was concluded that further
research should be conducted to determine if the loudness originates from airflow turbulence or
motor noise. Theoretical research in acoustical harmonics might be utilized to superimpose noise
canceling sonic wave forms generated by the interaction of the motor/tank/ducting system.

The second design aspect under consideration was durability due to bearing wear and the
products’ untimely demise. As the motor operates, it is cooled by the filtered exhaust from the
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debris storage tank. The fine unfiltered particulate that remains in the exhaust steam passes over
the armature and lodges in the upper bearing faces. Over time this erosive effect causes the rotor
and stator to contact, damaging the motor. To resolve this problem a Weighted Rating Table [1]
was constructed, as shown in Table 1, for bearing upgrade. The idea was that a sealed bearing
could still be economical and yet provide the service duration necessary to develop a reputation
for a more robust product. As anticipated, the obvious solution was the sealed bearings with
score of 6.75 to be a better solution.

Table 1 - Bearing Upgrade Considerations: Method of Weighted Rating [11]

Design Criteria | Weight% | Bearing As Is W;i%)lized ]?:::ie:g WSeicg()l;teed
Life Span 0.3 3 0.9 8 24
Safety 0.05 6 0.3 8 0.4
Weight 0.05 8 0.4 7 0.35
Cost 0.2 9 1.8 6 1.2
Performance 0.1 6 0.6 4 0.4
Noise Level 0.2 5 1 6 1.2
Maintenance 0.1 4 0.4 8 0.8
Totals 1 41 5.4 47 6.75

Third, the large tank size should be reduced to a more manageable volume, preferably less than
five gallons. This would bring the weight of the tank to a more manageable forty five pounds.
In reducing the volume of the tank, the second moment of inertia would be moved closer to the
ground if the tank became squatter with no corresponding loss in diameter.

In conclusion, the Shop Vac® model 4025 is a highly popular product. The team has presented
several ways to improve the product that would benefit the consumer, and the reputation of the
company. It was decided by the design team, based on customer feedback, that the model 4025
vacuum should be improved.

2.3 RC Car

In this project an electric toy RC car was disassembled and analyzed. This task was
accomplished by students in a team of four in the 2010-2011 class [12]. Its maneuvering
capability, handling characteristics, aesthetics, range, and battery power were studied. The car
was shown to be constructed inexpensively using injection molded thermoplastic with limited
range and durability. In addition to testing for performance and parts cataloguing, three design
alternatives were generated through group brainstorming and identifying various ways in which
weak design points of the existing RC car might be improved.
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The RC car was dismantled to determine the original design concepts, manufacturing process,
materials used, and to identify the parts within the product. The original design concepts for the
RC car were standard A-arm steering, solid ABS plastic chassis, polystyrene body, solid rear

axle, minimal circuits and wiring, two motors, and four standard AA batteries as a power source.

A detailed layout of the RC car and identified parts are shown in Figure 4.

Front Brush
Handle Bar Guard
Steering Front Utility
Access Rack
Cover
Steering
Electric
Circuit Tire
Cover
Battery Parts of the
Access Panel Steering
Batteries
Body
Bumper
Gear

Figure 4 — Disassembled View of a RC Car [12]

Injection molding was used as the production method for the chassis, the body, and some of the
smaller parts. The design team used Fourier transform infrared spectroscopy (FTIR) [13] to
analyze the molecular make-up of the chassis and the body. The chassis was determined to be
made of 96% ABS plastic. The body was composed of a blend of ABS plastic and polystyrene.

From the engineering point, improvements to the current design could be weight reduction,
suspension mechanism, increased battery life, and operating range, to reduce the overall cost.
From the consumer points of view, the product must perform as intended, be reliable and
durable.
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The concepts were evolved from the team members each coming up with two design ideas. The
team synthesized the alternatives to come up with the best designs through brainstorming. The
alternative concepts were entered into a Morphological Matrix [1] against system sub-functions
to result in eighteen design alternatives as shown in Table 2.

Table 2 - Morphological Matrix for RC Car Alternative Designs [12]

Alternative Concepts
1 2 3
— | suspension spring gas shock combination
o P B
5 | weight reduce reduce size
S body/chassis
o | steering increase turn angle | reduce wheel split axle
>
N base
increase larger receiver
range

The eighteen alternative combinations from the Morphological Matrix were then reduced to just
two designs by evaluating the cost constraints, engineering, and consumer requirements.

The study shows that these design modifications reduced weight on the chassis, introduced
spring suspension, utilized a split axle that reduced turn radius, and a larger range receiver.

The second design alternative decreased the size of the RC car, which reduced material cost,
used the split axle concept and a larger receiver. This design alternative was great for shipping,
but increased manufacturing time because of the size of the parts.

In conclusion, the RC car is very well-designed with an optimal placement of motors for
handling and tractive effort, sure to delight children with operations on carpet or wood surfaces.
The injection-molded plastic construction is acceptable, as is the polystyrene body, and the dual
motor design is very well handled, with electric transmission from batteries to motors being
well-protected inside of the ABS plastic chassis/polystyrene body.

3. Course Outcome Assessment

The Design Process course has been offered for the past eight years. The concept of reverse
engineering has been introduced each time and group projects have been assigned. Students in
groups of three to four have worked on different projects of their own. The ABET course
outcomes were assessed based on the following criteria:

A. Carrying out the design process, both forward and reverse, such as concept generation,
modeling, evaluation, iteration, to satisfy project requirements.

B. Work within realistic constraints, such as economical, environmental, social, political,
manufacturability, safety and ethical in realizing systems.

C. Applying engineering principles in analysis and design of mechanical components/
systems to meet desired needs.
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The students were assessed at the end of each semester through two different methods: students’
surveys and instructor evaluations. Students were given a survey with the course outcomes as the
questions and were asked to evaluate their level of achievement in scale of 1 (strongly disagree)
to 5 (strongly agree). The results of above ABET outcomes are presented in Figures 5 through 7.
The additional elements of these assessments have been through project reports submitted by
each design team and questions on the concepts of reverse engineering in exams.

Outcome A
5
4,75 f g
7 Z 7
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Figure 5 — Assessment of Students for ABET Outcome A
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Figure 6 — Assessment of Students for ABET Outcome B
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Outcome C
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3.75 # Student Assessment
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3.25 Instructor Assessment
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Figure 7 — Assessment of Students for ABET Outcome C
Conclusions

Product disassembly and reverse engineering can be a very useful method in teaching
engineering design process. As the concept of reverse engineering is increasingly used in
benchmarking, as well as improving the current design, it is very critical for engineering students
to understand the procedure under study. An important element of this process, disassembling a
real-world mechanical device, is practiced by students in junior engineering design process class
in groups of three to four to study the behavior of the system under consideration, the physical
principles behind it, and to brainstorm towards improving the current design.

Several examples of projects the students have worked on during the last several years are
presented. The evidence from the students’ research studies and their project reports suggests an
appreciation in the learning process of engineering design. All design teams, based on one of the
requirements, were engaged in the brainstorming process to improve their system under study in
at least one area, whether design for function, design for manufacturing, design for assembly,
material change for parts in the system, cost-effect reduction, or system performance and
reliability.

Based on the studies of the products under consideration, the students design teams were able to
come up with at least one design criteria from above list to improve the existing product
performance. According to the students’ feedback in general, these case studies appear to be a
useful technique in learning of both forward and reverse engineering methods. It allows the
students to have a greater insight into product conceptual design, physical principles behind it,
and exploring ways to improve the current design.

The ABET outcomes for both students’ and instructor’s assessment prove that the reverse
engineering process has been successful in our mechanical engineering program, enhancing
students’ skills in engineering design, hands-on experience, team-work, and engineering problem
solving. This is a mock practice for our students to prepare them for challenges in their future
career in the engineering industry. In addition, this type of practice helps to stimulate those
students who are more creative-thinking, and motivate them to “think outside the box™.
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