
Set-Based Concurrent Engineering Process Model and Systematic 
Application on an Electronic Card Reader 

AHMED AL-ASHAABa, ZEHRA CANAN ARACIb, MUHD IKMAL I. MOHD MAULANAa, CESAR 
GARCIA ALMEIDAa AND STEVE YOUNGa. 

a Department of Manufacturing 
Cranfield University 

College Road, Bedford, MK43 0AH 
UNITED KINGDOM 

 
b Department of Industrial Engineering and Engineering Management 

University of Sharjah 
27272, Sharjah 

UNITED ARAB EMIRATES 
 

Abstract: - Set-based concurrent engineering (SBCE), also known as set-based design, is a state-of-the-art 
approach to the new product development process. SBCE, simply, provides an environment where 
designers explore a wide range of alternative solutions in the early stages of product development. After 
gaining knowledge, solutions are narrowed down until the optimal solution is ensured. Such an 
environment saves considerable amount of cost and time while reaching innovation and high quality in 
the products. However, industrial practitioners seek a clear and systematic application throughout an 
SBCE process. This paper demonstrates a well-structured SBCE process model and its step-by-step 
application on a product called “electronic card reader”. Real data is used in the industrial case study. 
Results showed the benefits of applying SBCE in both the product, and the process of new product 
development. 
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1 Introduction 
Product development plays a vital role in an 

organization’s growth and success in terms of 
competitiveness, business profitability, 
introduction of a variety of models, and most 
importantly reducing the manufacturing costs. 
The demand for a quality, reliable product at an 
affordable price has put pressure on 
manufacturing companies to make a product that 
meets these criteria. It is impossible to make an 
efficient transformation in product development 
without considering the current product 
development challenges [1], [13], [15]. [30] 
comprehensively reviewed the challenges: 
rework in the design due to last minute changes 
from customers, lack of knowledge, lack of 
innovation, to name but a few.  

It is a resource intensive activity to have a 
design space in the early stages of product 
development. Depending on the complexity of 
the product the use of resources increases 
accordingly. Set-based concurrent engineering 
(SBCE) inherents the fact of reusing the 
product-knowledge from previous 
projects/experiences such as PLMs, databases, 
research and development, even failed projects.  
Rather than designing from scratch, SBCE 
retrieves all the possible design options of the 
systems or subsystems of the product in the very 
beginning of the new product development 
project. In other words, SBCE reuses the 
knowledge that exists in the organization. 

[58] proposed the principles of SBCE 
technique. However, there is a lack of a clear 
structured SBCE process model [56], lack of 
clear guidelines on how to implement the SBCE 
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in practice [3], [11], and limited numbers of case 
studies in the industry [62]. Therefore, this paper 
clarifies a well-structured SBCE process model 
while demonstrating the potential benefits in a 
real industrial case study. 

This paper is structured as follows: First of 
all, authors, comprehensively, reviewed the 
literature portraying the set-based concurrent 
engineering from its principles to the current 
practices (Section 2). Following the literature 
review, the SBCE process model has been 
demonstrated (Section 3). Step-by-step 
implementation of this process model is 
validated by an industrial case study of an 
electronic card reader which is a part of 
proximity access system (Section 4). Results of 
the case study have been discussed (Section 5) 
and then conclusions have been formulated 
(Section 6). 

 

2 An Overview of Set-Based 
Concurrent Engineering 

2.1 SBCE within Lean Product 
Development 

The literature emphasises on the importance 
of set-based concurrent engineering (SBCE) 
within the lean product development (LeanPD) 
application [28], [30], [42], [62], [58]. This is 
because SBCE represents the definition of the 
process that will be followed to develop a 
product. It focuses on value creation, provision 
of a “knowledge environment”, continuous 
improvement and SBCE process that encourage 
innovation and collaboration. LeanPD provides 
a process model and associated tools that 
consider the entire product life cycle. It provides 
knowledge-based user-centric design and a 
development environment to support value 
creation to the customers in terms of innovation 
and customisation, and quality as well as 
sustainable and affordable products. Therefore, a 
good LeanPD should address the following; 1) 
Clear lean principles, 2) Well-defined elements 
where at least one of them describes a 
development process, 3) Description of the tools 
and methods, 4) Implementation guidelines, and 
finally, 5) Case studies to demonstrate the 
approach.  

In the few recent decades, scholars and 
practitioners have been studying on the 

development of a certain model or framework. 
[42] presented a detailed description of the 13 
principles that shaped the “Toyota lean product 
development system” model that consists of sub-
systems; process, people, tools, and technology. 
They stated clearly that the model does not 
explain the way that lean product development 
works in reality. A case study has been 
conducted at Ford Body and Stamping 
Engineering [36] where the first step was to get 
the people, culture, and organization right with 
an “attitude change” and a serious “focus on 
customer” mentality. Similarly, the 13 principles 
were addressed. This helped to perform several 
tasks simultaneously for longer periods and 
delay key decisions until later in the process 
which help to achieve a good level of SBCE 
application.  

[27] and [28] are two books which can be 
considered as “business novel”. While 
mechanisms of LeanPD are uniquely described, 
methods and tools provided limited guidance. 
On the other hand, [47] described several 
companies’ experiences achieving a significant 
result by emphasising the method and 
implementation of the LeanPD, however, the 
SBCE process has not been described in detail. 

Several studies developed a different LeanPD 
framework [5], [23], [34], [44], [65]. All the 
developed frameworks have been graphically 
represented in the form of tables based on the 
review of other LeanPD and product 
development literature. The researchers of these 
LeanPD frameworks have appreciated the 
foundation of LeanPD to be the Toyota product 
development system (TPDS). They incorporated 
some elements of TPDS into the five lean 
principles from [68] which are combined with 
ideas from traditional product development to 
formulate their frameworks. Nevertheless, 
limited applications of SBCE are documented in 
detail [21], [62].  

LeanPD theory and application should be 
considered as a holistic approach rather than 
developing or implementing individual elements 
of LeanPD [2]. This holistic approach should 
focus on value creation, knowledge 
environment, continuous improvement, and 
processes that encourage innovation and 
collaboration. All these elements can be 
provided by SBCE which is the core enabler of 
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LeanPD. The following sub-section presents the 
evolving concept of SBCE. 

2.2 Applications and Practices of 
SBCE 

[66] discovered that the real success of 
Japanese manufacturers originated from the 
Toyota Product Development System (TPDS) 
rather than their production system. [58] 
describes SBCE as a process of reasoning, 
developing, and communicating a set of 
solutions in parallel. As the design progresses, 
the set is gradually narrowed down the gained 
knowledge. [42] stressed that SBCE, thoroughly, 
explores alternative solutions until there is 
maximum “design space”. 

[20]  developed a system dynamics model to 
simulate a product development process in 
which four alternative automobile systems (e.g. 
cooling) are simultaneously designed. If future 
conditions are uncertain and changing the 
strategy later incurs substantial costs, then 
having flexible strategies and delaying decisions 
can increase project value when compared to 
making all key strategic decisions early in the 
project. [29] has proposed SBCE Innovation 
Roadmap to simplify the implementation. 
However, their work did not show an SBCE 
process model or a reference to use an existing 
one. The overall idea is to use commonly well-
known tools; QFD and TRIZ in order to 
integrate customer requirements into a technical 
quality characteristics and support search efforts 
to find innovative solutions. Another study has 
been conducted to help to drive SBCE through 
engineering relationship which incorporate 
fuzzy set theory/logic and the automated 
analysis of design parameters by means of 
mathematical algorithms [9], [24], [41], [43], 
[46], [59], [61]. However, the studies focused 
about the decisions under uncertainty, design 
optimisation and incorporating designer 
preferences without showing a detail application 
of the SBCE process model.   

[14] developed a software model to optimise 
SBCE communication and knowledge sharing. 
The software tools present the main information 
about communication mechanisms with relation 
to SBCE baseline model from [32]. [35] outlined 
SBCE with the software application providing 
designers a tool to re-use design knowledge of 
the products by utilising a function-means 

modelling and trade-off curves. Trade-off curves 
have been implemented to demonstrate SBCE 
activities such as creating a set of design 
solutions [7], communicating and narrowing 
down the design set [6] and creating a 
knowledge environment [8]. In addition to these 
studies, [21] also propose a method that would 
explore the design space of an SBCE application 
(e.g. ADOPT stands for Augmented set-based 
Design and OPTimisation). This method 
supports SBCE to identify the optimum 
configurations and to tradeoff for further 
evaluation and assessment. [18] used SBCE as a 
research methodology for wearable meta-
products in order to test alternative designs 
during the product development phase. The 
benefit of such a practice was to explore design-
sets in parallel and choose the suitable 
components for prototyping. These studies are to 
ensure feasibility in the entire design space 
before committing to a design by validating it in 
two levels; 1) design spaces created within each 
system, and 2) discrete design spaces resulting 
from a combination of several systems. 
Although, all the mentioned researches clearly 
contributed to the application of SBCE, a 
systematic implementation has not been 
provided through a process model. 

[66] provided a case study to support an 
evidence that SBCE is the cause of Toyota’s 
various success. However the case study does 
not present a detail process or methodology to 
perform the SBCE. [38] developed, what they 
refer to as, a set-based approach to multi-scale 
design by means of modelling and simulation at 
Schlumberger with the benefits of greater 
solution variety and a lower risk of not finding 
any feasible solution and having to go through 
expensive iterations. [49] conducted a number of 
case studies on mechanical engineering products 
to test principles of SBCE, based on the work of 
[58] with improvements in product cost and 
performance, level of innovation, project risk, 
and a reduction in engineering changes.  [2] 
performed a case study on the SBCE model at an 
aerospace company for the transformation into 
lean environment. This transformation was 
achieved in two main stages: 1) Integrating the 
principles of SBCE into an existing product 
development model, and 2) Implementation of 
the developed model in a research-based 
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industrial case study of a helicopter engine. The 
case study deliberates on how a company can 
integrate the principles of SBCE within its own 
product development process and evaluated its 
benefits.  

Throughout the recent years, the interest in 
the SBCE applications has increased. There have 
been several studies conducted related to the 
implementation of SBCE in a real industrial 
setting. These researches have been categorized 
and displayed in Table 2.  

 

             Category 

 
Publications 

1 
Industrial 
case study 

2 
Design set 

3 
Supporting 
SBCE 

4 
SBCE as 
methodology 

5 
Reference 
to SBCE 

[11] x     
[12] x   x  
[17]     x 
[26] x    x 
[55]     x 
[57]  x x   
[60]   x   
[63]     x 
[4] x x  x  
[19]   x x x 
[25] x   x  
[37]    x  
[16]    x  
[53] x     
[50]   x  x 
[52] x    x 
[64]  x  x  
[69]   x   
[48]   x   
[51] x   x  
[33] x x  x  
[40]   x   

Table 2. SBCE Applications and Practices between the Years 2016 and 2020 

The meaning of each category is clarified as 
follows: 

1. Industrial case study: Papers in this 
category implement set-based 
concurrent engineering principles in an 
industrial case study. However, these 
studies do not demonstrate a clear 
process model/framework of SBCE. 

2. Design set: Set-based concurrent 
engineering is implemented to explore a 
set of design solutions. 

3. Supporting SBCE: Papers in this 
category do not implement SBCE 
directly but propose tools and methods 

to support SBCE applications (e.g. 
creating knowledge while exploring the 
design space[60]). 

4. SBCE as methodology: Set-based 
concurrent engineering is not 
implemented alone but as a supportive 
approach to product development. 
Papers in this category utilize other 
product development tools/approaches 
together with SBCE (e.g. 
multidisciplinary robust design 
optimization (MRDO) [69]).  

5. Reference to SBCE: Set-based 
concurrent engineering is not 
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implemented, however, recommended 
by the authors as an effective product 
development approach (e.g. the 
collaborator company desires to use 
SBCE approach [17]). 

 
Findings of the literature review show that 

there have been several attempts to utilize 
SBCE, but, based on its principles. Practitioners 
seek a clear pathway to implement set-based 
concurrent engineering, however, it is 
challenging to find one well-structured process 
model which guides companies step-by-step in 
the early stages of product development. This 
paper demonstrates both a systematic SBCE 
process model and its implementation in an 
industrial case study. 

 

3 The SBCE process model 
The principles of SBCE have been identified 

in several literature and classified into five 
categories which are 1) map the design space, 2) 
integrate by intersection, 3) establish feasibility 
before commitment, 4) strategic value research 
and alignment, and 5) create and explore 
multiple concepts in parallel [32], [42], [58], 
[66], [67]. These principles have been explored 
thoroughly and aggregated by [30] as illustrated 
in Table 1. 

Based on the SBCE principles (Table 1), the 
SBCE baseline model has been developed as 
illustrated in Figure 1 [32]. Furthermore, it 
delineated that the customer and supplier are 
involved from start to finish in the process of 

product development to establish robust and 
efficient communications. It also empowers the 
suppliers to develop their own 

SBCE which benefited to reduce supplier 
tracking and enhance the innovation. 

 
Figure 1. The SBCE baseline model (adapted 

from [32]) 

The most important area of SBCE process is 
the creation and exploration of solution sets 
which [66] provided with limited 
methodological guidance. Therefore, there was 
an urge to develop a step-by-step guidance 
which was in the form of SBCE process model. 
Creation and exploration of solution-sets have 
been indicated as a category and important 
additions have been incorporated to guide the 
process [2], [31], [39]. Each category-list in 
Table 1 has been represented as a key stage of 
the SBCE baseline model, namely; 1) Define 
value, 2) Map Design space, 3) Develop concept 
sets, 4) Converge on system and 5) Detailed 
design. In addition, most of the SBCE principles 
listed in Table 1 have been translated into 
activities to form the SBCE process model as 
shown in Figure 2. In Table 1, the principle 1.a. 
“Explores customer value for project X” has 
been translated as activity 1.1 “Classify project 
type” in Figure 2. Similarly, the principle 1.c. 
“aligns each project with the company value 
strategy” has been translated into activity 1.2 
“Explore customer value”. The same approach is 
followed in the rest of the SBCE activities in 
Figure 2. This SBCE process model has been 
developed as part of the LeanPPD project with 
consultation and inputs from the industrial 
partners namely: Rolls-Royce, Volkswagen, 
Visteon, Sitech, and Indesit. 
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Table 1. SBCE Principles ([32] and [30]) 
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Figure 2. The SBCE process model ([2] and [32]) 
 
 

4 SBCE industrial case study 
The application of the SBCE process model 

has been demonstrated based on the real case 
study in collaboration with a leader company in 
the manufacturing of electronic access control 
systems. The collaborator company has been 
selected due to its continuous production of 
innovative products which add value to the 
customer and the range of services. The aim of 
the case study is to demonstrate the application 
and validation of the SBCE process shown in 
Figure 2. In addition, it also demonstrates that 
SBCE could address the PD challenges 
encountered in the collaborator company. These 
challenges have been identified via a formal 
LeanPPD performance measurement study [3] 
that is outside the scope of this paper. Examples 
of such PD challenges are: 

1. There is a need to have a clear plan to 
improve the current PD process with 
emphasis on eliminating wasteful 
activities 

2. Enhancing the current collaboration 
between design and manufacturing as 
well as with key suppliers. 

3. Providing a larger space for exploring 
design alternatives and innovation. 

4. Improving the practices of different 
formal design tools and methods.  

5. Providing the designers and engineers 
with the suitable knowledge environment 
to support decision making throughout 
the PD process. 

6. Reuse of knowledge gained from 
previous projects.  

Since the case study is using real engineering 
data, all the sensitive information has been 
modified or eliminated.  

Access control system is the selective 
restriction of access to a place or other resource. 
Such a system consists of several subsystems 
and components as illustrated in Figure 3; A) 
Tokens (cards and key-fobs), B) Reader, C) 
Control unit, D) Lock, E) Door, and F) Exit 
button. In this type of access control system, the 
identification is based on credentials instead of 
using mechanical keys. There is a wide range of 
credentials; the most typical are access cards and 
key-fobs.  

 
Figure 3. Access control system 

 
The product studied in this case study is 

commonly known as “reader” (Figure 3-B) and 
it is an important part of an electronic access 
control system. The task of the “reader” is to 
identify the different users trying to access the 
system and to send this information to another 
device which verifies if the users are allowed to 
have access. When the token (A) is close, it can 
be perceived by the “reader” (B). The interaction 
between (A) and (B) relies on radio frequency: 
the token works as an inductor, modifying an 
electromagnetic field created by the “reader”. 
The signal perceived is sent to the control unit 
(C), where it is analysed in order to take access 
decisions. If the token is valid, the control unit 
will send an indication to the lock (D) in order to 
open the door (E). In case of using an exit button 
(F) the door is unlocked without requiring any 
credential. 

The most important characteristic of the 
“reader”- which is the physical product that has 
been used to demonstrate the SBCE- is to be 
vandal resistant; which means, to be resistant to 
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different types of damage. For instance, removal 
of the “reader” by hand, striking the “reader” 
with any object, burning the case with fire, and 
spoil with liquid, sand or stones. Other 
important features in this “reader” are the ability 
to capture a wide range of credentials and the 
ease of installation and maintenance. 

Industrial case study was conducted by 
systematicly using the SBCE process model in 
Figure 2. It is quite a comprehensive model 
which consists of several activities. Based on 
variable process requirements, every single 
project for product development may implement 
different set of activities from the SBCE model. 
Thus, this case study also follows the relevant 
SBCE activities as highlighted within the boxes 
in Figure 2. The following paragraphs guide the 
optimal design of “vandal resistant reader” 
through the SBCE process model. 

Phase 1 Define Value:  
The initial concept of the “reader” is defined 

in “Define Value” stage, which has the 
following SBCE activity; 

1.2 Explore customer value 
In order to understand the collaborator 

company’s customer needs, the values of the 
customer were explored thoroughly as shown 
Figure 4. The key value, that customers 
required, was a vandal resistant “reader”.  The 
values were extracted through face to face 
interviews and brainstorming sessions with 
designers and engineers in the collaborator 
company (Figure 4-A). An extensive list of key 
values were identified  as illustrated in Figure 4-
B. These 26 values were to be used in 
determining design criteria to support the 
evaluation of the alternative designs of the 
“reader”.  

In order to ensure that customer needs are 
fully addressed and accurately understood, 
values with similar objectives were classified 
into a singular value as a category. For example, 
four values were selected from the list in Figure 
4-B:  

 value number 4 The product must be 
saved, and should not give access to 
people that do not have valid card,  

 value number 5 the system should 
not be easily hacked to ensure safety,  

 value number 25 The product should 
be resistant to vandalism without 
affecting normal working 

 value number 26 The product has to 
be vandal resistant without paying 
attention to the appearance.  

Although these four values are individually 
exclusive, they serve to the same purpose which 
is ensuring the security, and protecting the 
“reader”.  Therefore, four values were classified 
in one category “Security and Protection”. 
Similarly, the rest of the values have been 
classified as shown in Figure 4-C, namely; 1. 
safety, 2. security and protection, 3. reliability, 
4. cost, 5. connection, 6. user friendly and 7. 
product size. These were considered as high 
importance values since they directly address the 
customer requirements.  These requirements are 
resistance to vandalism, ability to capture a wide 
range of credentials, and ease of installation and 
maintenance. Other values were considered as 
low importance due to indirect effect on the 
customer requirements. However, achieving the 
high importance values would end up with 
improvement on low importance values.  

After the classification, the values were 
prioritised using the Analytical Hierarchy 
Process (AHP) method. The AHP matrix helps 
to calculate the loads of each category’s 
importance [10], [54], [22]. The AHP method 
was implemented with the input from technical 
knowledge of the collaborator company’s 
engineers.  

Any type of product should ensure safety 
which cannot be traded off. Therefore, “safety” 
value was evicted from the analysis and became 
a denominator factor. Six high-importance 
values were prioritised as illustrated in Figure 4-
D. “Security and Protection” calculated as the 
first priority (38%) followed by reliability 
(27%). The results of the AHP helped to identify 
the “key value attributes” as illustrated in Figure 
4-E. These are; 1) Security and protection, 2) 
Cost, 3) Reliability. The most priority key value 
attributes consist of the 77% of the all high-
importance values. The loads for the key value 
attributes were re-calculated using the AHP 
method as follows:  

Security and protection: (0.38 / 0.77) x 100 
% = 49 % (approx.) 

Reliability: (0.27 / 0.77) x 100% = 35% 
(approx.) 

Cost: (0.12 / 0.77) x 100% = 16% (approx.) 
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Figure 4. The different sub-activities and their results of the SBCE activity of 1.2 “explore customer value”
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The reason for re-calculation was to have a 
feasible number of values to improve. A large 
number of criteria might cause a failure in 
fulfilment of the expectations. Nevertheless, the 
values remaining (connection, user friendly and 
product size) were designated as values of 
consideration and despite the fact that the values 
are not the key values, it still could satisfy the 
aim of the “reader” project. 

1.4 Translate customer value to designers 
The system targets should be defined in order 

to clarify how the value attributes will be 
achieved. These targets should be reviewed at 
the subsystem level to ensure the correct flow 
down on system targets. System targets are 
measurable/numeric values of key value 
attributes; however, several targets may not be 
represented by a numerical value. For instance, 
the system targets of security and protection 

were defined as: 1) The “reader” must be 
damage-resistant which can withstand a hit-force 
of up to 4500 Newtons; 2) The “reader” shall 
comply with the V-0 fire resistant standard 
rating, which can withstand the flaming 
combustion for more than 10 seconds or the total 
flaming combustion time shall not exceed 50 
seconds for 10 times repetitive flame 
application; 3) The “reader” must be well 
protected in terms of accessibility; 4) The 
“reader” must survive the IK9 resistance index 
for impact which equal to 5 kilograms mass 
impact; 5) The “reader” must survive the IPX6 
rating index protection against intrusion of dust 
or liquid which is equal to 100 litres per minutes 
spray of water at any direction for at least 3 
minutes. The same approach has been used for 
the other values in defining the system targets 
and displayed in Table 3. 

 

Table 3. System targets of the Key Value Attributes (KVA) of the “reader” case study 

Phase 2 Map Design Space:  
This stage identifies the scope and feasible 

regions of the “reader” design. 

2.1 Decide on level of innovation to 
subsystems 

In order to decide on the level of innovation, 
the product was broken down into its 

subsystems as shown in Figure 5-A. “Reader” 
consists of seven subsystems; (1) Front cover, 
(2) the “reader” module -which has two separate 
sub-subsystems (2.a-Housing front cover and 
2.b-Housing back plate); , (3) Coil, (4) Main 
PCB, (5)  

Company 
Prioritisation Customer value System Target 

1 Security and 
protection 

1. The “reader” must be damage-resistant (approx. 4500N). 
2. The “reader” must ensure V-0 (flammability standard). 
3. The “reader” internal system must be well protected (in terms of 
accessibility). 
4. The “reader” must ensure IK9 rating (impact protection). 
5. The “reader” must ensure IPX6 rating (ingress protection). 

2 Reliability 

6. 250,000 activations during the product life (5 years). 
7. No more than 5 failures per hour. 
8. Minimise the interferences. 
9. The “reader” must work between -40⁰Celcius and +80⁰Celcius 
10. Minimum operational distance of 1 cm 
11. Maximum operational distance of 5 cm 

3 Cost 12. The “reader”  price must not exceed £x (value not given). 
13. To re-use 80% from the existing “reader”. 
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Figure 5. The different sub-activities and their results of the SBCE activity 2 “Map design space” 
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Exciter, (6) Power connection, and (7) Back 
plate. 

The level of innovation is coded with colours 
for different subsystems to provide a simple 
communication among the designers, engineers 
and customers. As illustrated in Figure 5-A:  

 Grey colour is for Level 1 innovation 
which means no change to be made 
on the product,  

 Green is for Level 2- represents a 
low innovation,  

 Yellow is for Level 3- represents 
medium innovation,  

 Red is for Level 4- represents high 
innovation, 

 Black is for Level 5- represents a 
need for research and development.  

For instance, the level of innovation for the 
front cover (1) has been classified with a red 
colour code (Level 4) where the subsystem 
requires a new technology or new design 
concept to be implemented. The front cover (1) 
will be the first subsystem to receive any force 
that might damage the “reader”. Therefore, it 
needs a new design concept that can be resistant 
to damage due to vandal actions. Regarding the 
back plate (7), it is attached to the wall and also 
to the front cover (1). It might also be affected 
by the vandalism act, thus, the back plate needs 
a medium level of design changes to enhance its 
physical performance to withstand forces that 
may possibly damage the “reader”.  Other 
subsystems such as the reader module (2), 
Housing front cover (2.a), Housing back plate 
(2.b), Coil (3), Main PCB (4), Exciter (5), and 
Power connection (6) are coded with a “Grey” 
colour which do not require any change in this 
project. The existing designs remain the same as 
they do not have impact in the level of 
protection for the “reader” against vandalism.  

2.2 Identify subsystem targets  
In the activity 2.2 “Identify subsystem 

targets”, the feasible target for each subsystem is 
defined to prevent over-engineering while 
encouraging the necessary innovation and 
improvement. Some of the targets were adapted 
from the system target in the “Define value” 
stage, others were defined as a new target in 
order to ensure it meets the key value attributes; 
security and protection, reliability, and cost. The 

subsystem targets for the front cover (1) are 
listed as follows:  

 No sharp edges,  
 Must be damage resistant which can 

withstand the hit force up to 4500 
Newton,  

 Must withstand the V-0 fire-
resistance rating,  

 Must be UV resistant,  
 Must survive in the IK9 resistance 

index for impact which equal to 5 
kilogram mass impact,  

 Must survive in the IPX6 rating 
index protection against intrusion of 
dust or liquid, 

 Must let the Radio Frequency signal 
and the Infra-red to go through 

 Must be able to cover and protect the 
same electronic subsystems as used 
in the standard “reader”.  

Similarly, the rest of the subsystem targets 
are listed accordingly as illustrated in Figure 5-
B. 

2.3 Define feasible region of design space 
The design space is a boundary for designers 

and engineers to explore and communicate with 
many alternative conceptual design solutions. 
Figure 5-C illustrates the overall design space 
for the “reader” case study as well as its 
subsystem that have a level of innovation; 
namely front cover (1) and back plate (7). The 
following are the “reader” boundaries:  

General boundaries: 
1. Size; maximum height is 160mm  and  

maximum width is 90mm,  
2. Use of rounded edges,  
3. Allows Radio Frequency (RF) and 

Infra-red (IR) transmittance, therefore 
the new design must allow RF and IR 
signal receiving.  This is particularly 
related to the “front cover” design as 
excessive thickness or the use of 
certain materials may significantly 
affect RF and IR signal receiving.  

Subsystem boundaries for front cover (1): 
1. Minimum height is 100mm and the 

minimum width is 50mm.These have 
been identified in order to create an 
appropriate space for the other 
subsystems with no modification to fit 
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together with the “front cover” designs.  
Figure 6. The SBCE activity 3.2 “Create set for each sub-system” 

It is important not to impose too many 
constraints on the design space, as this may limit 
innovation of the product. 

Phase 3 Develop Concept Sets:  
In this phase, the set of possible conceptual 

design solutions was developed for each 
subsystem of the “reader”. 

3.2 Create sets for each subsystem 
The main objective of this activity is to 

propose alternative design solutions. The 
possible design solutions are developed 
specifically for the front cover (1) and back plate 
(7). The following paragraph explains how the 
front cover (1) is designed and proposes a set of 
possible conceptual design solutions as 
illustrated in Figure 6.  

Figure 6-A shows the subsystem targets. 
They are taken into consideration, while 
generating the new alternative designs. 
Furthermore, the defined boundary in activity 
2.3 “Define feasible region of design space” 
should also be considered in order to guide the 
“reader” design process. General and subsystem 
boundaries are illustrated in Figure 6-B. The 
new alternative designs of the front cover should 
have features that address both the identified key 
value attributes and the subsystem targets. These 
features are illustrated in Figure 6-C, namely, 

rounded edges, simple case, retain element, 
standard fitting, impact resistant materials, flame 
retardant material, and no vertical surfaces. 
Considering the key value attributes, subsystem 
targets, general boundaries and subsystem 
boundaries, a set of ten design-concepts were 
generated for the front cover. Figure 6-D 
demonstrates ten designs, nine of which are new 
designs.   

Likewise, five different design-concepts were 
created for the back plate. Design-set includes 
one previous design using the same approach for 
the front cover. Figure 7 illustrates the set of 
conceptual design solutions for the back plate. 
The rest of the reader’s subsystems shown in 
Figure 5-A keep the same previous design 
without any change. Thus, the design space of 
the “reader” could generate 50 potential 
solutions. This is calculated as follows:  

10 (front cover) x 5 (back plate) x 1 (reader’s 
module) x 1 (coil) x 1 (main PCB) x 1 (exciter) 
x 1 (power connection) = 50. 

Figure 7. Set of conceptual design solutions of the 
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Subsystem Target
No sharp edges.
Front cover must be damage resistant (approx. 4500N).
Front cover must ensure V-0 (flammability standard).
Front cover must be UV resistant.
Front cover must ensure IK9 rating (impact protection).
Front cover must ensure IPX6 rating (ingress protection).
Front cover must let the Radio Frequency signal and the  
Infra-red go through.
Front cover has to cover and protect the same electronic
subsystems as used in the standard reader.

1)  Front cover

Features
1. Rounded edges
2. Simple case
3. Retain element
4. Standard fitting
5. Impact resistant materials
6. Flame retardant material
7. Not vertical surfaces

Key Value 
Attributes

Security and 
protection
Reliability

Cost
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back plate component 

3.3 Explore subsystem sets: prototype & test 
The purpose of activity 3.3 “Explore 

subsystem sets: prototype & test” is to analyse 
the conceptual solutions in order to evaluate 
their reliability. This analysis has been focused 
on the structural and thermal properties which fit 
the aim of the “reader” case study. Tests were 
applied to the front cover and back plate. Figure 
8 illustrates an example of structural and thermal 
analysis for one of the design options of the 
front cover (Design option 1-9 in Figure 6-D). 
Analysis showed that Design 1-9 had a weak 
area to the right of the centre. Therefore, 
modifications were needed in this design option, 
otherwise it would considered as an infeasible 
solution. Gaining such a knowledge in this stage 
of the product development process would give 
the opportunity to designers to innovate and save 
time until they reach an optimal solution.  

 

Figure 8. Examples of structural and thermal 
analysis for front cover 1-9 

 

Phase 4 Concept Convergence:  
At this stage, integration of the subsystems 

was explored based on the knowledge produced. 
Any infeasible alternatives were discarded so 
that the final optimal “reader” design could be 
allowed to progress until the completion of the 
design stage.  

4.1 Determine set intersections 
The final set of “reader” systems was 

generated (see Figure 9-A) by integrating the set 
of solutions that was presented in SBCE activity 
3.2 “Create set for each subsystem”. From the 
50 potential solutions, not all are compatible to 

become a “reader”. Therefore, an intersection 
matrix was used to analyse the feasibility of the 
“reader” configurations. The intersection matrix, 
as illustrated in Table 4,  has as many columns 
as rows; each of them represents a subsystem of 
the “reader”: 1) Front cover which has 10 
alternative solutions (see Figure 6-D), 2) 
Reader’s module 3) Coil, 4) Main PCB, 5) 
Exciter, 6) Power connection, and 7) Back plate 
which has 5 alternative solutions (see Figure 7). 
The intersection matrix evaluates the 
combination between the elements in the 
columns and the elements in the rows according 
to the scores which are as follows:  

 Score 1: Options that can be 
integrated without any modification,  

 Score 3: Options that need 
modification to be integrated but 
provide potential benefits, 

 Score 5: Options that cannot be 
integrated because they need a high 
level of modification.  

Combinations that require a high level of 
modification are discarded from the alternative 
list. Subsystems that create conflicts with other 
subsystems that could not be changed are also 
discarded. This is done via brainstorming 
sessions between designers and engineers. For 
instance, there was a conflict of assembling and 
integrating the back plate (7-5) with both the 
reader’s module (2) and the Main PCB (4). 
Therefore, the back plate (7-5) was discarded. 
The same evaluations have been made for the 
other sets which have scored a 5 as illustrated in 
Table 4-A. Since there is no modification 
required for the Reader module, Coil, Main 
PCB, Exciter, and Power connection, the sets are 
kept to progress into detailed designs as shown 
in Table 4-B. In addition, during brainstorming 
sessions, decisions have been made to further 
progress the detail for design solutions 7-2 (of 
the back plate) as it requires small 
modifications. From the intersection matrix, the 
reader’s configurations were reduced from 50 to 
19 feasible configurations as shown in Table 4-
B. 
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Figure 9. The SBCE activity 4.6 “Converge on final set of system” to select the final “reader” system 

4.6 Converge on final set of subsystem 
concepts  

In activity 4.6 “Converge on the final set of 
system”, an aggressive narrowing process was 
carried out to reduce the feasible “reader” 
configurations from 19 to 6 solutions. Based on 
brainstorming sessions within the design team, 
several criteria which associated to the key value 
attributes of the “reader” have been selected and 
evaluated as shown in Table 5. For example, the 
combination of front cover (1-1) and back plate 
(7-1) could give significant cost-effective design 
option since it comes from previous design. 
There is no issue with the manufacturability 
since it used an existing mould where no 

modification is required. The complexity of the 
assembly is also minimal due to its simple snap-
fit assembly technique. However, the design is 
not capable to withstand the fire burn due to its 
material. It is also not able to survive any high 
impact forces due to its snap-fit assembly 
technique. Even though cost and complexity 
criteria are meeting the target, the security and 
protection, and reliability are failing to meet the 
aim of the vandal resistant “reader”. Hence, the 
combination was discarded from the list of 
alternatives. Similarly, the rest of the 
combinations have been evaluated which then 
helped to also narrowing as shown in Table 5 
and Figure 9-A.  
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Table 4. The intersection matrix of the alternative design solutions of the “reader” component 

 
In order to define the optimal solution of the 

“reader”, the PUGH matrix [45] was used to 
evaluate the six selected alternative system 
solutions in order to reach the final optimal 
solution of the “reader” system. The 
performance scale from 7 to -7 was used to 
indicate the score. The score is arranged in the 
odd number order where 7 as the highest score 
represents that the targets are met, zero 
represents no changes being made, -7 represents 
completely negative impact, and other scores are 
arranged in between as illustrated in Figure 9-B. 
The different criteria can be weighed according 
to their importance as shown in Figure 9-C. 
Thereafter, each of the potential options are 
scored and also multiplied by their weighting in 

order to produce a result. For instance, the 
“reader” system concept 3 which is based on the 
configuration of front cover (1-5) and back plate 
(7-2) has been evaluated as follows: 

 “Safety and protection” is scored as 
5, which means big design 
improvements were made for the 
front cover.   

 “Reliability” is scored 0, no change 
is required in terms of the ability of 
the “reader” to transmit the radio 
frequency and infra-red signal. 

 “Cost” is scored as 3, which provides 
a moderate improvement to the cost 
reduction. 

A

B

50  "Reader" 
configurations

19  Feasible
designs
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Table 5. A portion of the evaluation of the 19 alternative potential “reader” system solutions. Narrowing down 
from 19 system solutions to 6 

 

Therefore, the PUGH matrix result for this 
system configuration is calculated as follows:  

(49% x 5) + (35% x 0) + (16% x 3) = 2.93.  
The rest of the configurations are analysed 

and calculated accordingly as depicted in Figure 
9-C. The solution with the highest score was 
recommended to become a preferred solution. 
As a result, the optimal solution of the “reader” 
system is concept 3 (shown in Figure 9-D) 
which is going to be released to the final 
specification in the detailed design on phase 5 in 
the SBCE process model. 

4. Discussion 
The literature review in section 2 showed two 

main groups of researches; the one that mentions 
and emphasises the importance of SBCE, 
however, does not present detailed work. The 
second group developed and acclaimed Lean 
Product Development (LeanPD) frameworks in 

the form of tables that have got several elements 
adopted from other LeanPD and product 
development based literature, without addressing 
SBCE application. [58] work is still the main 
reference of SBCE. Several research attempts 
have been done to help to drive SBCE through 
engineering relationship through the 
incorporation of fuzzy set theory/logic and the 
automated analysis of design parameters by 
means of mathematical algorithms. However, 
this type of work seems to stay in its research 
level without mentioning the impact on real 
industrial applications.  

The paper presented a validation of the 
developed SBCE process model via a real 
industrial case study of access control. This case 
study benefited the company, by enhancing its 
current product development process by 
providing a space to explore alternative designs 
from different angles i.e. security and protection, 
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reliability, and cost. The SBCE approach guided 
the development of a “reader” access control 
product with the right design and engineering 
activities as well as the associated tool and 
method to enable the application of the different 
activities.  

The SBCE approach provided a suitable 
knowledge environment to support decision 
making throughout the product development 
process. The innovation and knowledge creation 
level has increased where 50 system design 
configurations were identified via the 
application of the SBCE process model in the 
case study. In terms of product performance, the 
safety and protection for the “reader” are 
expected to increase to 71.4% from the previous 
“reader”. The percentage value of product 
performance (safety and protection) of the 
“reader” are based on the structural analysis 
using the Solidwork software by comparing the 
stress value of the existing design (real-life 
product) and the optimal design (from the SBCE 
approach). Due to confidentiality, the value can 
only be expressed by percentage to show the 
improvement. The cost is expected to be reduced 
up to 43% for the “reader” product with 
configuration of front cover 1-5 and back plate 
7-2 shown in Figure 9-C. The cost saving was 
realised from the actual implementation of 
SBCE on real product. The expected cost 
reduction mentioned are based on the projection 
with respect to the following design condition; 
1) A design solution with a thicker and wider 
front cover will require more material, which 
leads to an increase in cost; 2) The 
manufacturing cost of the product is depending 
on the type and amount of the material used. 
Due to confidentialilty the cost savings are 
mentioned in percentage value.  

5. Conclusion 
The research presented in this paper provides 

a detailed, well-structured Set-Based Concurrent 
Engineering (SBCE) process model based on 
well researched and identified principles, and its 
systematic application in a real industrial setting. 
SBCE is the core enabler of the LeanPPD model 
as it represents the process model that should be 
followed in developing a product. SBCE focuses 
on value creation, provision of a knowledge 
environment, continuous improvement, and 

process that encourage innovation through the 
exploration of sets of alternative solutions. A 
systematic review has been conducted in which 
the various approaches of lean PD have been 
analysed to evaluate their adoption and 
application of lean principles, as well as the 
importance of applying SBCE. The research 
proves that the SBCE has got all the potential to 
address current product development challenges 
in producing high quality products in a shorter 
time and in a cost effective manner. Future work 
may consider a development of the business case 
for the SBCE as it could facilitate a valid 
justification of the expected benefits. 
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