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Reviewing the evolutionary trend of the models used in design and development of mechatronic
products reveals the necessity for integration of the design characteristics and requirements in
various engineering fields. Such products should agilely embrace rapid, persistent and complex
requirements in competitive environments. This research aims to develop an integrated model
for designing and developing mechatronic products within the context of agile production
system. The study tries to eliminate unnecessary stages of design and simulation of products
and increase the number of tested ideas. This suggests a distinction between product innovation
and product improvement cycles and thus makes employing a pre-active approach to
responding possible. Since the term “mechatronic products” is often used interchangeably with
“robots”, one of the most commonly used types of them, i.e. tracer robot is considered as the
statistical population for the proposed study. By choosing experimental (laboratory) research
method, two categories of tracer robots are created: the tracer robots based on the V-model as
the only integrated existing model and the robots based on the W-model as the model proposed
by this study with a sample size of 35 sets in each group. The results indicate that both method
provide acceptable validity although one model seems to perform better than the other one.

© 2014 Growing Science Ltd. All rights reserved.

1. Introduction

The competitive market and the rapid, continuous, and complex consumer demands have led to great
innovation in production and manufacturing, from mass production to lean and agile manufacturing.
Agile manufacturing involves capitalizing on people, advanced information, and production
technologies to realize rapid and effective responses to unexpected market changes. In addition, these
changes in manufacturing have been accompanied by a transition in development methods, from
single-discipline to multidisciplinary, interdisciplinary, and supra-disciplinary fields. Mechatronics is
an interdisciplinary field, which has synergistically benefited from developments in the various
engineering disciplines involved (Hewit, 1993). It has led to the development of intelligent products
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that are flexible, accurate, and meet the changing needs of the consumer. Mechatronics technology
therefore can be introduced as an appropriate alternative for product manufacturing.

Mechatronics is a synergetic combination of mechanical, electronic, and computer engineering;
control systems; and information technology in designing and manufacturing industrial products and
processes with high accuracy (Hewit, 1993). Mechatronic products are differentiated by the fact that
some mechanical functions are replaced with electronics and software programs that provides high
flexibility in terms of both design and operation. Increased speed and accuracy in operations along
with “automatic navigation and troubleshooting” based on information received from the
environments and the systems are other advantages of mechatronics. Moreover, mechatronic products
are able to communicate and function in complex systems with distributed controls.

Agility can be increased in competitive environments by integrating the technical and technological
aspects of design from the various branches of engineering involved in mechatronics by using a
technique such as concurrent engineering. However, despite the fact that mechatronics is now an
established branch of engineering, the software design and conceptual aspects have rarely been
investigated in relation to other concepts such as agility, organization, and management. To predict
and respond rapidly and effectively to the increasing customer needs and design complexity, the
benefits of agile manufacturing as a production and construction method (philosophy) should be
combined with mechatronics technology as the basis for design and development of products.

Mechatronic products were originally developed using the classic design models and design
principles from some certain engineering fields. These models are either separate techniques or
combined models, neither of which benefit from an integrated approach toward design and
development. In separate models, the biggest drawback is the fact that each member of the
development team employs various standard methods, which hampers teamwork and interdisciplinary
design. The development experts have specific skills in their own functional fields, but often are not
equipped with enough knowledge in a coworker’s field. Obviously, in this case, components will be
designed separately, regardless of the related requirements in other domains. Some of these models
include the VDI-2221 (Verein, 1993) and VDI1-2422 (Verein, 1994) standards. The representative
combined models are the waterfall and spiral models. The waterfall model, first described by Royce
(1970) is a sequential model for the development of products. By linking its various levels through a
feedback mechanism, it can be applied as an iterative model for developing software. The spiral
model, first described by Boehm (1988), is a combination of two components—design and
construction of a prototype at each stage. It attempts to combine the advantages of the top—down and
bottom—up design approaches. In fact, the spiral model includes the features of waterfall model in the
construction of a prototype at each stage. It provides better results, prevents duplication of effort, and
saves on cost and time, making it a good option for project development and complex, large, and
expensive products. This was not the first model that used a repeating loop for development, but was
the first that highlighted the importance of an iterative loop. There are various characteristics for the
models such as connection among involved fields, iteration of development cycle, and repeated
testing to reduce risk.

The V-model is another integrated model used on the field of mechatronics for software development
and can be considered as an extension of the waterfall model. Instead of moving linearly downward,
the process moves upward after the implementation phase in a V-shaped form. One of the advantages
of this development method is that each phase can be implemented using the complete details and
documentation of the previous level (the advantage of the waterfall model), while the repeated tests
(as in the spiral model) will identify the potential risks such as computational errors that can reduce
customer acceptance and satisfaction. Thus, a verification and validation loop is created to prevent
loss of time and expenses in identifying such problems at the final stages.
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The V-model is the current standard model for design and development of complicated engineering
systems (Komoto & Tomiyama, 2010). However, these previous authors propose a tool to eliminate
unnecessary details in the design of components and subsystems, especially in conceptual design and
construction of prototypes. This tool applies computer-aided design to simplify the physical
relationships in the configuration of the product. Therefore, engineers from different fields can
overlook the unnecessary details and design the system/product within the framework of geometric
information with logical time intervals between steps. They showed that this could prevent many
failures due to lack of design conformity among different domains. For this tool, identification of
critical system components such as sensors and actuators plays essential role for designers of various
fields, although every designer may also consider different details of such items. Hehenberger et al.
(2010) also introduced the V-model as the primary basis for the design of mechatronic systems, but at
the same time pointed out that traditional design system in this field are time-consuming. In order to
solve the problem, they developed a hierarchical model for effective communication between
different fields. In their solution, all modules and components, in accordance with their type, are
placed into a particular area that can be a combination of one or more engineering domains (i.e.,
electromechanics, electromagnetic , thermodynamics, system control, etc.). In order to prevent errors
and repetition of loops in the V-model, necessary communication and coordination is built within
each area and among the areas involved in the design of each component. Finally, these areas are
connected to each other through the main layer (the mechatronic layer) to form a hierarchy. This main
layer may contain separate categories. Their study showed that although this model cannot
completely prevent the repetition of loops, it may prevent many of them from at the low levels of
design in the inner and main loops.

Gausemeier et al. (2011) again pointed out the interdisciplinary nature of mechatronic design and
emphasized the necessity of coordination and synchronization of the various domains involved in the
design and development process through effective communication. Although they were mainly
concerned with providing a three-cycle model for the integration of conceptual design and
development process with the production system, and apart the fact that V-model is applied to both
design and production, what motivates us most is the second and third cycles of the model. In these
cycles, a computerized prototype or virtual product is used for integration of design with virtual
production in a digital factory. This is a convenient method for preventing repeated failure because it
may become incompatible with designs in different fields within the capabilities and limitations of
the available production technology. Virtual design, especially in the construction of a prototype can
be considered as one of the ways to avoid unnecessary details, particularly at the component level,
although the relations and physical details of the main configuration also will be of importance. The
first cycle also emphasizes the need to ensure the success of the design in the future and points to
creativity techniques, including the TRIZ technique for converting new ideas into products and for
solving problems and the Delphi method or trend analysis for identifying the probability of the
success. As shown in Fig. 1, Seyedhosseini and Keyghobadi (2010) presented the evolutionary trend
design and development models from other engineering fields used in mechatronics and it is
based on the definitions of the key concepts of mechatronics presented by Hewit (1993).

These models preserve the advantages, eliminate the disadvantages of the previous versions, and
include concepts such as concurrent engineering to integrate different related fields. However,
these models cannot fully ensure integrated designs and features for the components, particularly
at conceptual and preliminary design stages. With increasing complexity of design at the
component level relative to the system and subsystem levels, integration among the components
designed using principles from different fields requires frequent, time-consuming, and costly
revisions. Spreading such non-compliance with design requirements to other levels will constrain
the search for newer and more creative ideas at the system/product level. This reduces the agility
of manufacturers to respond to customer’s needs. Meanwhile, the same has been the goal of using
mechatronics for creating competitive advantages.
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Fig. 1. Evolutionary trend of design and development models in mechatronics (Seyedhosseini & Keyghobadi,2010)

In this study, we develop a model to integrate various fields involved in the design and development
process of mechatronic products, which allows agile response to the changing needs and
unpredictability of the competitive environment. Thus, the proposed model allows the design team to
test multiple ideas in less time and with minimum possible costs.

2. Theory

Seyedhosseini and Keyghobadi (2010) identified the basic requirements and features of the proposed
model called the W-model shown in Table 1 based on 12 effective factors in design and development
of products. Moreover, in developing the proposed model, agility enablers should be included to meet
the growing challenges in today's competitive environment. These enablers require coordinated and
interactive changes in four types of agility providers associated with the technology management
model, as listed in Table 2.

There are two fundamental questions: How can the required agility be realized in mechatronics using
the concepts of agile manufacturing? and what is the structure of the model that can integrate the
design processes in various fields involved in mechatronics product development?

With regard to the conducted studies, the theoretical framework of the present study is presented in
Fig. 2. In terms of the objective of the research, it is essential to study critical specific potentials and
capabilities of this field because of various aspects involved in mechatronic technology, to determine
the aspects and providers of agility for production in competitive environments, and to specify the
process of the relationship of these two factors with each other. Therefore, the models employed in
the design of mechatronic products are examined in the entire cycle of product development, so that
the requirements of the proposed model of the research could be revealed. Finally, based on these
specifications and by considering the factors effective in creating integration and agility during the
process, we develop an integrated model for designing and developing mechatronic products within
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the framework of agile products for dynamic competitive environments. The results of such studies
for determining the main structure of the model are termed Integrated Mechatronic modeling

approach for Agile manufacturing in a Competitive environment (IMAC).

Table 1
Comparison of existing models for determining the features of the proposed model (Seyedhosseini &
Keyghobadi,2010)
Types of models
. Separated Combined Integrated
Comparison factors (Classic) (Waterfall - Spiral) (V-model) Suggested Model
Approach 1 ATSETTE G Partial Middle partial System (eliminating needs) Supr'a—system
requirements (environment)
Design method Domains Common Inter-disciplinary Integrated
Design adaptation .
(Test & Integration) Rare & Slightly Casual Gradual Concurrent
Documentation Much & Unrelated Consumedly & Lengthy Surplus & Unnecessary Relevant and necessary
Design, construction, and Expe'nswe & tme- Expensive & time-consuming Quick & Inexpensive
testing of prototype consuming (Multiplicity (Unnecessary steps) (Simulation tools)
of excessive Prototype)
Design Domain . . . . .
(Risk analysis) Discrete Synthetic Components and integration Integrated design
Test design Casual & Simple Multiple & Difficult Continual & Complex Logical and systematic
Need to hierarchy
(Systems, subsystems, No No Yes Yes
components)
Adaptation to new . . . . .
S emmemeee Limited & Long Active & inopportune Proactive & agile
requirements
Acceptance risk Too much Much Low Minimum
(System - product)
Maintenance Complex and specialty Technical and difficult Intelligent & Quick Intelligent and simple
(Manufacturer) (Representative) (Repairman) (User)
Combination of creativity and
innovation resources .. .
(Professionals, experts, T Limited Widespread
customers)
Table 2
Main components and factors for developing the proposed W-model
Component Main factors References
Challenges of the Need for rapid commercialization, market globalization, information and Clark & Fujimoto(1991), Souder & Moenart(1992), Sharif &

competitive environment services, resources and environment Zhang (2001), John et al. (2001), Martins(2003)

Lo(1998), Yusef et al.(1999), Sharp et al.(1999), Zhang &
Sharifi(2000), Christopher (2000), Yang & Li(2002), Giachetti et

Quick prototyping, concurrent engineering, teamwork, empowerment of
employees, flexible and multi-skilled personnel, virtual organization,

Agility enablers
gility enavlers change and risk management, continuous improvement, focusing on core al.(2003),Zain et al.(2005), Swafford (2006),Lin et al.(2006),
capabilities Agarwal et al.(2007)
ATl i Organization (organizational structure), human resources, technology, Goldman & Nagel(1993), Bullinger(1999), Christopher (2000),

innovation and creativity Harrison & Van Hoak(2005), Ramesh & Davidson (2007)

Betz et al.(1995), Gatignon & Xuereb (1997), Fontes& Coombs
(1997), Zahra & Bogner(2000), Khalil & Hazem(2005), Yin
(2002), Adner & Levinthal(2002), White & Bruton(2007),
Campos (1999)

Technol ¢ Value creation, quality and cost, reaction capability, agility, innovation,
echnology management . . .
& g integration, environment

2.1 Conceptual Model

As shown in Fig. 3, the conceptual model is started from the existing V-model. The approach aims to
simultaneously preserve the benefits of other previous models while making as many modifications
as possible for integration and agility. There are two rules considered for conducting these
modifications:

e The necessity to accelerate testing at the system/product level (base idea) for rapid and timely
compliance with changes to requirements.
e Establishing a mechanism for systematic and continuous communications among involved

fields from the first step (conceptual and preliminary design).
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environments

2.2 Proposed Model

To explain the principles of model development in this study, we describe the following three major
stages.

2.2.1.Virtual Prototype Simulation

This stage is important from two perspectives: First, the relative cost of the changes to product design and
concepts at this stage is small. Second, since the process of testing new ideas is flexible and cheap, changes
to respond to market demands can be continuously included in new generations of products (Bhuyar,
2000). However, failure to properly understand the needs at these early stages (conceptual and
preliminary design) can increase the cost and the time spent on repair and maintenance between
50 to 200 fold (McConnel, 1996).
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Model Enablers.

Feedback

Fig 3. Conceptual model

From the schematic of the V-model loop (Fig. 4), it can be seen that the design correctness at the system level
is delayed until the last stages of the product development. The spread of such failures to other levels
(subsystems and components) and the lack of common control factors among such designs will only make
integration and testing long and costly (Fig. 5). However, what is important in making a prototype is
verification of the basic concept of the product at the system level, not its components. To overcome these
problems, we consider the use of simulation methods. In particular, the LEGO simulator was selected
because it is a fast simulator that includes a variety of prefabricated parts and fittings, which can be
easily combined with other modules. With this simulator, component-level parameters were

eliminated from the prototype development process.
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This prevents design problems from reaching the critical levels of product development, and consequently,
requires fewer revisions for integration at this level; moreover, the speed of testing new ideas and the number
of such ideas tested is much greater (Fig. 6). This rapid prototyping allows quick and cheap testing of the main

concepts to meet revised requirements.
| Evolution degree \ Access>

<§volution degree\ Access

A
l l Need/Idea |
Final Initial Final
Requirements I Prototyp| prototype | product product

oY vy ¥ 4+t 1

Fig 6. Iterative loop of the model for design and development of the prototype (Gausmeier, 2002)

2.2.2. Creating the Interdependency Umbrella

Concurrent engineering fails to achieve integration despite establishing communications among
different fields (Verein, 2004). Hence, there is a need for a new type of communication among such
fields. Because of the interdisciplinary nature of mechatronics, designers and engineers must be familiar
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with the broader range of sciences (Hewit, 1993). Thus, instead of the concurrent engineering approach of
establishing cross-divisional communication (Agarwal, 2000), we propose to set up of an integrated team
of diverse experts with continuous communications due to interdependency between their areas of
expertise. Forming this team from the first design step will reduce non-compliance of the designs or risk
of failure in the testing and integration steps. This should reduce design time and cost and allow quicker
delivery of the product to the market (Fig.7).

It should be noted that the prerequisite for forming the team is determination of the common design
aspects, i.e., interdependency among fields. There are two major groups of dependencies: the
technical considerations, which include sensors and operators, and the human—machine interaction
parameters. Any change or modification to any of these sections, should be agreed upon by all team
members. Thus, for each type of system, specific and precise checklists should be separately prepared
in terms of design specifications associated with revision needs in each dependency group.

By creating this umbrella, we can expect that the in-depth knowledge of experts in a field would be
strengthened in relation to their capabilities and limitations in other fields. This should reduce
inconsistencies among the designs. Accordingly, in the proposed research model, an interdependency
umbrella is introduced along with specific checklists for each group of dependencies across all stages of
design.

Mechatronic designer ﬁ

M DEDS

CCECCEC

M D F DS
Integrated Design Team (IDT)

Mechatronic designer
(Mechanics)

Mechatronic designer E: Electronic engineer

M: Mechanic engineer

E: Software & Control engineer
C: Communications skills

CE: Concurrent engineering

E: Interdependency

G Interdependency (Common domain) D: Dependency

<< ---- Concurrent Engineering

Fig. 7. Structure of integrated team and required knowledge fields for mechatronic designers

This change ensures integrity is maintained among the various fields and simultaneously allows easy
design modification and provides the needed human resources in order to reduce the risk of failure (error)
of the frequency of design and integration tests.

2.2.3. Proactive Approach toward Consumer Needs
The combination of virtual prototype simulation and an appropriate context for communication

between the involved fields in an integrated design team will allow the design of new models not only
combine innovations from each team (internal resources) but also make use of market knowledge
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(external resources) in continuous development. This can result in the emergence of proactive
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behavior toward consumer needs and, consequently, can reduce consumer acceptance risk. Because
of its similarity with the letter W, as shown in Fig. 8, the proposed model is called the W-model.

3. Material and Methods

The proposed methodology was compared against the V-model using a case study involving the
design of industrial robots. Specifically, we consider the mean time require to design and build a
prototype of a Hyper Line Tracer robot in this study. Considering a maximum error of 10 days and a
level of confidence of 95%, the required sample size can be calculated as follows:

2
Z,,.
n,6 = —% i
u ’
e )

Where n, is the sample size, o is the level of significance, Z , is the standard normal value, eis the

%

maximum permissible error, and o is the standard deviation.

Max — Min (2
o, = T’
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where Max is the maximum time and Minis the minimum time in days. It should be noted that
experts require 3-7 months to design and construct such a prototype robot. According to the available
information we have o, = 30, e = 10, o = 0.05 Zy» =1.96, n,=34.57 = 35. Thus, the sample size for
each of the two groups was set to 35 robots. Furthermore, to control for various extrancous factors,
we have employed a laboratory environment, which allows more control and high inherent validity.
However, because such an environment will differ from the reality, the results cannot be widely
generalized; this can be mitigated by compliance of sample with community and ensuring that the test
conditions match the real environment. Therefore, in this study, with respect to the required controls,
the experimental plan was as follows:

The hyper tracer robots are designed with the similar objective to follow linear defined traces, and
are often used in factories, hospitals, stores, and libraries. In this test, seven teams with four
members, and 14 pairs of teams have been used. Each group had to design five robots or modify the
previous robots, in which the cost and the time involved in the design of the previous robot is
included. All teams were aware of the research objectives and exact structure of each of the models.
Moreover, all teams were fully monitored and were provided similar conditions in terms of
location, equipment, and supplies. It was noted that fatigue or judgment would not bias the results.
From the results, the cost, time, and frequency of design revision at different levels of the process
were calculated. Then, the validity of the two models was determined based on the Spearman
correlation coefficient. Finally, the Analyse-it add-in software in Microsoft Excel (Microsoft Corp.,
Seattle) was used to conduct median comparison tests of cost, time, and revision frequency for both
the two models.

4. Results

After conducting the case study, we calculated the time and resources spent by the teams to design
and construct the robots using each model, as shown in Fig. 9 and Fig. 10.
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Fig. 9. Comparing the spent time for design, construction, or simulation of hyper tracer robot
prototypes based on V-model and W-model
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Fig. 10. Comparing the costs for design, construction or simulation of hyper tracer robot prototypes
based on V-model and W-model

From these results, the mean time and variance of both the two groups were calculated, as shown in
Table 3:

Table 3
Results of design and construction time of prototypes using V-model and W-model.

Development model

Tested quantity Statistic V-model W-model Statistic Z Critical value
Time (day) Mean 58 155 Ho: pv<pw
Variance 72.90 738.79 Zy=2.14 Zy001=2.33  Hi: W>pw

As shown in the Table 3, the calculated Z statistic is 20.14.Comparing it with the critical value and
rejecting the null hypothesis at the 99% confidence level, we conclude that the W-model is faster than
the V-model. Based on the results of design and construction of robots, the mean costs and variance
for both the groups were calculated, as listed in Table 4.

Table 4
Results of design and construction costs of prototypes using V-model and W-model

Development model

Tested quantity Statistic V-model W-model Statistic Z Critical value
Costs ($) Mean 1616 651 Ho: t<ptw
Variance 116141.79 6890.91 Z~=16.28 Z4-001=2.33 Hi. p>uy

The calculated Z statistic is 16.28.Comparing it with critical value and rejecting the null hypothesis at
the 99% confidence level, we conclude that the W-model simulates the prototype at a lower cost than
the V-model. Next, the number of revisions due to error (failure) or for testing new ideas was determined, as
shown in Fig. 11.
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Based on the results, the mean number of revision and variance for both the groups were calculated,
as listed in Table 5.

Table 5
Results from developing tracer robot using V-model and W-model

Development model

Tested quantity Statistic V-model W-model Statistic Z Critical value
Costs ($) Mean 31 46 Ho. 1hSply
Variance  14.97 21.07 Z=1478  Ze001=2.33  Hi: >l
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Fig. 11.Change in distribution revisions for design using V-model and W-model

Comparing the calculated statistic (14.78) with the critical value and rejecting the null hypothesis at
the 99% confidence level, we conclude that the W-model has higher integrity and consequently less
failure than the V-model and allows testing of more ideas. With regard to the distribution and
concentration of the errors using the two model, as shown in Fig. 11, it is evident that in the V-model,
the focus of revisions is at the component level and these revisions mainly stem from non-compliance
with design requirements at other levels (error or failure). However, in the W-model, the focus of
revisions is at system level, which indicates that more ideas from internal and external resources were
tested. Ultimately, this ensures less risk in the final design and greater consumer acceptance of the
final product.

To further validate the findings, we consider the Spearman correlation coefficient based on the
following assumptions for the V- and W-model:

H = There is no significant correlation between the results of test groups.

H, = There is a significant correlation between the results of test groups.

zl_ﬂ 3)

n —n

’/jqp
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where d, is the difference between the ranks of groups, and » is the number of total subjects (groups).

We calculate this value for the V- and W-models by referring to the information in the tables. Thus,
we can determine the probability P for the occurrence of H for testing a range based on the greater

than or equal values of calculated r,, coefficient. If this value is smaller thana =0.01, Hcan be

rejected in favor of H,, indicating a significant correlation between the results of the test groups. From

our results, we have Foow =0.994 andr_ ~ =0.990. With regard to the correlation coefficient

sp—=V
calculated for each model, the probability in both cases is P = 0.000, which is smaller thana = 0.01.
Hence, the H hypothesis can be rejected in favor of H,. Thus, it can be concluded that there was a

significant correlation between the results of the samples in both groups and therefore both models
are valid.

4. Discussion and Conclusions

In short, it can be noted that other similar studies (Komoto & Tomiyama, 2010 ; Gausemeier et al.
2011) also have tried to provide some solutions in order to avoid unnecessary details of design,
especially in the preliminary and conceptual stages. This is an important factor in the repeated, costly
and time-consuming failures of V-model. For example preparing a computerized model of the
product or simplification of the physical relations of the configuration of the product can be
mentioned. Other efforts have also been devoted to identification of common areas of design among
different fields and their inter-dependencies for strengthening the communication in such areas. In
this connection, the importance of identification of some parameters such as sensors and actuators in
presenting architecting tool of system or hierarchical relation between such shared areas can be cited.
Moreover, the necessity to access creativity resources and a wider range of ideas in form of product
and also to be ensured of the success of the design can be referred to, and using some technique such
as TRIZ technique or the Delphi method can be mentioned (Gausemeier et al. 2011).

By employing virtual prototype simulation, several complex and unnecessary details in design and
integration at the component level could be eliminated. This significantly reduced time and cost and
provided an environment for simultaneous and synergistic combination of creativity and innovation
from internal and external resources. It also increased the number of tested ideas at the system level.
In addition, to identify the common design aspects among fields and to determine the
interdependency among them, an integrated team was formed for product design and development.
Coordination among team members for continuous and systematic design revision was accomplished
using interdependency checklists in each project. This provided a supportive umbrella over all stages
of design. This strategy also prevented non-compliance of design requirements in different fields,
saved time, and reduced costs and the risk of error (failure) at other stages of the process. The
experiment with the hyper tracer robots confirmed better consistency and agility of the proposed
model. However, it should be noted that these models were investigated and tested for the design and
simulation of a certain type of industrial robot. Thus, the results are limited to the conditions of the
pilot experiment. Therefore, these models should be compared for different products with different
levels of complexity.
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