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Abstract: This paper presents the conceptual design stage in the product develop-
ment process of a natural fiber composites of the side-door impact beam, which
starts from idea generation to the selection of the best design concept. This paper
also demonstrates the use of the integrated Theory of Inventive Problem Solving
(Function-Oriented Search) (TRIZ (FOS)) and Biomimetics method, as well as
the VIseKriterijumska Optimizacija I Kompromisno Resenje (VIKOR) method.
The aim of this study was to generate design concepts that were inspired by nature
and to select the best design concept for the composite side-door impact beam.
Subsequently, eight design concepts were generated using the TRIZ (FOS)-
Biomimetics method and finite element analysis were used to analyse their perfor-
mance and weight criteria using ANSYS software. VIKOR method was used as
the multiple criteria decision making tools to compare their performances, weight
and cost criteria. As a result, design concepts B-03 and C-02 were ranked as the
first and second best, with VIKOR value of 0.0156 and 0.1178, respectively,
which satisfied the conditions in VIKOR method. This paper shows that the inte-
grated method of TRIZ (FOS)-Biomimetics and VIKOR can assist researchers
and engineers in developing designs that are inspired by nature, as well as in
selecting the best design concept using a systematic strategy and justified solu-
tions during the conceptual design stage.

Keywords: Theory of inventive problem solving; TRIZ (FOS); biomimetics;
VlseKriterijumska Optimizacija I Kompromisno Resenje; VIKOR; side-door
impact beam

1 Introduction

Side-door impact beam was introduced by General Motors in late 1960’s to prevent passenger
compartment from door intrusion when the vehicles involve in collision [1]. This was then followed by
National Highway Traffic Safety Administration (NHTSA) to set up the side impact collision standard for
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advance test dummies under the Federal Motor Vehicle Safety Standards 214 (FMVSS 214) [2]. Side-door
impact beam improve the strength, stiffness and energy absorption of the vehicle’s door during side collision.
Shaharuzaman et al. [3] studies the cross section of the side-door impact beam through published journals
and find that circular cross section was the dominant type of side-door impact beam with different design
type such as usage of rib in the beam. Fig. 1 shows the side-door impact beam of a vehicle.

-

’

Figure 1: Side-door impact beam

Over the years, engineers and researchers have become increasingly more interested in sustainable
designs and environmentally friendly products. In Europe, car manufacturers have improved the CO,
discharge due to regulations that limit emission from vehicles. According to Regulation (EC) No 443/
2009 [4] the targeted emission average is 95 g CO,/km by 2020 and the Regulation (EU) No 333/2014
[5] was introduced to ensure the targets are realized. Research by the Ministry of Transportation, Japan,
showed that the emission of CO, can be reduced by 20 g/lkm by decreasing vehicle weight by 100 kg [6]
and this can be achieved by replacing the metal base part to polymer composites as it is more lightweight.

The main objective of using polymer composites material is to reduce vehicle weight, which results in
lower emission levels. With increasing awareness among manufacturers and consumers, coupled with rules
and regulations on reducing emissions, improving fuel efficiency, the end of life vehicles (ELV) process, and
biodegradability, manufacturers have slowly migrated from using synthetic fiber composites to natural fiber
composites (NFCs) [7]. There are many reports on natural fiber composites being used to replace synthetic
fibers due to their low cost, low density, and high specific properties [8,9].

Currently, natural fiber composites (NFC) are the subject of immense interest to researchers for its use in
the automotive industry, due to attributes such as low cost, lightweightness, being environmentally friendly,
their excellent specific strength and stiffness, recyclability, and their image as a natural product [9]. NFC has
been used as interior and exterior components to reduce the usage of expensive carbon, aramid, and glass
fibers. For example, DaimlerChrysler (biggest carmaker) has developed up to 50 car parts using bio-based
materials [10,11]. They reported that the most suitable reinforcement type of NFC for structural
application include flax, kenaf, and hemp, due to their higher strengths [10]. The selection of the
reinforcement is not dependent only on their strength, but it is considered as one of the top criteria. The
reasons why automotive industries are taking a big step on using natural fiber composites is because their
lightweight properties can improve vehicle fuel consumption and are environmentally friendly for
recycling and safe disposal [12]. In the context of having plenty of natural fibers available sporting
different mechanical and material properties, the selection of the material needs to be analyzed prior to
product design and development. The flexibility afforded by changing materials at this stage is evident, as
it would be more difficult to swap materials at later stages [13].
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In concurrent engineering, the composite product development process needs to be studied in the early
stage such as materials selection, design concept selection, manufacturing process selection, and life cycles
analysis where it is considered as conceptual design stage of the product [14]. Conceptual design is an
important stage in the product development process, where decisions are made to determine the later
stages in the development process [15,16]. For the side-door impact beam, the composite materials of the
product have been chosen using VlIseKriterijumska Optimizacija I Kompromisno Resenje (VIKOR)
method where the results show that kenaf/polypropylene composites as the highest rank to be the natural
fiber side-door impact beam [17,18].

Conceptual design consists of pre-concept generation, concept design generation, and concept design
evaluation [19]. In this stage, idea generation techniques are utilised by designers and engineers to come
up with the design idea that can be used in the later stage. Various tools are available to generate ideas,
such as brainstorming, biomimetic/biomimicry, blue ocean strategies, and the theory of inventive problem
solving (TRIZ) [19]. In the early 2000, researchers have begun to use TRIZ tools that were integrated
with other methods, such as the Quality Function Deployment (QFD) [20,21], the Theory of Constraints
(TOC) [22], and the Axiomatic Design (AD) [23] to generate design ideas [24].

TRIZ is the acronym of a Russian method, Teoriya Resheniya Izobretatelskikh Zadach, developed by
Genrich Asthuller, a scientist and engineer, who has studied more than 400,000 patents from which TRIZ
was born [25]. TRIZ helps scientists, engineers, and various industries to solve problems using their
initial problem description, problem identification, problem-solving techniques, and specific solutions
[26,27]. In the conceptual design phase, TRIZ can be used as a standalone, or integrated with other
methods to generate design ideas for solving scientific, engineering, and technological problems. Mansor
et al. [28] improved the design of a water dispenser tap, while Mawale et al. [29] designed the new alarm
device for medical infusion bags using TRIZ method. Integrating TRIZ with Analytic Network Process
(ANP) in conceptual design has also been widely used. For example, Hambali et al. [30] determined the
best design concept for the wheelchair, while Noor Azammi et al. [31] used the same method to select
the best conceptual design for automobile engine rubber mounting.

In recent years, the integration of TRIZ with biomimetics has raised the interest of researchers for
solving engineering problems. Scientists believe that the integration of nature into engineering technology
will provide eco-friendly results during the product development process. Vincent suggested that
TRIZ could be the best method to develop better relationships between nature and technology [32]. Lim
et al. [33] created the biomimicry contradiction matrix of TRIZ using text-mining and latent dirichlet
allocation (LDA) for usage of biomimicry functions and TRIZ principles. In another work, Abdala et al.
[34] compared the usage of TRIZ and BioTRIZ inventive principles and showed that the latter was
able to effectively stimulate creativity in problem solving. Liu et al. [35] developed new inventive
principles that were integrated into biomimetics based on biological functions, while Chen et al. [36]
developed an eco-innovative TRIZ and biomimetics for product service system (PSS) using the same
TRIZ inventive principles.

This paper discusses the conceptual design process of developing natural fibre composite as a side-door
impact beam using the integrated method of TRIZ and biomimetics. Then, the best design concept was
selected using VIseKriterijumska Optimizacija I Kompromisno Resenje (VIKOR), which is a multi-
criteria decision making (MCDM) method. This paper will describe the three phases used in this study,
namely, the idea generation phase using the TRIZ-biomimetics method, the finite element analysis (FEA)
phase consisting of the drop impact test for the side-door impact beam using ANSYS software, and the
design concept selection phase using VIKOR. In the first phase, the TRIZ Function-Oriented Search
(TRIZ-FOS) method that reflects biomimetic design ideas was used. Biomimicry Taxonomy was the
function search used to develop the design concepts based on biological strategies and ideas inspired by
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nature. In the second phase, the FEA of the impact test on the composites was conducted. The performances
and weight data of the impact beam were collected to use in the third phase. Finally, VIKOR method was
used to select the best design concept from the concepts generated in the first phase.

2 Research Methodology

2.1 Research Framework

The proposed framework for this research is shown in Fig. 2. The conceptual design stage for the side-
door impact beam started with idea generation using the TRIZ-Biomimetics method. Then, the finite element
analysis (FEA) of the performances (impact test) and the weight criteria of the generated design concepts
were analysed using ANSYS software. The collected data were used for selecting the best design concept
for the composite side-door impact beam using VIKOR method. The framework proposed in this paper
was able to narrow down the gap between nature and engineering to produce eco-friendly results for the
initial engineering problems.

Performance
Analysis

Design Concepts
Selection

Idea Generation
Technique

Finite Element VIKOR method

Analysis

TRIZ-Biomimetics

To obtain
numerical values
of the
performance and
weight criteria for
the new design
concepts

To select the best
design concept
based on multiple
criteria for the
decision making
process.

To generate
design concepts
inspired by nature

Figure 2: Research framework based on the TRIZ-Biomimetics and VIKOR methods

TRIZ tools are widely used for inventive problem solving solutions for science and engineering
problems. The structured TRIZ tools have helped researchers and engineers to generate ideas and develop
solutions for the initial problems. TRIZ (FOS) was proposed in this paper to find a solution to the initial
problem, which consisted of four steps: (1) identifying the target problem, (2) generalising the problem,
(3) finding existing solutions, and (4) applying existing solutions [37]. TRIZ (FOS) tools would find an
existing technology to solve the initial problem, known as technology transfer [38]. To get some ideas for
identifying and generalising the problem, the keywords for the initial problem can be referred to in
Biomimicry Taxonomy [39]. In this paper, the existing technology refers to biomimetics, where
information for biological strategies can be gathered from the AskNature.org website [40]. These
biological strategies can be implemented to generate ideas for solving the initial problem.

Ideas that were generated using the TRIZ (FOS)-Biomimetics method were then analysed through the
finite element analysis (FEA) using ANSYS software to determine the performance and weight data of
the generated designs. The FEA of the composite side-door impact beam simulated the impact analysis
from the experimental setup by Cheon et al. [41]. Data from the FEA were recorded to compare the
design concepts. The performances of the design concepts were predicted and estimated to obtain
the concrete values of each sub-criterion using the MCDM method, namely, VIKOR. The performance
data included the maximum stress, maximum deformation, and impact energy absorption, while the
weight data included the volume and mass of the composite side-door impact beam. Finally, the collected
data were compared using VIKOR, with six sub-criteria and eight design concepts as alternatives. The
details of each step are explained in the next section.
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2.2 Idea Generation Using TRIZ (FOS)-Biomimetics

The TRIZ Function-Oriented Search (TRIZ (FOS)) is one of the tools in the TRIZ method that can find
existing technologies to be transferred to the initial problem as a solution [38]. In other words, TRIZ (FOS)
would borrow ideas from existing functions and implement them in the initial problem. This method can
generate ideas where there are successful solutions deployed elsewhere. Montecchi et al. [42] called it as
the technology transfer from any domain based on analogical thinking to the same application context.
This method can reduce the duration of the conceptual design stage by identifying engineering problems
and searching for the technology that has been solved in a different domain, which is nature in the
context of this study.

Technology development that adapts from nature to solve engineering problems is called biomimicry or
biomimetics [32]. Scientists and researchers believe that nature has the solutions to the problems faced by
human, which have become guidelines for solving engineering problems. Some examples of successful
biomimetic products include the Shinkansen bullet train that mimics the Kingfisher’s beak for the nose
cone by FEiji Nakatsu [43], the Fastskin swimsuit based on shark scales that was developed by Speedo,
and the Velcro zip for minimal force of zipping and unzipping by Mestal [44]. Successful technology
transfer from nature into engineering shows that integrated methods in idea generation techniques can be
developed to solve engineering problems.

The integrated TRIZ (FOS)-Biomimetics method can help designers and engineers to develop nature-
engineering frameworks that could systematically solve problems. This method was proposed in this
study to generate ideas in the conceptual design stage for the product development process of the
automotive side-door impact beam. This method was used to develop new designs of a cylindrical beam
that can reduce fracture and intrusion to the passenger side in a vehicle. The framework of this method is
shown in Fig. 3, where the keywords of the FOS were needed to identify the biomimicry cases. The
keywords can be typed into the search button of the asknature.org website or using the function keywords
of the Biomimicry Taxonomy developed by Biomimicry Institute [40]. A total of 160 function keywords
are available to identify the engineering problems that need to be solved. From the biomimicry cases,
users need to read, understand, and filter the cases listed in the website to solve the current engineering
problem and generate relevant concepts of nature to be turned into engineering technology.

| AskNature.org Search button |
| TRIZ (Function-Oriented Search) }—[:{

|

| Biomimicry Cases |

!

| Design concept generation |

Biomimicry Taxonomy |

Figure 3: Framework of TRIZ (FOS)-Biomimetic method

2.3 Impact Test

This is the second phase of the conceptual design framework of this study. The performances of the
design concepts generated from the first phase were analysed, which included the stress, stiffness, and
impact energy absorption using ANSYS software. The 2D drawing of the experimental setup for the
impact test is shown in Fig. 4(a), and the measurement unit is in mm [41]. Fig. 4(b) shows how the
stainless steel impactor (nose of 25 mm in diameter and 125 mm in height), is impacting the 507 mm
side-door impact beam. The beam is supported by two stainless steels of 25 mm in diameter, with a span
of 360 mm. The performance data of the impact analysis for different design concepts were recorded and
used during the design concept selection phase. This step is important to obtain the numerical values for
the performance analysis and weight calculation for the comparison data required by the MCDM approach.
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Figure 4: (a) 2D drawing of the experimental setup (in mm), (b) 3D drawing of the impact test setup

2.4 Design Concept Selection Using VIKOR Method

The final phase for the conceptual design of the side-door impact beam was to select the best design
concept using VIKOR. VIKOR method is one of the MCDM methods used to compare, analyse, and
rank multiple alternatives with multiple criteria using numerical method. VIKOR analyses and ranks the
multiple criteria based on established criteria, which compromises the closest to the ideal solutions [45].
VIKOR was developed by Opricovic et al. [46] from the Lp-metric used in compromised programming
method. Eq. (1) shows the Lp-metric that was used to calculate the compromised criteria in VIKOR for
the following Eqgs. (4) and (5):

pl/
\ AR P
Ly = Zj:l <(*fj>>

A <p<+oo;i=1,2,...1 1)

where L, is the L,-metric used to formulate ranking measures for alternatives of i, w; is the weight of
importance for the ]th criterion f- is the best value, and f; is the worst value for all criterion functions.

Step 1: The normalised values for the matrix of the i alternatives and j criteria were calculated for the
design concepts and criteria, respectively. Eq. (2) shows the normalised matrix values:

G G ... G
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where matrix D shows alternatives of 4;, 45,...,4; and criteria of C;, C,,...,C;.
The following Eq. (3) was used for the normalised calculation:
Xij

Zjl?:l xé-

where x;; denotes the value of the ith alternative and the jth criterion.

Ji = 3)

Step 2: The best ﬁ* and worst f; values of all criterion functions were determined during this step. Next,
two different types of criteria were determined whether as a benefit criterion or as a cost criterion If the
criterion needs to be at maximum, then it is considered as a benefit crlterlon and vice versa. f max fj;
and ;' = min f; were used to determine the benefit criterion, while f min f; and f; = max f; were used
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for the cost criterion. The ﬁ* is the positive and f; is the negative ideal solution for the jth criterion in this step.
A positive ideal solution is the best alternative, while a negative ideal solution consists of the worst
alternatives, with respect to each evaluation criterion.

Step 3: The distance between the alternative to the ideal solution was computed and summed to obtain
the final value using Eqs. (4) and (5):

S; = Z” WM “)

j=1"7 (f]* _/?_)
(5 )
(-1

where S; is the weighted summation of the distance to the best evaluation value for the ith alternative, with
respect to all criteria. R; is the maximum weighted distance to the best evaluation value for the ith alternative,
with respect to the jth criterion. The best ranking for a positive ideal solution is based on S; values, while the
worst ranking for a negative ideal solution is based on R; values. In other words, S; and R; are indicative of the
L;; and L; values, respectively, from the L,—metric in Eq. (1).

R; = maxw;

)

Step 4: The VIKOR values, Q; for i =1, 2,..., m were calculated using Eq. (6):

S — St R —R*
0= [ﬁ] +{1=) {m] ©

where S refers to max S;, S* refers to min S;, R~ refers to max R;, R refers to min R;, and v is the weight of the
strategy of the majority criteria or the maximum group utility.

Step 5: The alternatives were ranked using the values of S;, R;, and Q; in descending order. Based on the
Q; values calculated in Step 4, the alternatives were ranked to make a decision. The compromised solution
was then proposed by the Q value, with minimum remarks as an alternative 4, as the best ranked if the
following two conditions were satisfied:

Condition 1: Acceptable advantage. Q(4?) — O(A™”) > DQ, where DQ = 1/(J— 1), where J is the number
of alternatives and A is the alternative with the second position on the ranking list by O.

Condition 2: Acceptable stability in decision-making. The alternative A’ must also be the best ranked by
S or/and R. This compromised solution is stable within a decision-making process, where the value of v
lies in the range of 0—1. The strategy of voting could be by consensus when v = 0.5, by majority rule when
v > 0.5, or with a veto when v < 0.5. In this paper, these strategies were compromised by v = 0.5.

If one of the previous conditions is not satisfied, then a set of compromised solutions is proposed, which
consists of:

Condition 3: Alternatives A and A”, only if Condition 2 is not satisfied; or
Condition 4: Alternatives A, 4?,..., A" if Condition 1 is not satisfied. A?*” is determined from QA™’) —
0(A™”) < DQ for maximum m, which means that the positions of these alternatives are close to the ideal solution.

In the VIKOR method, the conditions that must be satisfied by the alternatives using the VIKOR values
of Q and DQ are known as the self-validation technique. The values and rankings of the alternatives must be
satisfied by acceptable advantage and acceptable stability. However, if these conditions are not satisfied, the
ranking and best selection must follow Condition 3 or Condition 4 to confirm that it is the best alternative
ranked by VIKOR.
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3 Results and Discussion

Based on the TRIZ (FOS)-Biomimetics framework shown in Fig. 3, the asknature.org search button or
the Biomimicry Taxonomy table can be used to search for biomimicry cases. Tab. 1 shows the results of the
biological strategies and inspired ideas from the TRIZ (FOS)-Biomimetic method using the Biomimicry
Taxonomy table. The Biomimicry Taxonomy table features eight groups, 30 sub-groups, and 160
functions for a design idea adapted from nature. In this study, two groups were chosen, with three sub-
groups and four functions, as listed in Tab. 1. The results show that under the “Get, Store, or Distribute
resources” group, sub-group of “Capture, Absorb, or Filter” and function of energy, 48 biological
strategies and one inspired idea are available in the database. The total numbers of biological strategies
and inspired ideas for the four functions were 217 and 12, respectively. Nonetheless, there will be similar
biological strategies and inspired ideas between these functions. Researchers need to read and understand
all of the biological strategies and inspired ideas to relate with the current engineering problems to adapt
nature as the solution to generate conceptual designs, which in this case, the new side-door impact beam.

Table 1: Numbers of biomimicry cases searched by function using Biomimicry Taxonomy

Group Get, store, or Protect from physical harm
distribute resources
Sub-group Capture, absorb Manage structural Prevent structural
or filter forces failure
Function Energy Compression Impact  Fracture/ Rupture
Biological strategies 48 65 57 47
Inspired ideas 1 3 4 4

The biological strategies and inspired ideas from asknature were used to design the concept of the new
automotive side-door impact beam, as shown in Tab. 2. The conceptual design ideas were generated from a
toucan beak, pomelo peel, and hedgehog spine. The cross-sections of the beam generated using the TRIZ
(FOS)-Biomimetics method are shown in the table, where the structures were basically adapted from the
biological strategies of nature. Inspired from the toucan beak, three different design concepts were
generated. Design A-01 and Design A-02 consisted of four ribs, while Design A-03 has eight ribs with a
hollow design. Design concepts B-01, B-02, and B-03 were adapted from the pomelo peel, where they
feature hierarchical structures. Meanwhile, the hedgehog spine inspired the design concepts of C-01 and
C-02, differentiated by 24 and 12 holes, respectively. A total of eight design concepts were generated
using the TRIZ (FOS)-Biomimetics method for the side-door impact beam in this study.

These design concepts were then analysed based on the performance of the composite side-door impact
beam. The FEA results of the composite side-door impact beam were further analysed using ANSYS
software, where the performance criteria included the maximum stress, maximum deformation, and
energy absorption, while mass and volume were recorded for the weight criteria. The costs of the raw
materials were taken from previous researches [50—52]. Fig. 5(a) shows the mesh model for the FEA of
the impact analysis for Design B-02, with 9,491 nodes and 6,362 eclements. The numbers of nodes and
elements for all design concepts ranged from 9,491 to 46,171 and 6,362 to 37,367, respectively. Fig. 5(b)
shows the stainless steel impactor, which is impacting the 507 mm composite side-door impact beam for
the FEA. The data recorded for the FEA are listed in Tab. 3. These results were used to find the best
design concept for the composite side-door impact beam using VIKOR.
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Table 2: Idea generation using the TRIZ (FOS)-Biomimetics method

Name

Biomimetic Strategies

A
A-01
Exterior of the
beak (keratin)
Toucan beak [47]
B
C

Hedgehog spine [49]

Tab. 4 shows the results of the normalisation matrix from Tab. 3 using Eq. (3) in Step 1, and the best and
worst values for each criterion obtained in Step 2. The benefit criteria in this study were maximum stress and
energy absorption, while the cost criteria were deformation, mass, volume, and cost. The following Tab. 5
lists the weighted normalised matrix of Tab. 3, which combined the results that were obtained using
Egs. (4) and (5). The weights of these criteria were recalculated from the previous study [53] of the
product design specification for the side-door impact beam. In this study, three criteria were involved out
of six criteria. The VIKOR method was applied for Step 3 and Step 4 using Egs. (4) and (5) to determine
the distance between the design concepts and the ideal solution.

The results of VIKOR values, Q,, calculated using Eq. (6) are shown in Tab. 6, with the positive and
negative ideal solutions (S and R). As explained in the methodology, two conditions must be satisfied
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Figure 5: (a) Mesh model for Design concept B-02; (b) FEA of the side-door impact beam for data
collection

Table 3: Properties of the natural fibre composite side-door impact beam design concepts based on criteria

Criteria Max. stress Max. ‘ Energy' Mass Volugne Cost
(MPa) deformation (mm) absorption (J) (kg) (mm”)  (USD/part)
A-01 298.42 29.390 47.381 0.37989 3.3918 0.9984
A-02 472.11 24.258 30.161 0.37989 3.3918 0.9984
A-03 231.94 24.188 39.655 0.40436 3.6103 1.0627
) B-01 328.06 24.813 89.525 0.47068 4.2025 1.2369
Design concepts
B-02 175.29 24.996 41.368 0.39263 3.5057 1.0318
B-03 499.27 27.855 91.215 0.51711 4.6170 1.3590
C-01 1156.6 24.609 53.195 0.34400 3.0714 0.9040
C-02 270.66 30.529 80.363 0.52383 4.6771 1.3766

before the alternatives can be suggested as the best design concept for the side-door impact beam. The first
condition was the acceptable advantage, where the VIKOR value of the second ranked alternative minus the
first alternative must be larger than the DQ value, which was 0.1429 in this study. Thus, Q(A®) — Q(AV) >
DQ, 0.1178 — 0.0156 = 0.1022 did not satisfy the acceptable advantage condition. The second condition was
the acceptable stability, where the alternative ranked first must also be the best ranked in S and/or R. The
results showed that Design concept B-03 fulfilled this condition. Based on both conditions, the first
ranking in VIKOR value did not satisfy the first condition, yet satisfied the second condition. Therefore,
the fourth condition was referred to since Condition 1 was not satisfied. The fourth condition stipulates
that Q value minus Q value in the first ranking should be less than DQ value, Q3 — Q; = 0.3143 — 0.0156 =
0.2987, which was bigger than DQ. Meanwhile, Q, — Q; = 0.1022, which was less than DQ. These results
showed that both Q; and Q, alternatives were close to the ideal solution. Thus, it was concluded that
Design concepts B-03 and C-02 were the best designs for the side-door impact beam since these design
concepts were close to the ideal solution based on the VIKOR method.
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Table 4: Normalised matrix, as well as the best and worst values for f;; (Step 2)
Criteria Max. stress Max. ' Energy' Mass Volugne Cost
(MPa) deformation (mm) absorption (J) (kg) (mm”)  (USD/part)
A-01 0.2028 0.3930 0.2646 0.3114 03114 0.3114
A-02 0.3209 0.3244 0.1684 0.3114 03114 0.3114
A-03 0.1577 0.3235 0.2215 0.3315 0.3315 0.3315
, B-01 0.2230 0.3318 0.5000 0.3859 0.3859  0.3859
Designeoneepts o o) 0.1192  0.3343 0.2310 03219 03219 03219
B-03 0.3394 0.3725 0.5094 0.4239 0.4239 0.4239
C-01 0.7862 0.3291 0.2971 0.2820 0.2820 0.2820
C-02 0.1840 0.4083 0.4488 0.4294 0.4294 0.4294
jj-* 0.7862 0.3235 0.5094 0.2820 0.2820 0.2820
) 0.1192 0.4083 0.1684 0.4294 0.4294 0.4294
Table 5: Weighted normalised matrix (Step 3)
Criteria Max. stress Max. . Energy. Mass Volugne Cost
(MPa) deformation (mm) absorption (J) (kg) (mm”)  (USD/part)
Weights 0.1645 0.1645 0.1645 0.1169 0.1169  0.2727
A-01 0.1439 0.0297 0.1181 0.0936 0.0936 0.2183
A-02 0.1148 0.1628 0.1645 0.0936 0.0936 0.2183
A-03 0.1550 0.1645 0.1389 0.0776 0.0776  0.1811
) B-01 0.1389 0.1484 0.0045 0.0345 0.0345  0.0805
Design concepts

B-02 0.1645 0.1435 0.1343 0.0853 0.0853  0.1989
B-03 0.1102 0.0694 0.0000 0.0044 0.0044 0.0102
C-01 0.0000 0.1536 0.1024 0.1169 0.1169  0.2727
C-02 0.1485 0.0000 0.0292 0.0000 0.0000 0.0000

Table 6: The positive ideal solution, S, negative ideal solution, R, and VIKOR values, Q

Rank S S value R R value 0O (wv=0.)5) QO value
1 C-02 0.1777 B-03 0.1102 B-03 0.0156
2 B-03 0.1986 B-01 0.1484 C-02 0.1178
3 B-01 0.4413 C-02 0.1485 B-01 0.3143
4 A-01 0.6972 A-03 0.1811 A-03 0.6787
5 C-01 0.7625 B-02 0.1989 A-01 0.7204
6 A-03 0.7947 A-01 0.2183 B-02 0.7462
7 B-02 0.8118 A-02 0.2183 A-02 0.8326
8 A-02 0.8476 C-01 0.2727 C-01 0.9365
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4 Conclusion

In conclusion, three criteria with six sub-criteria were taken into consideration in determining the best
design concept for the biomimetic-inspired composite side-door impact beam. This paper demonstrates how
the integrated TRIZ (FOS)-Biomimetics method and the VIKOR method were used to generate eight design
concepts. FEA was used to evaluate the sub-criteria and VIKOR method was used to analyse and select the
best design concept for the composites side-door impact beam. The TRIZ (FOS)-Biomimetics method
generated eight design concept ideas inspired by nature. These methods can be used to solve engineering
problems using the problem identification feature in TRIZ and the technology transfer using biological
strategies in the AskNature database. FEA evaluated the design concepts and generated the values for the
performance and weight criteria. These values offered accurate assessment for the comparison of the
design concepts to make quantitative judgement in the final phase using VIKOR method. VIKOR showed
that Design concepts B-03 and C-02 were the best design concepts in this study. Design concept B-03
gave the least VIKOR value of 0.0152 in the first rank, while Design concept C-02 came in second with
0.1178. The integrated method of TRIZ (FOS)-Biomimetics-VIKOR can be used as a tool to generate
design concepts that are inspired by nature and rank them to select the best design concepts. The strategy
proposed in this paper can help engineers to generate ideas that are inspired by nature and then select
them using a systematic strategy and justified solutions using MCDM in the conceptual design stage.

Funding Statement: The authors would like to thank Universiti Putra Malaysia for the financial support
provided through the Putra Grant IPS (GP-IPS/2016/9515100), as well as Universiti Teknikal Malaysia
Melaka and Ministry of Education Malaysia for providing scholarship to the principal author to carry out
this research project.

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References

1. Hedeen, C. E., Campbell, D. D. (1969). Side impact structures. International Automotive Engineering Congress
Exposition, Detroit, Michigan.

2. Jones, J. (2012). National highway traffic safety administration laboratory test procedure for FMVSS no. 214,
dynamic side impact protection—moving deformable barrier test requirements.

3. Shaharuzaman, M. A., Sapuan, S. M., Mansor, M. R., Zuhri, M. Y. M. (2018). Passenger car’s side door impact
beam: a review. Journal of Engineering and Technology, 9(1), 1-22.

4. The European Parliament and the Council of the European Union. (2009). Regulation (EC) no. 443/2009 on setting
emission performance standards for new passenger cars as part of the Community’s integrated approach to reduce
CO, emissions from light-duty vehicles. Official Journal of the European Union, 52(L140), 1-15.

5. The European Parliament and the Council of the European Union. (2014). Regulation (EU) no 333/2014 to define
the modalities for reaching the 2020 target to reduce CO, emissions from new passenger cars. Official Journal of
the European Union, 52(L103), 15-21.

6. Ishikawa, T., Amaoka, K., Masubuchi, Y., Yamamoto, T., Yamanaka, A. et al. (2018). Overview of automotive
structural composites technology developments in Japan. Composites Science and Technology, 155, 221-246.
DOI 10.1016/j.compscitech.2017.09.015.

7. Ahmad, F., Choi, H. S., Park, M. K. (2015). A review: natural fiber composites selection in view of mechanical,
light weight, and economic properties. Macromolecular Materials and Engineering, 300(1), 10-24. DOI 10.1002/
mame.201400089.

8. Pickering, K. L., Efendy, M. G. A., Le, T. M. (2016). A review of recent developments in natural fibre composites
and their mechanical performance. Composites Part A: Applied Science and Manufacturing, 83, 98—112. DOI
10.1016/j.compositesa.2015.08.038.


http://dx.doi.org/10.1016/j.compscitech.2017.09.015
http://dx.doi.org/10.1002/mame.201400089
http://dx.doi.org/10.1002/mame.201400089
http://dx.doi.org/10.1016/j.compositesa.2015.08.038

JRM, 2020, vol.8, no.5 561

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Sapuan, S. M., Mansor, M. R. (2015). Design of natural fiber-reinforced composite structures. In: Campilho, R. D.
S. G. (ed.) Natural Fiber Composites, pp. 255-278. Florida, USA: CRC Press.

Holbery, J., Houston, D. (2006). Natural-fibre-reinforced polymer composites in automotive applications. Journal
of Minerals, Metal and Material Society, 58(11), 80—86. DOI 10.1007/s11837-006-0234-2.

Koronis, G., Silva, A., Fontul, M. (2013). Green composites: a review of adequate materials for automotive
applications. Composites Part B: Engineering, 44(1), 120-127. DOI 10.1016/j.compositesb.2012.07.004.
Lukaszewicz, D. H. J. A. (2013). Automotive composite structures for crashworthiness. In: Elmarakbi, A. (ed.)
Advanced Composite Materials for Automotive Applications: Structural Integrity and Crashworthiness, pp. 99—
127. 1st edition, Chichester, UK: John Wiley & Sons Ltd.

Bovea, M. D., Pérez-Belis, V. (2012). A taxonomy of ecodesign tools for integrating environmental requirements
into the product design process. Journal of Cleaner Production, 20(1), 61-71. DOI 10.1016/j.jclepro.2011.07.012.
Sapuan, S. M., Mansor, M. R. (2014). Concurrent engineering approach in the development of composite products:
a review. Materials and Design, 58, 161-167. DOI 10.1016/j.matdes.2014.01.059.

Ulrich, K. T., Eppinger, S. D. (2012). Development process and organizations, Chapter 2. In: Product Design and
Development, pp. 11-32. 5th edition, New York: McGraw-Hill Trwin.

Mansor, M. R., Sapuan, S. M., Salim, M. A., Akop, M. Z., Musthafah, M. T. et al. (2016). Concurrent design of
green composites, Chapter 3. In: Verma, D., Jain, S., Zhang, X., Gope, P. C. (eds.) Green Approaches to
Biocomposite Materials Science and Engineering, pp. 48—75. Hershey, PA: IGI Global.

Shaharuzaman, M. A., Sapuan, S. M., Mansor, M. R., Zuhri, M. Y. M. (2019). Decision support strategy in
selecting natural fiber materials for automotive side-door impact beam composites. Journal of Renewable
Materials, 7(10), 997-1010. DOI 10.32604/jrm.2019.07529.

Shaharuzaman, M. A., Sapuan, S. M., Mansor, M. R., Zuhri, M. Y. M. (2018). Thermoplastic materials selection
using VIKOR method for automotive part. In: Collogium of Advanced Materials and Mechanical Engineering
Research, pp. 75—77. Melaka, Malaysia.

Sapuan, S. M. (2017). Conceptual design in concurrent engineering for composites. Composite Materials:
Concurrent Engineering Approach. Oxford, UK: Butterworth-Heinemann, 141-207.

Ma, H. Y., Meng, M. C. (2001). Model of the conceptual design process based on TRIZ/QFD/FA. Qinghua Daxue
Xuebao/Journal of Tsinghua University, 41(11), 56-59.

Yamashina, H., Ito, T., Kawada, H. (2002). Innovative product development process by integrating QFD with
TRIZ. International Journal of Production Research, 40(5), 1031-1050. DOI 10.1080/00207540110098490.
Hua, Z., Coulibaly, S., Wang, W. T. (2006). TOC and TRIZ based product design method and its application.
Jisuanji Jicheng Zhizao Xitong/Computer Integrated Manufacturing System, 12(6), 817-822.

Yao, L., Zou, L. (2008). A study on conceptual design of mechatronic system. Journal of Donghua University
(English Ed.), 25(4), 434-438.

Hua, Z., Yang, J., Coulibaly, S., Zhang, B. (2006). Integration TRIZ with problem-solving tools: a literature review
from 1995 to 2006. International Journal of Business Innovation and Research, 1(2), 111-128. DOI 10.1504/
IJBIR.2006.011091.

Ilevbare, 1. M., Probert, D., Phaal, R. (2013). A review of TRIZ, and its benefits and challenges in practice.
Technovation, 33(2-3), 30-37. DOI 10.1016/j.technovation.2012.11.003.

Li, M., Ming, X., Zheng, M., Xu, Z., He, L. (2013). A framework of product innovative design process based on
TRIZ and patent circumvention. Journal of Engineering Design, 24(12), 830-848. DOI 10.1080/
09544828.2013.856388.

Li, M., Ming, X., He, L., Zheng, M., Xu, Z. (2015). A TRIZ-based trimming method for patent design around.
Computer Aided Design, 62, 20-30. DOI 10.1016/j.cad.2014.10.005.

Mansor, M. R., Shaharuzaman, M. A., Akop, M. Z., Salim, M. A., Zainudin, A. Z. (2017). Product design
improvement of water dispenser tap using TRIZ method. Journal of Advanced Manufacturing Technology, 11(1
(1)), 101-112.


http://dx.doi.org/10.1007/s11837-006-0234-2
http://dx.doi.org/10.1016/j.compositesb.2012.07.004
http://dx.doi.org/10.1016/j.jclepro.2011.07.012
http://dx.doi.org/10.1016/j.matdes.2014.01.059
http://dx.doi.org/10.32604/jrm.2019.07529
http://dx.doi.org/10.1080/00207540110098490
http://dx.doi.org/10.1504/IJBIR.2006.011091
http://dx.doi.org/10.1504/IJBIR.2006.011091
http://dx.doi.org/10.1016/j.technovation.2012.11.003
http://dx.doi.org/10.1080/09544828.2013.856388
http://dx.doi.org/10.1080/09544828.2013.856388
http://dx.doi.org/10.1016/j.cad.2014.10.005

562

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.
41.

42.

43.

44.

45.

46.

47.

48.

JRM, 2020, vol.8, no.5

Mawale, M. B., Kuthe, A., Mawale, A. (2019). Rapid prototyping assisted fabrication of a device for medical
infusion therapy using TRIZ. Health and Technology, 9(2), 167-173. DOI 10.1007/s12553-018-0259-x.
Hambali, A., Amira Farhana, M. T. (2018). Development of integrated Analytic Network Process (ANP) and
Theory of Inventive Problem Solving (TRIZ) in the conceptual design selection. Journal of Engineering
Science and Technology, 13(9), 2716-2733.

Azammi, A. M. N, Sapuan, S. M., Ishak, M. R., Sultan, M. T. H. (2018). Conceptual design of automobile engine
rubber mounting composite using TRIZ-Morphological chart-analytic network process technique. Defence
Technology, 14(4), 268-277. DOI 10.1016/j.dt.2018.05.009.

Vincent, J. F. V. (2009). Biomimetics—a review. Proceedings of the Institution of Mechanical Engineers, Part H:
Journal of Engineering in Medicine, 223(8), 919-939. DOI 10.1243/09544119JEIM561.

Lim, C., Yun, D., Park, 1., Yoon, B. (2018). A systematic approach for new technology development by using a
biomimicry-based TRIZ contradiction matrix. Creativity and Innovation Management, 27(4), 414-430. DOI
10.1111/caim.12273.

Abdala, L. N., Fernandes, R. B., Ogliari, A., Lower, M., Feldhusen, J. (2017). Creative contributions of the
methods of inventive principles of TRIZ and BioTRIZ to problem solving. Journal of Mechanical Design, 139
(8), 49. DOI 10.1115/1.4036566.

Liu, X. M., Huang, S. P., Chen, Y. T. (2017). Research and application: conceptual integrated model based on TRIZ
and bionics for product innovation. International Journal of Interactive Design and Manufacturing, 11(2), 341—
349. DOI 10.1007/s12008-015-0296-x.

Chen, J. L., Hung, S. C. (2017). Eco-innovation by TRIZ and biomimetics design. Proceedings of the 2017 IEEE
International Conference on Applied System Innovation: Applied System Innovation for Modern Technology ICASI
2017, Sapporo, Hokkaido, 40—43.

Choi, S., Kang, D., Lim, J., Kim, K. (2012). A fact-oriented ontological approach to SAO-based function modeling
of patents for implementing function-based technology database. Expert System with Applications, 39(10), 9129—
9140. DOI 10.1016/j.eswa.2012.02.041.

Litvin, S. S. (2004). New TRIZ-based tool—Function-oriented search (FOS). TRIZ Future Conference, Florence,
Italy, 505-508.

Biomimicry Institute. (2008). Biomimicry Taxonomy. htips://asknature.org/resource/biomimicry-taxonomy/.

Biomimicry Institute. (2006). AskNature—Innovation Inspired by Nature. Attps.//asknature.org/.

Cheon, S. S., Lee, D. G., Jeong, K. S. (1997). Composite side-door impact beams for passenger cars. Composite
Structures, 38(1-4), 229-239. DOI 10.1016/S0263-8223(97)00058-5.

Montecchi, T., Russo, D. (2015). FBOS: function/behaviour-oriented search. Procedia Engineering, 131, 140—
149. DOI 10.1016/j.proeng.2015.12.363.

Fayemi, P. E., Maranzana, N., Aoussat, A., Bersano, G. (2014). Bio-inspired design characterisation and its links
with problem solving tools. Proceedings of International Design Conference, DESIGN, Dubrovnik, Croatia, 173—
182.

Bhushan, B. (2009). Biomimetics: lessons from nature—an overview. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and FEngineering Sciences, 367(1893), 1445-1486. DOI 10.1098/
rsta.2009.0011.

Wei, J. Z., Lin, X. Y. (2008). The multiple attribute decision-making VIKOR method and its application. 4¢h
International Conference on Wireless Communications, Networking and Mobile Computing 2008, Dalian,
China, 1-4.

Opricovic, S., Tzeng, G. H. (2002). Multicriteria planning of post-earthquake sustainable reconstruction.
Computer-Aided Civil Infrastructure Engineering, 17(3), 211-220. DOI 10.1111/1467-8667.00269.

Seki, Y. M., Schneider, S., Meyers, M. A. (2005). Structure and mechanical behavior of a toucan beak. Acta
Materialia, 53(20), 5281-5296. DOI 10.1016/j.actamat.2005.04.048.

Ortiz, J., Zhang, G., McAdams, D. A. (2018). A model for the design of a pomelo peel bioinspired foam. Journal of
Mechanical Design, 140(11), 1-5. DOI 10.1115/1.4040911.


http://dx.doi.org/10.1007/s12553-018-0259-x
http://dx.doi.org/10.1016/j.dt.2018.05.009
http://dx.doi.org/10.1243/09544119JEIM561
http://dx.doi.org/10.1111/caim.12273
http://dx.doi.org/10.1115/1.4036566
http://dx.doi.org/10.1007/s12008-015-0296-x
http://dx.doi.org/10.1016/j.eswa.2012.02.041
https://asknature.org/resource/biomimicry-taxonomy/
https://asknature.org/
http://dx.doi.org/10.1016/S0263-8223(97)00058-5
http://dx.doi.org/10.1016/j.proeng.2015.12.363
http://dx.doi.org/10.1098/rsta.2009.0011
http://dx.doi.org/10.1098/rsta.2009.0011
http://dx.doi.org/10.1111/1467-8667.00269
http://dx.doi.org/10.1016/j.actamat.2005.04.048
http://dx.doi.org/10.1115/1.4040911

JRM, 2020, vol.8, no.5 563

49.

50.

51.

52.
53.

Vincent, J. F. V. (2002). Survival of the cheapest. Materials Today, 5(12), 28-41. DOI 10.1016/S1369-7021(02)
01237-3.

Gurunathan, T., Mohanty, S., Nayak, S. K. (2015). A review of the recent developments in biocomposites based on
natural fibres and their application perspectives. Composites Part A: Applied Science and Manufacturing, 77, 1—
25. DOI 10.1016/j.compositesa.2015.06.007.

Dunne, R., Desai, D., Sadiku, R., Jayaramudu, J. (2016). A review of natural fibres, their sustainability and
automotive applications. Journal of Reinforced Plastics and Composites, 35(13), 1041-1050. DOI 10.1177/
0731684416633898.

CES Selector (2013). Granta Design.

Shaharuzaman, M. A., Sapuan, S. M., Mansor, M. R., Zuhri, M. Y. M. (2019). The weighting of product design
specification for a composite side-door impact beam using the analytical hierarchy process method. Infernational
Journal of Materials and Product Technology, 59(1), 63—80. DOI 10.1504/1IJMPT.2019.10021829.


http://dx.doi.org/10.1016/S1369-7021(02)01237-3
http://dx.doi.org/10.1016/S1369-7021(02)01237-3
http://dx.doi.org/10.1016/j.compositesa.2015.06.007
http://dx.doi.org/10.1177/0731684416633898
http://dx.doi.org/10.1177/0731684416633898
http://dx.doi.org/10.1504/IJMPT.2019.10021829

	Conceptual Design of Natural Fiber Composites As a Side-Door Impact Beam Using Hybrid Approach
	Introduction
	Research Methodology
	Results and Discussion
	Conclusion
	References


