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Abstract: In this study, the best manufacturing process will be selected to build an
automotive crash box using green oil palm natural fibre-reinforced polyurethane
composite materials. This paper introduces an approach consist of technical
aspects (T), the economic point of view (E) and availability (A), and it’s also
called as TEA requirement. This approach was developed with the goal of assist-
ing the design engineer in the selection of the best manufacturing process during
the design phase at the criteria selection stage. In this study, the TEA requirement
will integrate with the analytical hierarchy process (AHP) to assist decision
makers or manufacturing engineers in determining the most appropriate manufac-
turing process to be employed in the manufacture of a composite automotive
crash box (ACB) at the early stage of the product development process. It is
obvious that a major challenge in the manufacturing selection process is lack of
information regarding manufacturing of ACB using natural fibre composite
(NFC). There have been no previous studies that examined ranking manufactur-
ability processes in terms of their suitability. Therefore, the TEA-AHP hybrid
method was introduced to provide unprejudiced criteria-ranking selection prior
to evaluation of pairwise comparisons. At the end of this study, the pulforming
process was selected as the best manufacturing process for fabrication of the
ACB structural component.

Keywords: Manufacturing process selection; automotive crash box; natural fibre
composites; TEA requirement

1 Introduction

The aim of this study is to select the best manufacturing process for fabricating automotive crash box
ACB by using green natural fibres in a polymer composite material. The design of composites for ACB
requires a balance among different attributes such as light weight, high performance, and low material
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and fabrication cost. There has been a growing awareness that selection of the manufacturing process also
needs to be made earlier in the design process, a practice also known as the concurrent engineering field
of study. The correct selection of the manufacturing process will improve the existing excellent properties
of composites, such as high strength and stiffness, good fatigue properties, good impact properties, good
damping properties and low density, which make them attractive and suitable for numerous industries [1].
In addition, Natural fiber composites NFC offering better solutions to improved environmental
sustainability at lower cost at the same time replacing synthetics composite [2,3]. An unprejudiced
approach to evaluating the manufacturing process options must be used to obtain the expected excellent
results from the manufacturing process, as well as to speed up the time to market for the product and
reduce the cost of manufacturing waste. Based on these reasons, the TEA requirement has the capability
of providing unbiased criteria selection prior to evaluation of pairwise comparisons.

The results of comparing processes must go through sensitivity analysis before a final selection of the
manufacturing process. Several constraints had been identified in considering the issues involved in the
selection process. Five general assumptions have been made in the scope of this study, which are 1) only
mechanical design issues will be considered, 2) the concept of the product has been translated into
detailed technical drawings, 3) the design requirements of the product design specification (PDS) will be
fulfilled to minimize the manufacturing cost, 4) attention will be paid only to the engineering aspect of
the manufacturing process without considering non-functional attributes such as user-friendliness and
aesthetic value, 5) and the final consideration is that the manufacturing process must be relevant and
realistic. Another selection criterion for the manufacturing process is the choice of material used to
fabricate the designed ACB. The shortlisted manufacturing solution processes in this study must be able
to produce the component using natural fibre-reinforced composite materials.

Within these constraints, the manufacturing process selection criteria can be considered to fall into three
wide groups. This is an ordinary occurrence when grouping technical aspects that refer to constraints number
1 and 2. The primary requirements of the technical aspects that are determined often relate to the specified
performance of the item, such as its toughness. Another technical thought is the processability of a
specification, such as a chamfer or fillet at a certain angle. Moreover, technical aspects also consider
whether the information in the technical drawings is sufficient for translating a design idea into to an
actual product. Likewise, to attain the ultimate point of limiting fetching, a practical course of material
handling must be evaluated for financial practicality as determined in constraint number 3. In the
selection of the manufacturing process, a further complication arises because some of the costs
involved will be global to all producers. Thus, many of these costs will depend on local conditions.
The final selection of the manufacturing process continuously depends to some degree on the physical
setting of the process. For a designer, these circuitous impacts may incorporate such broadly changing
viewpoints as company approach and the availability of manufacturing facilities as mentioned in
constraints number 4 & 5.

2 Methodology

A flow chart showing the proposed methodology for the selection of the most suitable manufacturing
process for ACB natural fibre composite is depicted in Fig. 1. There are two core design activities (two
stages) involved, namely, the product design specification (PDS) and conceptual design stage. The goal of
this proposed selection process is to assist the manufacturing engineers in choosing the most appropriate
process that best suits the design requirements.

Fig. 2 describes the general structure for the selection of a manufacturing process for green oil palm
natural fibre-reinforced polyurethane composites using hybrid TEA requirement criteria and AHP method
for ACB. The relationship between the major tools, i.e., the AHP and TEA criteria requirements is
illustrated in Fig. 4. The system was developed using Expert Choice software.
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Figure 1: Flow chart for the manufacturing process selection for an automotive crash box (ACB)

Figure 2: Conceptual design of ACB
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Figure 4: The hierarchical frameworks of manufacturing process selection for ACB

2.1 Product Design Specification

The preliminary stage of this proposed selection system is a product design specification (PDS). The
PDS is a document set up prior to the product development process that controls the design and
manufacture of a product [4]. The PDS is very important to the product development process because it
has great influence in explaining the requirements of the finished product [5,6]. In considering the most
appropriate manufacturing process for the ACB, only 10 elements of the PDS were considered in the
design. The shape of the ACB as designed is shown in Fig. 2. The details of PDS and geometry design
are not discussed in this paper. The outer shape of the ACB is hexagonal with a maximum size of this
structure of 140 mm x 140 mm, a diagonal length of 90 mm, a length that must be between 120 mm and
300 mm and a wall thickness that must be between 1.8 mm and 3 mm. The density of the product is
expected to be less than 95 kg/m® by using a natural fibre composite material compared with the existing
ACB minimum density of 95 kg/m> using aluminium as a core structure material. However, the energy
absorption capacity for this product is still expected to reach 5700 J or more. Therefore, long fibre is used
in this study with composite thermosetting as a type of matrix and tempering as a manufacturing
treatment chosen to increase toughness for structural properties. The material requirements and the
product design specification indicated in Tab. 1.

2.2 Selection Process at the Conceptual Design Stage

The second stage of this suggested selection method is called the conceptual design stage. The
conceptual design of a product manufacturing process is the initial stage of design activities because
several decisions are addressed at this stage, such as materials selection, design concept selection and
manufacturing process selection [4,24]. Thus, selection using the most suitable decisions at this stage is
critically important. This is because the majority of the success of the product has been predict and the
cost and method of manufacturing has been decided prior to the completion of the conceptual design
process [25,26]. At this stage, various selection process activities have been applied in order to determine
the most suitable manufacturing process for a given design as illustrated in Fig. 2.
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Table 1: Product design specification PDS for the conceptual design of ACB using oil palm natural fibre
reinforced polyurethane composite [6—23]

Specifications Descriptions References
Square/Rectangle/Hexagonal 140 x 140 mm [10-12]
Length 120 < L <300 mm

Thickness 1.8 <¢t<3 mm

Diagonal 90 mm [12]
Density p <95 kg/m’ [8,12—16]
Energy absorption capacity E=5700J [15,16]
Type of Fibre Oil Palm Natural Fibre:

Composite 1. Long Fibre: For better toughness properties [17-21]
Requirement 2. Type of Matrix: Polyurethane Composite

Thermosetting (Thermoset)
3. Tempering Treatment

Economic Select the most economical cost of manufacturing [21-23]
operation and material
Availability High Availability of the manufacturing process [21-23]

and skilled workers.

2.2.1 Introduction of TEA Criteria

Based on the constraint set, TEA criteria requirement which refer to technical aspects (T), the economic
point of view (E) and availability (A) are introduced. TEA criteria requirements have been developed to
provide solutions for criteria selection of the manufacturing process for automotive crash box design.
These happened in a sequence based on priority as illustrated in Fig. 3. A TEA requirement is a set of
filters developed for manufacturing processes based on their priority. All the possible processes will be
listed in a large data pool and the AHP method is then used to perform evaluation of pairwise comparisons.

Hierarchical frameworks were divided into five stages as depicted in Fig. 4 with the top level of
the hierarchy specifying the goal of the study which was to select the best manufacturing process.
The second level specified the factors influencing the goal, taken from TEA criteria requirements. The
criteria were then translated to numerical values base on the description of the best manufacturing process
for ACB. In the third level of hierarchy, sub-criteria 1 narrowed down the specific factor to achieve the
goal, and sub-criteria 2 clearly describe the elements of sub-criteria 1. The bottom level is the pool of set
manufacturing process solutions to fabricate ACB design. This level grouped all possible manufacturing
processes using composite materials.

The data addressed by Sapuan [27] had been used for the options of manufacturing process solutions at
the bottom level of the hierarchy frameworks. The summary of the manufacturing process base on TEA
requirements is described in Tab. 2. The first of the TEA requirements is the technical aspect, which is
the main factor in the manufacturing process selection. It defines how the performances of the final
product fulfil the expected design outcome. The technical aspect is then divided into two categories,
which follow: 1) production characteristics (the ability of the process to perform tempering treatment on
the product and the ability of the manufacturing process to mass produce the product). ACB design is
expected to have high toughness properties to absorb a high amount of impact energy during collision.
The toughness of the material increases by performing the heat-treatment process called tempering
[28,29]. 2) Product geometry is a technical aspect that will consider whether the geometry and shape
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Table 2: Data used to perform pairwise comparison of ACB [17,18,27-35]

Manufacturing Technical ability (Geometry Economic Point of View Availability (Facility and
Process and ACB Composite (Operational Cost and Skilled Workers)
Requirements) Material Cost)
Pultrusion o Resins: Generally, epoxy, e This can be a very fast, o Generally used in
polyester, vinyl ester and and therefore economic, industry
phenolic way of impregnating and
o Fibres: Any curing materials.
o Cores: Not generally used e Fibre cost is minimized
e The process pulls the since the majority is taken
materials through the die from a creel.
for impregnation, and then e Limited to constant or near
clamps them in a mould constant cross-section
for curing. This makes the = components.
process non-continuous e Heated die costs can be
but accommodating of high.
small changes in cross-
section components.
e Mass production volume
Filament ¢ Resins: most types of resin. ¢ Mandrel (a permanent part e Very precise control over
winding e Fibres: Any. The fibres are  of the finished product) the mechanism is
used straight from a creel  costs for large components  required for uniform
and not woven or stitched  can be high. distribution and
into a fabric form. e Capital investment is orientation of fibre.
o Cores: Any relatively high. o Low availability
e The process is limited to e Fibre cost is low since
convex shaped components.  there is no secondary
e Structural properties of process to convert fibre
laminates can be very good  into fabric prior to use.
since straight fibres can be e Low-cost and very fast
laid in a complex patternto  process of laying material
match the applied loads. down.
e This process is primarily
used for hollow, generally
circular or oval sectioned
components, such as pipes
and tanks.
e Mass production volume.
Hand lay-up e Resin: most types of resin. ¢ Low-cost process, o Widely used for many

o Fibres: all types included
heavy aramid fabric,
simple principle, higher
fibre content and longer
fibre than spray up.

o Core: any

o High Technical ability

e Low Volume Process

low-cost tooling.

years.

¢ Wide choice of suppliers

and material types.

o High availability
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Table 2 (continued).

Manufacturing
Process

Technical ability (Geometry Economic Point of View Availability (Facility and
and ACB Composite (Operational Cost and Skilled Workers)
Requirements) Material Cost)

Spray up

¢ Resin: primarily polyester, « Low-cost way of quickly e Widely used for many
o Fibres: glass roving only,  depositing fibre and resin,  years.
o Cores: none low cost of tooling o High availability
o Laminates tend to be very e Low-cost process
resin-rich and therefore
excessively heavy.
e Only short fibres are
incorporated which
severely limits the
mechanical properties of
the laminate.
o Limiting airborne styrene
concentrations to legislated
levels is becoming
increasingly difficult.
e Low volume process

Pulforming

o Extends the capability of e Cheaper labour cost, high e Generally used in
pultrusion. High operation cost with industry
capability to produce both  machine automated
solid and hollow sections  operation.
with a quite complex
cross-sectional shape.

e Mass production volume

Resin transfer
moulding
(RTM)

o Resins: Generally, epoxy, e Possible labour reductions ¢ Commonly used in
polyester, vinyl ester and e Matched tooling is industry
phenolic, although high expensive and heavy in
temperature resins such as  order to withstand
bismaleimides can be used  pressures.

at elevated process ¢ Un-impregnated areas can
temperatures. occur resulting in very
o Fibres: Any. Stitched expensive scrap parts.

materials work well in this e High-cost process
process since the gaps allow

rapid resin transport. Some

specially developed fabrics

can assist with resin flow.

o Cores: Not honeycombs,
since cells would fill with
resin, and pressures involved
can crush some foams.

e Generally limited to
smaller components.

e Mass production volume

(Continued)
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Table 2 (continued).

Manufacturing Technical ability (Geometry Economic Point of View Availability (Facility and

Process and ACB Composite (Operational Cost and Skilled Workers)
Requirements) Material Cost)
Vacuum o Resins: Primarily epoxy e The extra process adds e A higher level of skill is
Bagging and phenolic. Polyesters cost both in labour and in  required by the operators.
and vinyl esters may have  disposable bagging Low availability

problems due to excessive  materials.
extraction of styrene from e High-cost process
the resin by the vacuum
pump,
o Fibres: The consolidation
pressures mean that a
variety of heavy fabrics
can be wet-out.
o Cores: Any
¢ The mould only has to be
strong enough to hold the
laminate in its desired shape
until the epoxy has cured.
Therefore, most moulds can
be relatively light weight
and easy to build.
o Custom shape: variety and
simplicity the mould use
e Mass production volume

Out of o Resins: Generally, epoxy, e Fibre cost is minimized in o Highly skilled workers
autoclave polyester, phenolic and unidirectional tapes since for handling quickstep
processing high-temperature resins there is no secondary machine and curing
(00A) such as polyimides, process to convert fibre chamber.
cyanate esters and into fabric prior to use.
bismaleimides. e The extended working
o Fibres: Any. Used either times (of up to several
direct from a creel or as months at room
any type of fabric. temperatures) means that
o Cores: Any, although structurally optimized,
special types of foam need  complex lay-ups can be
to be used due to the readily achieved.
elevated temperatures e Material cost is higher for
involved in the process. pre-impregnated fabrics.
o Longer, higher o Autoclaves are usually
temperature tool life required to cure the
¢ Ability to produce more component. These are
complex tools expensive, slow to operate
e Mass production volume and limited in size.

o High-cost process
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Table 2 (continued).

Manufacturing Technical ability (Geometry Economic Point of View Availability (Facility and

Process and ACB Composite (Operational Cost and Skilled Workers)
Requirements) Material Cost)
Automated o Automated tape laying e Reduced labour costs o User-friendly proprietary
tape layering (ATL) and automated fibre ¢ Reduced material scrap off-line and on-line
placement (AFP) are e Reduced manufacturing software
processes that use time o Highly skilled workers
computer-guided robotics e High-cost processing needed

to lay one or several layers
of carbon fibre tape or
tows onto a mould to
create a part or structure.

e Precise, repeatable,
tension independent
process and enables
placement at any angle

e Mass production volume

shown in the technical drawings as shown in Fig. 2 are possible or impossible to fabricate using that
manufacturing process. In addition, a few elements of geometry are also considered in this selection
process, which are design complexity, product size, shape of the design, product wall thickness, product
weight, tolerances and surface. The second requirements are from the economic point of view which is to
minimize the cost of the operational process and the fibre cost without compromising the performance of
the product. The solutions of this requirement are very much more complex to achieve since the cost is
based on the chain of supply and demand which always fluctuates. Sometimes the cost is also related to
the global price trend, which also affects the local producer. The final requirement is availability, this
requirement will focus on selection issues such as the availability of facilities and skilled workers [30].

3 Results and Discussion

This process begins with the development of a pairwise comparison matrix, where the software Expert
Choice 11.5 at this stage was used to evaluate pairwise comparisons. The software uses relative scale
pairwise comparison or numerical comparison as a selection principle to perform the judgement as shown
in Tab. 3.

According to the AHP workflow, Expert Choice software was used to determine the most appropriate
manufacturing process for the ACB. The results shown in Fig. 5 represent the relative weights for the
main factors, sub-factors 1, sub-factors 2 and alternatives. The judgements for all levels are acceptable if
the consistency ratio (CR) is less than 0.1 [38,39].

Pairwise comparison starts with comparing the relative importance of two selected items. The
manufacturing engineers must perform pairwise comparison for all factors and alternatives that are under
consideration in the selection process. Fig. 6 shows the process of pairwise comparison for technical
ability criteria and how to perform the calculation of pairwise comparison to choose the best
manufacturing process. The entire comparison process is described in Tab. 2 and TEA requirements help
the designers to set the priorities. In this case, the pultrusion process and hand lay-up process have
similar technical ability requirements to fabricate the ACB structure. Therefore, both processes were
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Table 3: The principal scale of judgement comparison [35—37]

AHP intensity scale Description of scale intensity
1 Equally preferred
2 Equally to moderately preferred
3 Moderately preferred
4 Moderately to strongly preferred
5 Strongly preferred
6 Moderately to very strongly preferred
7 Very strongly preferred
8 Moderately to extremely strongly preferred
9 Extremely strongly preferred
[ Goal: Best Manufacturing Process PaNTUSIOn 143
&l Technical A"‘("“/ (L ')648) Filament Winding 143
= I Geometry (L: .750
I Shape of The Design (L: .251) ga:d I;ay out ::2
I Design Complexity (L: .251) lef?;mﬁlg '] 43
I Size (L: .092) - - s
0 Wall Thickness (L: .103) 5:;1;’1“;;:;\’;““'“9 '(‘):g
:?jlegrl;t]gt z;i?ios)urface (L: .112) Out of Auto Clave Procgssing .048
= M Production Characteristics (L: .250) Automated Tape Layering 048
I Tempering Treatment (L: .750)
B Production Quantity (L: .250) Information Document

= 1 Economic View (L: .230)
I Operational Cost (L: .500)
I Fiber Cost (L: .500)

= I Availability (L: .122)
M Facilities (L: .500)

L_Skill worker (L: .500))

Figure 5: All priority vectors for criteria, sub-criteria and alternatives

given a 1, equally preferred for both processes on an intensity scale. In contrast, the pultrusion process
provides better technical ability compared with the resin transfer molding process and had been given a 3
as the intensity scale. Meanwhile, intensity scale 3, which has a red color, indicated out of autoclave
process found to have better technical ability compare with pultrusion manufacturing process. The
judgements for all levels are acceptable since the consistency ratio (CR) is less than 0.1. Some cases
found that when the consistency ratio exceeds the limit, the designers should review and revise the
pairwise comparisons.

Fig. 7 shows the Pulforming process with a weight of 0.147 (14.7%) as the most suitable manufacturing
process; the second choice is the Out of autoclave processing (OOA) with a weight of 0.142 (14.2%); and the
last decision option is resin transfer moulding (RTM) with a weight of only 0.057 (5.7%). If the results of
the selection are not satisfactory for some reasons such as lack of evidence and insufficient details
structure, the engineers or any person in charge who can make a decision can perform the selection
process again to ensure the results obtained can produce a high quality product at minimal cost.

3.1 Sensitivity Analysis

The major advantage of using the AHP method by operating the selection through Expert Choice
software is a sensitivity analysis. A sensitivity analysis is performed to consider the impacts of the
various factors on choosing the best-choice alternative. The final priorities of the manufacturing process
are extremely dependent on the priority vectors attached to the main criteria. Fig. 8 illustrated the
dynamic sensitivity graph of the main criteria with respect to the goal. It demonstrates that pulforming is
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Figure 7: Results of judgement selection process

the most suitable process, and at the same time, it also shows how sensitive the result is. For instance, if the
priority vector of the economic point of view is increased by 20% (from 23% to 43%), the ranking of the
priorities will consequently change with the hand lay-up process with a weight of 0.14 (14%) as a first
choice, a second choice of Filament Winding with a weight of 0.125 (12.5%), and the last choice of resin
transfer moulding with a weight remaining at 0.057 (5.7%) as shown in Fig. 9.

0Obj%

90 —

Automated Tape
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Vacuum Bagging

Filament Winding

0| -

Technical Ab Economic Vie Availability OVERALL

Sensitivity w.r.t.: Goal: Best Manufacturing Process Ideal Mode

Figure 8: The dynamic sensitivity graph of the main criteria with respect to the goal
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Figure 9: The dynamic sensitivity graph of the main criteria with respect to the goal when the score of the
economic point of view is increased by 20% (from 23% to 43%)

4 Conclusions

Selection of the most appropriate manufacturing process for ACB in a concurrent engineering
environment was studied in this paper. The proposed framework for the methodology of selecting the
most suitable manufacturing process for ACB offers a systematic process to consider. A selection process
to determine the optimum manufacturing process at the conceptual design stage will be a decision tool
used to assist the manufacturing engineer in the selection process. The practice of integrating the
concurrent engineering tool, which is called an analytical hierarchical process (AHP), with the TEA
criteria requirements in solving decision-making issues at the initial stage of product development process
was discussed in this paper. This study also describes the methodology for selecting the most suitable
manufacturing process for ACB. The AHP-TEA requirement method can help manufacturing engineers to
assess and select the best manufacturing process based on three main criteria and sub-criteria of a
decision. The analysis reveals that pulforming is the most appropriate process for manufacturing ACB, as
it has the highest weigh value (14.7%) of all the manufacturing processes. A sensitivity analysis was
performed to study the effect of the changed factors on deciding the best manufacturing process. It is
evident using Expert Choice software that the AHP-TEA criteria requirement is a beneficial method for
determining the manufacturing process selection for ACB components during the conceptual design stage.

Funding Statement: The authors wish to thank various individuals and institutions that made the publication
of this paper possible. The cooperation of Universiti Putra Malaysia is highly appreciated. The contribution
of Management & Science University (MSU) is highly appreciated. The project is funded by the Ministry of
Higher Education Malaysia through HICoE grant vote number 6369107.

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

References
1. Ho, M. P, Wang, H., Lee, J. H., Ho, C. K., Lau, K. T. et al. (2012). Critical factors on manufacturing processes of
natural fibre composites. Composites Part B: Engineering, 43(8), 3549-3562. DOI 10.1016/.
compositesb.2011.10.001.
2. Sarker, F., Karim, N., Afroj, S., Koncherry, V., Novoselov, K. S. et al. (2018). High-performance graphene-based
natural fiber composites. ACS Applied Materials & Interfaces, 10(40), 34502-34512. DOI 10.1021/
acsami.8b13018.


http://dx.doi.org/10.1016/j.compositesb.2011.10.001
http://dx.doi.org/10.1016/j.compositesb.2011.10.001
http://dx.doi.org/10.1021/acsami.8b13018
http://dx.doi.org/10.1021/acsami.8b13018

JRM, 2020, vol.8, no.6 659

Sarker, F., Potluri, P., Afroj, S., Koncherry, V., Novoselov, K. S. et al. (2019). Ultra-high performance of nano-
engineered graphene-based natural jute fiber composites. ACS Applied Materials & Interfaces, 11(23), 21166—
21176. DOI 10.1021/acsami.9b04696.

Pugh, S. (1993). Total design: integrated methods for successful product engineering. Addison: Willey Publishing
Company, Inc.

Wright, 1. C. (1998). Design methods in engineering and product design. New York City: McGraw-Hill.

6. Davoodi, M. M., Sapuan, S. M., Ahmad, D., Aidy, A., Khalina, A. et al. (2011). Concept selection of car bumper

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

beam with developed hybrid bio-composite material. Materials & Design, 32(10), 4857—4865. DOI 10.1016/j.
matdes.2011.06.011.

Hambali, A., Sapuan, S. M., Ismail, N., Nukman, Y. (2009). Application of analytical hierarchy process in the
design concept selection of automotive composite bumper beam during the conceptual design stage. Scientific
Research and Essays, 4(4), 198-211.

. Tarlochan, F., Samer, F., Hamouda, A. M. S., Ramesh, S., Khalid, K. (2013). Design of thin wall structures for

energy absorption applications: enhancement of crashworthiness due to axial and oblique impact forces. Thin-
Walled Structures, 71, 7-17. DOI 10.1016/j.tws.2013.04.003.

Shigley, J. E. (2011). Shigley s mechanical engineering design. New York City: Tata McGraw-Hill Education.
Choiron, M. A., Purnowidodo, A., Siswanto, E., Hidayati, N. A. (2016). Crash energy absorption of multi-
segments crash box under frontal load. Jurnal Teknologi, 78(5), 347-350. DOI 10.11113/jt.v78.8334.

Tanlak, N., Sonmez, F. O. (2014). Optimal shape design of thin-walled tubes under high-velocity axial impact
loads. Thin-Walled Structures, 84, 302-312. DOI 10.1016/j.tws.2014.07.003.

Jiga, G., Stamin, S., Dinu, G., Vlasceanu, D., Popovici, D. (2016). Material and shape crash-box influence on the
evaluation of the impact energy absorption capacity during a vehicle collision. Ciéncia & Tecnologia dos
Materiais, 28(1), 67-72. DOI 10.1016/j.ctmat.2016.03.001.

Toksoy, A. K., Giiden, M. (2010). Partial Al foam filling of commercial 1050H14 Al crash boxes: the effect of box
column thickness and foam relative density on energy absorption. Thin-Walled Structures, 48(7), 482—494. DOI
10.1016/j.tws.2010.02.002.

Kim, H. C., Shin, D. K., Lee, J. J., Kwon, J. B. (2014). Crashworthiness of aluminum/CFRP square hollow section
beam under axial impact loading for crash box application. Composite Structures, 112, 1-10. DOI 10.1016/j.
compstruct.2014.01.042.

Fuganti, A., Lorenzi, L., Grensund, A., Langseth, M. (2000). Aluminum foam for automotive applications.
Advanced Engineering Materials, 2(4), 200-204.

Zarei, H., Kroeger, M. (2010). Crashworthiness investigation and optimization of empty and foam filled composite
crash box. Woven Fabric Engineering, 18, 343-362.

Amuthakkannan, P., Manikandan, V., Jappes, J. W., Uthayakumar, M. (2013). Effect of fibre length and fibre
content on mechanical properties of short basalt fibre reinforced polymer matrix composites. Materials Physics
and Mechanics, 8(2), 107-117.

Gay, D. (2014). Composite materials: design and applications. Boca Raton: CRC Press.

Saheb, D. N., Jog, J. P. (1999). Natural fiber polymer composites: a review. Advances in Polymer Technology:
Journal of the Polymer Processing Institute, 18(4), 351-363.

Zampaloni, M., Pourboghrat, F., Yankovich, S. A., Rodgers, B. N., Moore, J. et al. (2007). Kenaf natural fiber
reinforced polypropylene composites: a discussion on manufacturing problems and solutions. Composites Part
A: Applied Science and Manufacturing, 38(6), 1569—1580. DOI 10.1016/j.compositesa.2007.01.001.

Hambali, A., Sapuan, S. M., Ismail, N., Nukman, Y. (2009). Composite manufacturing process selection using
analytical hierarchy process. International Journal of Mechanical and Materials Engineering, 4(1), 49-61.
Lovatt, A. M., Shercliff, H. R. (1998). Manufacturing process selection in engineering design. Part 1: the role of
process selection. Materials & Design, 19(5-6), 205-215. DOI 10.1016/S0261-3069(98)00038-7.


http://dx.doi.org/10.1021/acsami.9b04696
http://dx.doi.org/10.1016/j.matdes.2011.06.011
http://dx.doi.org/10.1016/j.matdes.2011.06.011
http://dx.doi.org/10.1016/j.tws.2013.04.003
http://dx.doi.org/10.11113/jt.v78.8334
http://dx.doi.org/10.1016/j.tws.2014.07.003
http://dx.doi.org/10.1016/j.ctmat.2016.03.001
http://dx.doi.org/10.1016/j.tws.2010.02.002
http://dx.doi.org/10.1016/j.compstruct.2014.01.042
http://dx.doi.org/10.1016/j.compstruct.2014.01.042
http://dx.doi.org/10.1016/j.compositesa.2007.01.001
http://dx.doi.org/10.1016/S0261-3069(98)00038-7

660 JRM, 2020, vol.§8, no.6

23. Lovatt, A. M., Shercliff, H. R. (1998). Manufacturing process selection in engineering design. Part 2: a
methodology for creating task-based process selection procedures. Materials & Design, 19(5—6), 217-230. DOI
10.1016/S0261-3069(98)00039-9.

24. Pahl, G., Beitz, W. (2013). Engineering design: a systematic approach. Berlin/Heidelberg: Springer Science &
Business Media.

25. Rehman, F., Yan, X. T. (2003). Product design elements as means to realise functions in mechanical conceptual
design. DS 31: Proceedings of ICED 03, the 14th International Conference on Engineering Design. Stockholm,
213-214.

26. Mansor, M. R., Sapuan, S. M., Hambali, A., Zainudin, E. S., Nuraini, A. A. (2014). Materials selection of hybrid
bio-composites thermoset matrix for automotive bumper beam application using TOPSIS method. Advances in
Environmental Biology, 3138-3143.

27. Sapuan, S. M. (2017). Composite materials: concurrent engineering approach. Oxford: Butterworth-Heinemann.

28. Judge, V. K., Speer, J. G., Clarke, K. D, Findley, K. O., Clarke, A. J. (2018). Rapid thermal processing to enhance
steel toughness. Scientific Reports, 8(1), 445. DOI 10.1038/s41598-017-18917-3.

29. Campbell, F. C. Jr. (2003). Manufacturing processes for advanced composites. Amsterdam: Elsevier.

30. Harle, S. M. (2014). The performance of natural fiber reinforced polymer composites. International Journal of
Civil Engineering Research, 5, 285-288.

31. Ridgard, C. (2016). Process selection and optimization for out-of-autoclave prepreg structures. Sampe Journal, 52
(4), 7-15.

32. Lee, N. C. (2000). Understanding blow molding. Ohio: Hanser.

33. Stringer, L. G. (1989). Optimization of the wet lay-up/vacuum bag process for the fabrication of carbon fibre epoxy
composites with high fibre fraction and low void content. Composites, 20(5), 441-452. DOI 10.1016/0010-4361
(89)90213-9.

34. Lossie, M., Van Brussel, H. (1994). Design principles in filament winding. Composites Manufacturing, 5(1), 5-13.
DOI 10.1016/0956-7143(94)90014-0.

35. Eshkoor, R. A, Ude, A. U., Oshkovr, S. A., Sulong, A. B., Zulkifli, R. et al. (2014). Failure mechanism of woven
natural silk/epoxy rectangular composite tubes under axial quasi-static crushing test using trigger mechanism.
International Journal of Impact Engineering, 64, 53—61. DOI 10.1016/].ijimpeng.2013.09.004.

36. Mahdi, E., Hamouda, A. A., Sen, A. C. (2004). Quasi-static crushing behaviour of hybrid and non-hybrid natural
fibre composite solid cones. Composite Structures, 66(1—4), 647-663. DOI 10.1016/j.compstruct.2004.06.001.

37. Mansor, M. R., Sapuan, S. M., Zainudin, E. S., Nuraini, A. A., Hambali, A. (2013). Hybrid natural and glass fibers
reinforced polymer composites material selection using analytical hierarchy process for automotive brake lever
design. Materials & Design, 51, 484-492. DOI 10.1016/j.matdes.2013.04.072.

38. Mansor, M. R., Sapuan, S. M., Zainudin, E. S., Nuraini, A. A., Hambali, A. (2014). Conceptual design of kenaf
fiber polymer composite automotive parking brake lever using integrated TRIZ—Morphological Chart—Analytic
Hierarchy process method. Materials & Design, 54, 473—482. DOI 10.1016/j.matdes.2013.08.064.

39. Mansor, M. R., Sapuan, S. M. (2017). Concurrent conceptual design and materials selection of natural fiber
composite products. New York City: Springer.


http://dx.doi.org/10.1016/S0261-3069(98)00039-9
http://dx.doi.org/10.1038/s41598-017-18917-3
http://dx.doi.org/10.1016/0010-4361(89)90213-9
http://dx.doi.org/10.1016/0010-4361(89)90213-9
http://dx.doi.org/10.1016/0956-7143(94)90014-0
http://dx.doi.org/10.1016/j.ijimpeng.2013.09.004
http://dx.doi.org/10.1016/j.compstruct.2004.06.001
http://dx.doi.org/10.1016/j.matdes.2013.04.072
http://dx.doi.org/10.1016/j.matdes.2013.08.064

	Manufacturing Process Selection of “Green” Oil Palm Natural Fiber Reinforced Polyurethane Composites Using Hybrid TEA Criteria Requirement and AHP Method for Automotive Crash Box ...
	Introduction
	Methodology
	Results and Discussion
	Conclusions
	References


