
����������
�������

Citation: Asyraf, M.R.M.; Syamsir,

A.; Zahari, N.M.; Supian, A.B.M.;

Ishak, M.R.; Sapuan, S.M.; Sharma, S.;

Rashedi, A.; Razman, M.R.; Zakaria,

S.Z.S.; et al. Product Development of

Natural Fibre-Composites for Various

Applications: Design for

Sustainability. Polymers 2022, 14, 920.

https://doi.org/10.3390/

polym14050920

Academic Editor:

Łukasz Klapiszewski

Received: 25 January 2022

Accepted: 18 February 2022

Published: 25 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Product Development of Natural Fibre-Composites for Various
Applications: Design for Sustainability
Muhammad Rizal Muhammad Asyraf 1,* , Agusril Syamsir 1,* , Nazirul Mubin Zahari 2,
Abu Bakar Mohd Supian 1, Mohamad Ridzwan Ishak 3,4, Salit Mohd Sapuan 4,5, Shubham Sharma 6 ,
Ahmad Rashedi 7, Muhammad Rizal Razman 8 , Sharifah Zarina Syed Zakaria 9, Rushdan Ahmad Ilyas 10,11

and Mohamad Zakir Abd Rashid 12

1 Institute of Energy Infrastructure, Universiti Tenaga Nasional, Jalan IKRAM-UNITEN,
Kajang 43000, Selangor, Malaysia; mohd.supian@uniten.edu.my

2 Civil Engineering Department, Universiti Tenaga Nasional, Jalan IKRAM-UNITEN,
Kajang 43000, Selangor, Malaysia; nazirul@uniten.edu.my

3 Department of Aerospace Engineering, Faculty of Engineering, Universiti Putra Malaysia (UPM),
Serdang 43400, Selangor, Malaysia; mohdridzwan@upm.edu.my

4 Laboratory of Biocomposite Technology, Institute of Tropical Forestry and Forest Products (INTROP),
Universiti Putra Malaysia (UPM), Serdang 43400, Selangor, Malaysia; sapuan@upm.edu.my

5 Advanced Engineering Materials and Composites Research Centre (AEMC), Department of Mechanical and
Manufacturing Engineering, Faculty of Engineering, Universiti Putra Malaysia (UPM),
Serdang 43400, Selangor, Malaysia

6 Department of Mechanical Engineering, IK Gujral Punjab Technical University, Kapurthala 144603, India;
shubham543sharma@gmail.com

7 School of Mechanical and Aerospace Engineering, Nanyang Technological University,
Singapore 639798, Singapore; amma0002@e.ntu.edu.sg

8 Research Centre for Sustainability Science and Governance (SGK), Institute for Environment and
Development (LESTARI), Universiti Kebangsaan Malaysia (UKM), Bangi 43600, Selangor, Malaysia;
mrizal@ukm.edu.my

9 Research Centre for Environment, Economic and Social Sustainability (KASES), Institute for Environment and
Development (LESTARI), Universiti Kebangsaan Malaysia (UKM), Bangi 43600, Selangor, Malaysia;
szarina@ukm.edu.my

10 School of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia (UTM),
Johor Bahru 81310, Johor, Malaysia; ahmadilyas@utm.my

11 Centre for Advanced Composite Materials (CACM), Universiti Teknologi Malaysia (UTM),
Johor Bahru 81310, Johor, Malaysia

12 TNB Grid Division, Grid Solution Expertise (GSE), Bangunan Dua Sentral, No. 8, Jalan Tun Sambanthan,
Kuala Lumpur 50470, Malaysia; zakir.rashid@tnb.com.my

* Correspondence: asyraf.rizal@uniten.edu.my (M.R.M.A.); agusril@uniten.edu.my (A.S.)

Abstract: New product development review article aims to consolidate the principles and current
literature on design for sustainability to seek the field’s future direction. In this point of view, the
design for sustainability methods can be established under the idea of sustainability in dimensions of
ecology, economy and social pillars. Design for sustainability concept is implemented in concurrent
engineering, including concept, embodiment and detail design processes. Integrating sustainability
in engineering designs is crucial to producing greener products, system innovation, and services
aligned with current market demand. Currently, many concurrent engineering studies related to
natural fibre-reinforced polymer composites associated with sustainability enhance the application
of design for sustainability techniques by professional designers. However, the current literature
is scarce in bridging the design for sustainability concept with concurrent engineering during the
design development stage, and these areas should be further developed. Several other future research
directions, such as the need for aligning with principles and applications, along with exploring
the relationships between the design for sustainability techniques and views of sustainability, are
presented in this review paper.

Keywords: natural fibre-composites; conceptual design; product development; design for
sustainability; sustainability development
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1. Introduction

In the past few years, the development of various bio-based products with enhanced
and high performance to cater to long-term environmental issues. This issue has raised
concern among engineers and researchers due to the limited and scarcity of conventional
resources on a global scale [1–3]. These resources, such as petroleum and coal, are very
useful in developing numerous applications, including automotive, aerospace, energy and
household-based products. According to Tiseo [4], the global production of petroleum-
based plastics has grown significantly from 1.5 million tonnes to 367 million tonnes in 2020.
Since the limitation of these conventional-based material resources has escalated the global
demand, which contributes to a significant increase in the price value of the raw materials.
This led the world society to shift their interest toward more environmentally friendly
based materials such as natural fibres, biopolymers and biocomposites [5–7].

The natural fibre-composites have several demerits, such as poor interfacial bond-
ing and exhibition of the hydrophilic property of natural fibres. The high abundance of
hydroxyl groups makes the natural fibres hydrophilic, which lead to poor bonding with
polymer matrices [8,9]. This issue could lead to composites’ poor mechanical, thermal,
and physical properties. Thus, fibre modifications are using either chemical or physical
treatments are proposed to resolve these issues [10]. Additionally, hybridizing of fibres
with optimal orientation and lamination sequence is also proposed to enhance these prop-
erties [11,12]. Additive fillers such as MMT, CNT and nanocellulose are also a practical
approach to improve technical properties of fibres such as thermal insulation and electrical
conductivity besides the composite ‘s stiffness and strength [13–16]. In conjunction with
these solutions, these approaches have to be embedded in the design process of the natural
fibre-composite products to produce desired properties for specific functionality.

In conjunction with this issue, engineers are initially prepared to design green products
using a concurrent engineering approach. A proper design is beneficial to developing
a high-performance product to ensure durability and reliability. Generally, the overall
concurrent engineering process includes concept generation, concept clarification, concept
development and concept selection [17]. To satisfy the required design intent with better
performance and environmentally friendly products, conceptual design is a vital stage
in early product development with defined possible solutions. Specifically, four main
areas were considered in the product design development process: idea generation, idea
refinement, concept design development, and concept design selection. Inside these areas,
various systematic approaches are available to be applied by designers and engineers [18].

A product design specification (PDS) is a critical aspect that a researcher or developer
needs to cover to ensure the project maturity is in conjunction with the product’s require-
ment. Predominantly, around 32 elements are listed in product design specifications (PDS)
for the conceptual design development process [19]. A design usually requires starting with
a basic framework, including their primary design data, to lead the entire development
process [20]. PDS is also necessary to achieve success for the product since it contains vital
information about the product’s output. The boundary requirements must be reasonable in
order to avoid predicting the outcome. Hence, all areas related and covered to the product
have to be included to ensure customers’ fundamental aspects are fulfilled.

In the process, several systematic approaches are used to aid the engineers and de-
signers to generate ideas for design concepts from problems and issues, such as Theory of
Inventive Problem Solving (TRIZ) and brainstorming [21]. For instance, Cascini et al. [22]
have implemented the TRIZ method in order to develop a conceptual design of sheet metal
snips. They applied the TRIZ contradiction method to clarify and elaborate the idea genera-
tion for the new sheet metal snips conceptual design. Later, the final design concept of sheet
metal snips is further enhanced using CAD software as design optimisation tool. Some
studies also stated that the output from TRIZ contradiction method also can be refined
further the generated solutions using morphological chart. A study led by Sapuan [23]
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has been incorporated morphological chart in their study to generate ideas for conceptual
designs of polymer composites automotive pedals. The application of morphological chart
was oriented according to principle of function analysis. In this method, a new concept
designs were produced via the combination of multiple design features according to their
product functions.

Other than that, the concept design selection stage is one of the crucial steps in finalis-
ing the concept design for product development. The available methods and tools of this
stage applied in product development include Analytic Network Process (ANP) [24] and
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) methods [25]. Both
tools have their own specific advantages in providing essential solutions to decide the best
design from the listing concept design produced. In specific, the multiple design attributes
and design alternatives were analysed concurrently to fit the intended design specifications.
Moreover, it also can be applied in the group decision-making process in conceptual design
development. Generally, the natural fibre-composites have been widely used in various ap-
plications, including automotive parts [24], cross arm structures in the energy sector [26,27],
insulation panels from coir fibre reinforced phenol formaldehyde biocomposite [28,29] and
hybrid energy reed and rice straw fibres reinforced phenol formaldehyde biocomposite [30].

Thus, this review focuses on biocomposite product development by implementing
the design of sustainability (DfS) in the concurrent engineering process. Generally, the
product development covers those processes such as design concepts, material selection
and manufacturing process selection in an integrated manner with the DfS concept to
achieve sustainable green products and technology. Along with the design process, several
concurrent engineering techniques were employed to ensure the design intends, charac-
teristics of the design, and the selection of material were optimized before producing the
final product. Furthermore, design concepts and materials can be combined in a computer
system, namely, computer-aided drawing (CAD) and finite element analysis (FEA).

2. DfS: Implementing Design in Sustainability

Generally, a correlation of sustainable consumption and production with four main
pillars of sustainability is called a design for sustainability (DfS) [31]. Economics, ecological,
institutional and social are those main key pillars adopted to ensure sustainable life quality,
as shown in Figure 1 [32,33]. To practice sustainability in the view point of designers, they
have to embed these four pillars to guarantee good governance of pertaining the resources
up to producing the final product. Therefore, it is essential to entrench those constituents,
including consumption and production views [34,35]. The use of the most appropriate
technology, materials and production processes to achieve zero-carbon emissions and
minimal non-renewable resource use whilst paying due attention to the impacts on human
well-being (mental, physical and emotional) [3,36,37].
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Environmental sustainability has been the primary purpose of many designers, espe-
cially engineers, which implement in the design process by considering sustainability as a
possible contribution to the solution [38]. Fundamentally, DfS is a designing technique for
physical objects, the built environment, and services to fulfil the principles of ecological
sustainability [31]. However, the progress of design usually involves several factors in
business competition, whereas eco-design is one of the essential components in developing
green technology and products. Globally, many nations such as Japan and the United States
of America are putting their efforts into creating energy-efficiency programs by driving
green technology as their investment priority [39]. Meanwhile, the emerging global power
nation, China, is firmed in order to achieve global leadership in green technologies [40].
For European Union (EU), many national initiatives have been initiated for green technol-
ogy development, such as the Europe 2020 strategy, which narrowed on resources and
information efficiency technologies and issued on the contribution of eco-design [41].

The idea of DfS is very distinct from eco-design. The eco-design focused on a method
dealing majorly between economic and environmental effects from a life cycle analysis.
This life cycle analysis is covered in terms of cost and impacts, such as life cycle costing and
life cycle analysis (LCA). In conjunction with this matter, DfS is a technical approach that
addresses all dimensions of sustainability, which narrowed into more total production and
consumption of a system [42,43]. Product (service) and their function ability are usually
categorised between production and consumption of the products.

In general, the amount of yearly purchases represents one of the essential components
of the gross domestic products (GDP), whereas household consumption is frequently
misunderstood with economic welfare (a measure of welfare) [44]. Though most of these
expenses are not optional, around 90% of energy consumption for a product is determined
during the design phase, although 90% of the life cycle wide energy consumption takes
place during the use phase as mentioned by Tischner [45]. Thus, a product’s decision
commonly comes from business managers, which signifies a product with higher profits
instead of satisfying human needs.

Most short-lived goods have been widely applied for environmental and economic
reasons since they are primarily produced compared to durable products. However, this
issue has been debated among many environmentalists and researchers. Theulation of
durable products has been c The extensive maintenance of durable goods is led to elevating
the monetary and resources costs without providing additional welfare. The maintenance
typically includes cleaning, repairing, upgrading or even renovating to conduct their
functionality [46]. From the statement mentioned above, several requirements to innovate
from the previous products to get rid of outdated and unsustainable products. This would
add value for the product to achieve more sustainability toward better economic and
environmental welfare.

3. Role of DfS

Design for Sustainability (DfS) usually addresses all dimensions of sustainability where
it merges the influence of satisfier efficiency with the efficiencies of supply and products.
However, in the engineering viewpoint, the focus is the opposite, whereby both disciplines
are complementary. In this case, those involved stakeholders are commonly overlooked
due to different mentalities and frequently do not recognize their mutual dependency on
both disciplines [47]. For example, the DfS involved in natural fibre-composites focuses on
replacing the existing synthetic material such as ceramics, glass, synthetic plastic and steel.
By implementing natural fibres such as plant-lignocellulosic fibres, this new development of
“green” products could add up the number of biocomposite products in the market [48,49].
Meanwhile, the DfS of general polymer composites focuses on recycling this material for a
new product to fulfil the customers’ desires.

Ironically, the customer society typically commands over specific services and prod-
ucts from mass production based on their individualistic identities. As a solution, any
organization would use the design and marketing efforts to cater to this issue, which often
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leads to pseudo-satisfiers (or even inhibitors) advertised. Here DfS comes as an alternative
toward providing sustainable satisfiers and improving the effectiveness of satisfiers [31].

Designers should be considered eco-design during the development of natural fibre-
composite products in their design proposals. In other words, eco-design is a component of
DfS that employs the integration of environmental systems into product development [50].
In this case, it is essential to select appropriate and optimal natural fibre for composite
product development to fulfil its design intends. Karana [51] noted that the material choice
is highly dependent on the product’s predecessor material to ensure the new material is safe
to be used. Nevertheless, this technique leads the product’s material selection to become
limited. Generally, the material selection in natural fibre-composite product development
is necessary to produce an innovative product. Taekema and Karana [52], materials are
differentiated based on their properties, such as tensile strength, thermal conductivity, and
the ability of materials to be processed and shaped. These properties are tallied with those
factors that influenced the composite materials such as fibre type, fibre shape (granular,
short fibre or continuous fibre, etc.), fibre arrangement, matrix type (thermoplastic and
thermosetting) [53,54]. This kind of activity must be completed in the conceptual design
stage. Thus, designers should overview these fundamental properties such as technical
characteristics (strength and stiffness), formability properties and sensory behaviour to
inspire and stimulate them to decide on a particular natural fibre-composite.

4. Practice and Implementing of Sustainable Design

This section focuses on implementing practice in sustainability concepts in the design
development process. First, it is essential to gather the required procedures to develop an
effective, sustainable design. Several practical aspects need to cover through product, pro-
cess and system levels to attain sustainable design development [55–58]. In this context, the
first principle that should incorporate in sustainable design development was to implement
the fundamentals of employing materials and inputs from recyclable and non-hazardous.
Next, the design process must consider applying renewable energy that does not affect the
natural environment during its manufacturing process. In addition, the developed product
designs are required to be reusable, recyclable or re-manufacturable besides expanding the
design concepts of using fewer resources and applying easy-to-repair techniques.

The implementation steps of sustainable concept are varied based on the implementa-
tion difficulty level [59–61]. In conjunction with this statement, the first stage is developing
work practice and maintenance or housekeeping step. It can be classified as a simple
stage for effective inventory management, monitoring, and scheduling in all production
operations. For instance, in producing a sustainable product, it is required to decrease
loss from leaks and ensure all equipment’s appropriately maintained. The next step is
process optimization. This stage involved planning and developing fabrication processes of
sustainable products to minimize waste, conserve raw materials, and reuse waste materials.
Additionally, within this step, the implementation of energy-efficient technologies promotes
remarkable outputs, which support sustainable concepts. In particular, implementing cryo-
genic approach [62], dry cutting and minimum quantity lubrication [63], modelling and
optimization approaches [20], and artificial intelligence methods [64]. The following step
is raw material substitution. This step is intended to substitute hazardous materials and
chemicals which a high possibility of environmental impact with sustainable materials
(low health and environmental impact). In this case, Ilyas et al. [65] developed a smart-
phone holder from roselle fibre reinforced polymer biocomposites to replace the common
synthetic materials made from PVC plastics. The outcome of this step is to cut down the
environmental and health effects and avoid the regulatory costs associated with the storage
and disposal of materials. Later, new technologies are the step that depends on employing
more energy-efficient systems to improve the environmental impact performance since it
has effective capabilities of saving heat and energy.

Nevertheless, applying new technology would require a huge capital investment
problem. Lastly, another step which is the new product design considered the most



Polymers 2022, 14, 920 6 of 28

challenging implementation step as it needs to transfer the whole system from the ground
up to be more sustainable. These implementation steps are summarized in Figure 2.
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Based on the previous literature, various studies conducted sustainable concepts on
product development and linked them to sustainability aspects such as environmental and
health concerns, energy consumption and waste management. Table 1 displays the recent
technologies related to sustainable concepts.

Table 1. Sustainable technology in conjunction with its application.

Ref. Sustainable Technology Application

[67] Application of various coolant pressures Advance the machinability of Inconel 718 and
Waspalloy

[68–70] Implementing of MQL-nano-fluid
Improving the machinability of Inconel 718 and
Ti-6Al-4V to improve tool wear, surface quality

and power consumption

[71] Implementing biodegradable oils with minimum
quantity lubrication (MQL) Accomplish sustainable machining (Inconel 718)

[72] Hybridizing both techniques of MQL
and cryogenic

Achieve environmentally efficient machining even
in difficult-to-cut materials

[73] Applying of 6R approach with the waste
management process Enhancing the construction waste recycling

[74] Conducting vegetable oil with MQL Attain the sustainable machining by ADI

5. Product Design and Concurrent Engineering

In the engineering field, product design is an important sub-field to have a successful
commercial product. Products are usually defined as combinations of components that
provide the functionality desired by customers. In general, a commercially successful
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product can be identified as an item that can produce an acceptable level of profit for
the business entity. In this case, product design has to cover both the mechanical and
industrial design criteria to ensure the product is well recognised by the users [75–77].
The development in materials goes hand in hand with improvements in manufacturing
technology. Development of material and product design have been assisted by concurrent
engineering knowledge, as has been expanded in detail earlier.

Concurrent engineering is a field that employs the knowledge to produce a good
product development process. Product development is an essential step governed in
concurrent engineering to produce a product within the time frame agreed between all
the stakeholders involved [78–80]. These stakeholders include those manufacturers and
suppliers in the market supply chain. It can rightly be claimed that CE is focused on
milestones rather than the conventional focus on process.

Product development is a process that requires the total commitment of a product
development group to progress a product right from a broad range design brief or cus-
tomer requirement and details up to the manufacturing of a working prototype [81]. The
process usually translates users’ desires into the physical product via product design and
manufacturing processes. In the concurrent engineering viewpoint, product development
can be defined as a combination of various functionality around the organization such as
engineering designers, manufacturing engineers, suppliers, technical support personnel,
administrative and sales personnel [82]. It safeguards good communication among them
via advanced technology and information technology tools and even regular meetings.
Product development has covered the product until it is marketed and other after-sale
issues such as recycling, warranty, disposal, and maintenance [83].

Previous literature reports that various models were used in product development and
design. In conjunction with this matter, three main core activities are usually carried out in
a typical design process model: conceptual design, embodiment design, and detail design.
Johnson et al. [84] propose the vital contributing factors to product design: sustainability
and environment, aesthetics, science and technology, economics and investment climate,
market and industrial design. The groundwork of product design is usually conducted by
designers, such as design engineers and engineering designers [85]. Engineering designers
cannot isolate themselves from others in the concurrent engineering field. Instead, they
need to collaborate with other personnel to cater to all design problems in the early stage
of the design process [86].

In the conceptual design stage, the available resources are far lesser than required
during the manufacturing stage. In this manner, it is still quite economical to make changes
during this conceptual design stage. Thus, the application of concurrent engineering in
product development would remarkably reduce costs by engaging other personnel early in
the design process, whereby any changes done at this stage are desirable. A comprehensive
design model composed of conceptual, embodiment and detail design is applied to conduct
product design [53]. Those design inputs to this model such as solid modelling and finite
element analysis were carried out to accomplish the expected product. Concurrently, the
material selection must be conducted simultaneously to achieve the design input actions
to consider the material in the beginning stage of the design process [87], as depicted in
Figure 3.
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6. Biocomposites as Sustainable Materials

A biocomposite material is usually clarified as a chemically distinct phase that is
commonly attained from animal, mineral and plant wastes distributed within a continuous
phase (polymer matrix) [88]. Commonly, the continuous phase which normally thermoset-
ting and thermoplastic polymers, while the distributed phase is called the reinforcement.
The classification of natural fibres can be seen in Figure 4. Here the natural fibres can be ob-
tained from numerous resources; (1) plants such as oil palm, sugar palm, kenaf, pineapple
leaf, banana pseudo-stem, coir, rice husk, wood, and bamboo, or even from (2) animal by-
products including shells, skins and feathers. The plant-based fibres or lignocellulosic fibres
are obtained from crop biomass waste such as pineapple leaf, sugar palm, oil palm empty
fruit bunch and rice husk. These fibres are made up of cellulose components reinforced in a
lignin matrix which exhibit high tensile strength [13,89] and thermal stability [10,90]. In
general, the reinforcement can be laminate, particles, continuous or short fibres from plant
cellulosic components (Figure 5). They are the second most abundant natural fibres for ani-
mal fibres after plant fibres. These fibres are made of proteins extracted from feathers, hair,
silks and wools from animals’ parts and potentially reinforced in polymer composites [91].
The animal fibres are widely implemented in expensive textile uses. Those silk, wool and
feather fibres have recently been applied as natural fibre-composites, especially for thermal
insulation and acoustic applications [92]. The mineral fibres are the oldest natural fibres
harvested from mineral rocks. Basalt fibre is the most common mineral fibre category used
in polymer composites. Van de Velde et al. [93] discovered that basalt fibre-composites
have significantly high tensile strength and modulus with lower density. This shows that
this mineral fibre can potentially replace E-glass fibre as reinforcement in composites since
it is resistant to extreme conditions. Generally, the mineral fibres-polymer composites are
extensively electrical insulation and water filtration materials [94].
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Variation of fibres, matrices, layering sequences, treatment, and fabrication techniques
can be carried out to tally with the design intends [96–98]. The determination of compos-
ite compositions, with its chemical composition, synthesis and mechanical performance,
is functioned to attain suitable biocomposite material to develop a product [95,99]. For
instance, Ishak et al. [100] reported that sugar palm fibres are resistant to sea water and
have excellent water barrier properties. Subsequently, Misri et al. [101] had developed a
sugar palm fibre reinforced polymer composite boat due to its excellent mechanical and
water-resistant performance. The fibres usually were arranged in many techniques such
as multi-directional, randomly distribution of short or continuous fibres, bi-directional,
unidirectional [102,103]. The choice of the matrix is extensive, covering a range of ther-
moplastics and thermosetting polymers. Biocomposites have been applied in various
engineering applications, covering automotive, aerospace, civil, marine, etc. The applica-
tion of biocomposites has risen in recent years because of improved awareness of product
performance. Moreover, competition among industrial players in the global market for
lightweight components has accelerated the use of biocomposites in many sectors [104,105].
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7. Concurrent Engineering for Biocomposites

In developing a new biocomposite product, it is necessary to ensure all aspects are con-
sidered in total, including concept generation, customer needs, product design specification
(PDS), and detailed design to be manufactured [106]. In the detail design process, compo-
nent design and process design were those elements covered in this stage. Strong [107]
mentioned that component designs usually covered the sub-activities such as drawing or
layout, constraints, analysis and material selection. Meanwhile, process designs include
manufacturing method selection, sequencing, machine/tool selection, system layout, inte-
gration of system and manufacturing procedures. In other way round, Pugh [19] explained
the concurrent engineering is not only relevant during the detail design stage but it also
covered other processes of the total design including product design specification, market
investigation and conceptual design. Even though there are two distinct philosophies in
the total design process, both Strong [107] and Pugh [19] entail simultaneous consideration
of the manufacturing process at the product design stage. For instance, the designer should
embrace design features to facilitate ease of fabrication to reduce fabrication complexity
if the component is to be manufactured using the hand lay-up process. This is due to the
labour cost is a key cost element in the hand layup process. Figure 6 summarizes selected
activities during the concurrent engineering process, also known as the CE wheel that may
lead to a ‘wheel of fortune’.
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8. Integrating DfS with Other Concurrent Engineering Techniques: Biocomposite
Product Development

Biocomposite product development involves three main stages, which are design
development, selection of materials and prototype fabrications [108]. A specific design
process flow is shown in Figure 7. Specifically, the product development started with
the research activity to solve the problem statement as proposed in research gaps in the
literature. At this point of view, the results or outcomes from the research were transformed
into concept ideas before they developed into several conceptual designs [18,21]. Next,
these conceptual designs were analysed with computer simulations to indicate the best
design with actual conditions and functionality [109]. At this stage, all findings and design
configurations were documented before being fabricated as a prototype. Finally, this
prototype is tested to ensure its functionality and safety for users before mass production.
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Several steps of the DfS technique are required to follow to fulfil the objective of
sustainable products to design a biocomposite product. First, the DfS is obligated to design-
wise by reviewing the background of the product with its function. Later, this step followed
with the satisfaction that brings to the user. Commonly, the DfS approach exploits the
Design for Excellent (DfX) to produce a sustainable product.

Generally, DfX is a technical guideline applied when designing a biocomposite prod-
uct for optimization based on a specific aspect of design [110]. The DfX implemented the
concept of sustainability since the product implemented natural fibre-composites. The
development of natural fibre-composites products required a practising designer to in-
corporate the sustainability concepts and ideas from the resources until producing final
products. The fundamental element needed in the natural fibre-composites product devel-
opment is the raw material obtained from renewable resources such as natural fibres or
biopolymers. In this case, incorporating these constituents as building blocks of natural
fibre-composites would reduce carbon emissions and adhere to minimal non-renewable
resource use. Subsequently, this would increase the human well-being toward a sustain-
able environment [34]. This process adopts the analysis of its environmental impact from
specific design attributes. These attributes include safety and biodegradability prospects to
develop sustainable components/products. Jawahir et al. [47] had proposed a conceptual
framework for DfS based on the DfX principles as displayed in Figure 8.

In product development, concurrent engineering is applied to optimize satisfactory
human needs and sustainable products before the manufacturing process [79]. Specifi-
cally, the development of biocomposite products covers those components of sales trends
and life cycle analysis. Raw material and production costs, consumer’s demands, and
products’ production are those main components that need to be highlighted in these
analyses [111,112]. The DfS usually is implemented with several concurrent engineering
tools and techniques to design and conceptualise a specific sustainable product. Those
concurrent engineering techniques include Extending the Search Space; Voice of Customer;
Gallery method; Systematic Exploitation of Proven Ideas or Experience; Morphological
Method; and Theory of Inventive Problem Solving (TRIZ). These tools and techniques are
implemented in the conceptual design stage, which contains four essential sub-clusters
(concept generation, selection, clarification and development) to fulfil the product’s design
intends [18,21].
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Later, to visualise and characterize the concept design produced, these concepts are
integrated with computer software tools such as material selection tool [87], computer-
aided drawing (CAD) [24] and finite element analysis (FEA) [20]. These computer tools
aid the designers in further refining the design selection process before the fabrication of
the prototype.

8.1. VOC

VOC or Voice of Customer is one of the concurrent engineering techniques imple-
mented to create ideas for the design intends of the product. Generally, the VOC involved
various aspects, including direct customers’ demands, surveys, focus group discussions,
field reports, warranty data, interviews or discussions. From these aspects, the VOC data
were extracted and later, they were incorporated in a product planning matrix, also known
as quality function deployment (QFD) [113]. The QFD usually is generalized as customers’
requests and transforms these sorts of information into system plans to create customer
requests and turn this information into systematic plans to produce products to meet those
desires [113].

8.2. Systematic Exploitation of Proven Ideas or Experience

The systematic exploitation of experiences or proven ideas is another tool used by
many designers to ignite the design intends before fabricating a prototype. These ideas or
experience information are gathered through a series of discussions called brainstorming
to physically analyse the current products. The brainstorming activities usually gathered
and planned the generated ideas by mind mapping the problems and possible solutions,
conceptualising the generated ideas, possible manufacturing processes and predicting the
prototype’s characteristics [111]. In general, this technique occurs by analysing either the
current product from the competitor’s or older version products from the previous model.
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Moreover, similar products available on the market also can be analysed via this technique
based on the sub-functions of their function structures [114].

8.3. Morphological Chart

This concurrent engineering technique employs the usage of a chart in different
arrangements, which helps the design process choose the new combinations of attributes
or new sets of elements. The term “morphology” refers to understanding the form or
shape of the material. Meanwhile, a “morphological chart” is signified as a systematic
design technique to produce and examine the characteristics of the product which will be
chosen [115,116]. In common practice, the chart is used for various options in terms of
elements and components, which can be combined to become several expected solution
ideas. In this case, the hybridization of these elements and components form multiple
design features for the specific product functions.

8.4. Extending the Search Space

Extending the search space is usually implemented by designers by producing the
“Why? Why? Why?” technique. This would aid the user to justify the search options by
asking the root cause of the specific problems [117]. For instance, generally, the question
would be, “Why do we need safety in composite products?”. The question will be followed
with another why solution such as “Why the composite features needed to improve in
certain aspects to ensure the product safety?”. This process is why the question will continue
until the comprehensive conclusion statement is grasped. Nevertheless, this concurrent
engineering technique is highly dependent on luck, and in turn, a brainstorming discussion
has to be conducted frequently to generate solution answers for the final product features.

8.5. TRIZ

Theory of Inventive Problem Solving (TRIZ) is a problem-solving tool used in design
development to generate solution ideas via inventive principles. This technique would
cater to the problems that arise from specific problems, which converted to general prob-
lems [118]. The technique employed to remove the negative drawbacks during solution
development and focused on the root cause of the problem [119–121]. In general, TRIZ can
be divided into four main approaches: Contradiction Engineering with 40 Inventive Princi-
ples, Algorithms of Inventive Problem Solving (ARIZ), Su-field Modelling, and Prediction
of Technology Trends [122]. Those techniques depend on the complexity level of the tar-
geted problems. TRIZ aids to solve a problem systematically by identifying opportunities
and innovation techniques to address the problem [123].

8.6. Multi-Criteria Decision Making (MCDM) Method

Many researchers usually apply Multi-criteria decision making (MCDM) to develop
and select the optimised product design using numerical evaluation. The examples of
MCDM tools to compute the design selection process are such as Analytic Hierarchy Pro-
cess (AHP) [77], Analytic Network Process (ANP) [124], Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) [125] and VIseKriterijumska Optimizacija I Kompro-
misno Resenje (VIKOR) [126]. Those tools are essential during the decision-making process
based on multiple attributes with design alternatives that must be analysed simultaneously.
Later, the proposed alternative designs will be matched the intended design specification
and also be able to be applied in the group decision-making process. For instance, Ham-
bali [79] developed a concept design for polymer composites automotive bumper beams
using the AHP tool. From the proposed selection frameworks, the hybridization of AHP
with another concurrent engineering tool would govern the ideal concept design with the
best material and fabrication process specifically for the composite automotive bumper.
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8.7. Gallery Method

Designers can use this technique to produce ideas by simultaneously displaying many
generated concepts with a discussion. Typically, these concepts are visualised by sketched
and taped on the designer’s design room wall to circulate each point of the ideas. Later,
designers would suggest any improvements to the concept ideas or suddenly generate
related ideas from this process [127].

9. Manufacturing Methods of Natural Fibre-Composites

Like other composite materials, biocomposites were made of natural fibre reinforced
polymer composites that required specific fabrication techniques depending on the product
applications. The natural fibre-composites possessed high specific strength and were good
in biodegradability. Due to these reasons, biocomposites are considered high demand
composite materials in the current markets. The global natural fibre-composites market
size was valued at USD 4.46 billion in 2016 and is expected to grow to 11.8% from 2016
to 2024 [128]. To apply the biocomposites in many applications, especially structural
applications, the material has to be guaranteed its optimal constituent elements and their
suitable manufacturing process [129–131]. Variation of manufacturing techniques for
natural fibre-composites is depended on production volume, product purpose, properties,
shape and size [89,118]. The preliminary assessment to choose appropriate processing
techniques depends on the size and shape of the composites.

Generally, the bulk manufacturing process of short fibre reinforced thermoplastic
composites apply profile manufacturing by extrusion [132] and injection moulding [133].
For the fabrication process of low performance, continuous fibre reinforced polymer com-
posites products, the hand and spray lay-up were commonly used because the raw material
is cheaper [134]. These processes are considered open moulding techniques and relatively
required non-professional fabricators [135]. Nevertheless, these open moulding techniques
only can produce low fibre volume fractions and consume high volumes of void, which
lead to less strength and high porosity [13,90,136]. For high-performance natural fibre-
composites, the vacuum bagging technique is applied because the process emits less void
between fibre-matrix by implementing pressure for consolidation [137]. Furthermore,
autoclave vacuum bagging can produce higher performance and surface finish natural
fibre-composites since it can add further external pressure to the bag [138].

Another manufacturing method that can be implemented for high-performance natu-
ral fibre-composites is compression moulding. Typically, this technique applied a hydraulic
press between hot male and female moulds [9]. The moulds are usually heated by platens
and pressured the composite laminate with certain pressure. The moulds are usually of
steel to withstand the high closing forces. For thermosetting-based polymer composites,
shaped open mould cavities were implemented with fibre reinforcement and resins. The
preform may be assembled as a mould for the composite’s shape. The mould with the
layering composite is pressed as closed, and the part is cured under pressure. Specifically,
the natural fibre reinforced thermoplastic composites were usually manufactured using
compression moulding via preheating a stack of pre-impregnated sheets separately from
the mould tool [139,140]. This technique is also called stamping, which is commonly used
to produce large glass fibre mat reinforced thermoplastic composite for automotive parts.
Generally, the pre-impregnation process is considered tricky and timely. Thus, thin sheets
of reinforcement and polymer can be ‘film stacked’. After the pre-impregnation stage, the
preheating process is conducted in infrared lamps. As the thin-film stack softens, they
are quickly placed in the mould tool and simultaneously shaped and cooled. Three main
criteria that determined the process rate of this technique are heat transfer rates, the ability
of the matrix to flow and accomplishing optimal impregnation and consolidation.

Resin transfer moulding (RTM) is another emerging manufacturing route that can
produce high volume production for small-sized composite components of complex
shape [141,142]. For this manufacturing technique, a mould is filled with dry fibres. Later,
the polymer resin is transferred to the fabric layers before it is cured. While RTM is ap-
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propriate for relatively small components, the mould closure forces become excessive as
component size increases.

Meanwhile, the natural fibre-composite products can also be fabricated by automated
manufacturing methods such as filament winding [118,143], pultrusion [144] and robot-
assisted fibre placement [145]. Furthermore, the machining process for composites also has
been discussed in many previous works of literature [146–148]. Thus, biocomposites can
be manufactured in many ways depending on the applicability, size and purposes.

10. Recent Development of Biocomposites Product Based on DfS

Currently, numerous new emerging environmental regulations have initiated the
implementation of bio-based material products, especially in the conceptual design devel-
opment stage. DfS is a concurrent engineering technique used to attain better environmen-
tally friendly products and processes. Specifically, the term DfS is used to describe this
block of activities and to those various levels of intervention that have the aforementioned
variable dimension of changes required by the transition towards a sustainable society. This
technique also aims to aid the researcher in developing a product or system that satisfies
the well-being of environmental stakeholders, such as flora and fauna. To achieve the DfS
objectives in conserving the environment, the DfS approach is conducted by balancing
three vital components: profit, human wellness, and the environment. The main element
proposed in the DfS approach is to ensure a design implement the application of renewable
energy alongside opting for solutions that enable the reduction of energy usage [43]. In this
case, natural fibre and biopolymer film are those renewable resources to develop various
products to support this aim. This section explains the summary of the current progress
of applications of concurrent engineering design to develop environmentally sustainable
products in terms of current research works.

In concurrent with this view, the development of bio-based products has gained the
intention of engineers and designers since it has lesser production cost and their promising
factors such as lightweight property and the resources are widely available [149,150]. As
a result, mechanical engineers have initiated various bio-based products, designers and
researchers. In general, the development of the conceptual design of a product implements
chronological order of presentation, such as identifying the current problem to generate
concept design, developing concept designs and selecting the final concept designs. How-
ever, these techniques are limited to product development and can be applied to system
innovation and services [151].

In the generating of green products in concurrent engineering, it should be clearly
mentioned the future ability of the product in terms of environments (less greenhouse
emission), economic (reduced cost for users) and social (better equity in the ability to use
the product) issues. However, the analysis would be straightforward if the researchers and
designers made some distinction in the model’s description. Hence, an element such as
“environmental”, “economic”, and “social” criteria are essential in analytical frameworks
to generate innovative ideas, improvements the current state of the product and criteria for
assessment. However, it was observed that in several models, the idea generation criteria
and the assessment criteria are the same. Therefore, a joint analysis was performed. Table 2
displayed the recent development and advancement of bio-based product development
using several concurrent engineering models and techniques.

Mansor et al. [152] mentioned the development of a parking brake lever from kenaf
fibre polymer composites using the integration of TRIZ, morphological chart and AHP.
This work aims to develop an environmentally friendly product for the automotive interior
part to replace the existing steel-based parking brake lever. Three criteria in DfS are
implemented to reduce the steel-based products’ current cost and ensure the proposed
product is a par in terms of structural strength for functionality and safety performance,
besides promoting greener material-based products. In this work also, they use the TRIZ
contradiction matrix as a problem-solving tool to extend the main sustainability idea [18,21].
Later, the morphological chart was implemented to refine the generated inventive solution
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produced from TRIZ to develop the concept design of the parking brake lever. Lastly, the
authors formulated the Analytic Hierarchy Process (AHP) for the design selection process
based on the established product development specifications using pair-wise comparison.

Also, Mansor et al. [154] also used the TRIZ contradiction matrix and morphological
chart to produce the conceptual design of car spoiler using kenaf fibre-composites. In
addition, Ishak et al. [156] has developed natural car front hood from fibre –aluminium
laminate composites by using the TRIZ if-then-but technique along with the TRIZ contra-
diction matrix. Another research work led by Mazani et al. [111] has developed a kenaf
fibre reinforced unsaturated polyester composites shoe rack using the integration of the
TRIZ-morphological chart-weighted objective method. Initially, they generate the idea from
brainstorming and mind mapping process to link the current problem with the sustain-
able issue before detailing it in the TRIZ method. The brainstorming and mind mapping
techniques aid them to view the current situations and issues holistically before coming to
a solution.

Apart from that, Azammi et al. [24] and Asyraf et al. [118] implement the same prob-
lem identifier tool (TRIZ contradiction matrix) and refine generated ideas (morphological
chart). However, both research works differentiated their works from Mansor et al. [152]
to produce automobile rubber engine composite and portable fire extinguishers, respec-
tively, by implementing Analytic Network Process (ANP). The ANP is a generalisation
of AHP, which depends on the feedback in the decision structure. In this case, the AHP
is a technique applied to govern the general decisions by dividing them into multi-level
hierarchy structures (composed of aim, criteria and alternatives). Meanwhile, ANP is a
tool to develop decisions from complex inter-relationships between each decision level and
their attributes. Figure 9 shows the schematic diagram to elaborate the general concept of
AHP and ANP tools.

Lastly, other concurrent engineering methods were conducted in various ways, such as
integration of TRIZ-BOS-Morphological Chart-AHP [155], TRIZ-Biomimetics-VIKOR [81],
brainstorming-Pugh evaluation method [157] and Voice of Customers-TOPSIS [153]. These
integrated techniques developed optimized products by aiding them with finite element
analysis such as fluent and structural analyses [20].
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Table 2. Recent developments and advancements of bio-based products using DfS in concurrent engineering approach.

Product Final Concept
Design

Bio-Based Material
Concurrent Engineering Techniques

No. of Concept
Designs

Application Ref.
Problem Identifier Tool Refine Problem

Identifier Tool
Selection Concept

Design Tool

Parking brake lever
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Table 2. Cont.

Product Final Concept
Design

Bio-Based Material
Concurrent Engineering Techniques

No. of Concept
Designs

Application Ref.
Problem Identifier Tool Refine Problem

Identifier Tool
Selection Concept

Design Tool
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11. Influence of Ecological, Social, Economic and Institutional Factors in Development
of Natural Fibre-Composites Products

Natural fibres have shown that the material has high economic value in agricultural
upstream and commercialized downstream products. For instance, kenaf fibre commodity
is projected to reach US $854 million by 2025 [158]. In this case, kenaf fibres can be
directly used as raw material for pulp and papers, increasing the demand for natural fibre.
Apart from kenaf, other natural fibres such as pineapple, banana, sugar palm, roselle,
etc., also show the significant growth of demand in domestic and international trades to
boost the socioeconomic status of the global populations [159–161]. Consequently, the
phenomenon would eradicate mass poverty, deprivation, and underdevelopment in local
communities [36,162]. However, even though the economic cycle of natural fibres seems
promising, several issues were encountered by farmers, including low production output
as the main current problem [163]. For instance, the turnover rate for kenaf crops is
wide-ranging from 5–58 years based on financial analysis from Mohammed [164]. Thus,
government agencies should take action by urging the creation of a production chain
ranging from crop cultivation up to industry stakeholders to solve the problem [165].

Generally, an excellent supply-demand chain is a good indicator of the economic value
of natural fibre commodities. However, the natural fibre reinforced polymer composites
seems to have less value in commercial stages due to issues summarized in Figure 10. The
natural fibres can be reinforced in both synthetic and bio-based polymers [89,130,131,166].
The issues are related to natural fibre-composites performance besides society recog-
nition and government support. Further clarification on these issues were detailed in
subsequent paragraphs.
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The mechanical performance of natural fibre is highly dependent on chemical com-
ponents in the fibre. In this case, the high degrees of inconsistent chemical components of
natural fibres would generate different tensile strengths and modulus between individual
fibres [167,168]. This led manufacturers to walk away from choosing natural fibres as a
substitution for synthetic fibres in engineering applications. On the other hand, the syn-
thetic fibres are identical in all aspects, which become favourable for manufacturers. Apart



Polymers 2022, 14, 920 20 of 28

from that, the hydrophilic behaviour of natural fibres was discovered to be incompatible
with hydrophobic polymers. This hydrophilic nature of natural fibres also leads to higher
water absorption uptake, which accelerates the degradation process and causes may induce
failure in composites’ functionality and structural integrity [90,169]. These two statements
showed that these factors demotivate manufacturers to apply natural fibre-composites for
advanced products, which may cause sudden failures or malfunctions. In the end, the
failures of the product may lead to the loss higher amount of money and/or valuable lives.

Most reports describe that the surface treatment of natural fibre can significantly
enhance fibre-reinforced polymer composites’ mechanical performance. Nevertheless, the
issues arise as fibre treatment would incur the cost and production cycle-time [170]. This
has become a selection dilemma for the industry to use natural fibres as reinforcement in
composites. Luckily, the awareness of environmental conservation is improved from day to
day [105]. Therefore, the implementation of natural fibres has become a selling point used
by companies to improve their reputation to grasp customer attention. However, industrial
stakeholders should take the options and apply the natural fibre reinforcement, as this is
a future path in applying green material development for sustainable technology. As a
resolution, industrial funding, collaborations, and feedback are the key elements needed
to develop natural fibre-composites products, especially at the commercialization stage,
aligning with the product’s demand criteria.

Even though the statement mentioned above solutions are highlighted, the awareness
among society toward environmental issues is still below the threshold to promote green
technology. For example, Malaysia generated 4.0 million tons of solid waste in 2019 [158].
It can be seen that plastic disposal percentages have been inclined dramatically due to the
COVID-19 pandemic. This has been due to the usage of personal protective equipment
(PPE) such as gloves, gaunt, face masks and shoe covers by medical workers to examine and
treat patients. In terms of psychological viewpoint, people tend not to buy products that
they don’t know about. Thus, education and public awareness on natural fibre-composites
have to promote to improve the public’s knowledge by indicating the green materials’
performance and potential for various usages. Subsequently, it will reduce the saturated
municipal solid waste situations. Currently, research carried out by Ramachandralu [171]
has developed surgical clothing made of bamboo fibres to reduce the dependence on
conventional plastic. Thus, researchers, scientists and engineers have to work together to
promote the application of other natural fibres such as kenaf, sugar palm and pineapple as
disposal masks and other PPE products.

Nowadays, the implementation of natural fibre-composites is the perfect time to
expose for the public. This would entail full support from the government agencies
and local universities. However, the deficiency of education dissemination of research
achievements through innovations remain among the research society and fail to be shared
with the public. Thus, the government should form comprehensive platforms among
researchers and the public to deliver ideas, information, findings and innovations to all
levels of citizens. Online newspapers, public campaigns, social media and community
services are those effective channels for entrenching achievements by scientists related
to natural fibre-composite [172]. Unfortunately, several middle-income nations, such as
Malaysia, have a lesser amount of research funding in terms of annual expenses compared
to high-income nations. The lack of funding would decline the research advancements,
limiting recruitment and sharing at international conferences.

In prospects, the advances of natural fibre-composites toward sustainable development
have been significantly progressing either locally or internationally. Thus, this review paper
focuses on explaining an overview of the knowledge of biocomposite product development,
the applicability of biocomposite for sustainable development and their challenges. This
would allow researchers to shift their interests and plans for future studies on the natural
fibre-composites.
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12. Conclusions

This review paper established an informative summary of biocomposites which cov-
ered the broad spectrum of biocomposite product development involving the design of
sustainability and other concurrent engineering techniques. Generally, the biocomposites
are formed by natural fibres (plants, animals and minerals) reinforced in the polymer
matrix. The plant-based lignocellulosic fibres were usually implemented in biocomposites
due to their abundant resources, cheap cost, and remarkable mechanical properties for
engineering applications. Sugar palm, jute, pineapple leaf, and roselle are fibres applied
in many engineering and structural applications. However, several improvements of
natural fibres should be conducted to enhance the performance of composites, such as
fibre treatments, composite configurations, and additive materials. These aspects should
be considered in the design stage of natural fibre-composite products. The appropriate
product design of biocomposites is compulsory to boost the intended properties of the
composite products and their materials toward optimized strength and functionality. The
idea of implementing natural fibre-composites aligned with the DfS because it caters to
four main pillars of sustainability during the procurement of the raw materials, design
process, manufacturing products and functionality for end-users. The DfS would be an
umbrella for product development, and subsequently, an optimization of ecological view,
institutional policy, commercial economics and social benefits can be grasped concurrently.
To optimise functionality and mechanical performance, engineering design methods such
as brainstorming, TRIZ voice of customers (VOCs), and morphological charts are crucial.
These techniques could outline users’ issues and solve them via the product’s functional-
ity. These reviews elaborate on the current biocomposites product implements DfS and
concurrent engineering techniques, which aids the reader to understand the process of
biocomposite product developments further.

Author Contributions: Conceptualization, M.R.I. and S.M.S.; formal analysis, M.R.M.A.; funding
acquisition, A.S.; investigation, M.R.M.A.; project administration, A.S.; resources, A.S.; visualization,
M.R.M.A.; writing—original draft preparation, M.R.M.A., N.M.Z. and A.B.M.S. writing—review and
editing, M.R.M.A., S.S., A.R., M.R.R., S.Z.S.Z., R.A.I. and M.Z.A.R. All authors have read and agreed
to the published version of the manuscript.

Funding: This work and the APC of the review paper is funded by UNITEN, Malaysia, through
J510050002—IC-6 BOLDREFRESH2025—CENTRE OF EXCELLENCE.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All information and data are available within the articles.

Acknowledgments: The authors are grateful to acknowledge UNITEN, Malaysia, for the lab facilities
and financial support through J510050002—IC-6 BOLDREFRESH2025—CENTRE OF EXCELLENCE.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sanyang, M.L.; Sapuan, S.M.; Jawaid, M.; Ishak, M.R.; Sahari, J. Recent developments in sugar palm (Arenga pinnata) based

biocomposites and their potential industrial applications: A review. Renew. Sustain. Energy Rev. 2016, 54, 533–549. [CrossRef]
2. Sapuan, S.M. Development of Sugar Palm–Based Products: A Community Project. In Sugar Palm Biofibers, Biopolymers, and

Biocomposites, 1st ed.; CRC Press: Boca Raton, FL, USA; Taylor & Francis Group: Abingdon, UK, 2018; pp. 245–266. ISBN
9780429443923.

3. Ali, S.S.S.; Razman, M.R.; Awang, A.; Asyraf, M.R.M.; Ishak, M.R.; Ilyas, R.A.; Lawrence, R.J. Critical Determinants of Household
Electricity Consumption in a Rapidly Growing City. Sustainability 2021, 13, 4441. [CrossRef]

4. Tiseo, I. Annual Production of Plastics Worldwide from 1950 to 2020 (in Million Metric Tons). Available online: https://www.
statista.com/statistics/282732/global-production-of-plastics-since-1950/ (accessed on 9 February 2022).

5. Ilyas, R.A.; Sapuan, S.M.; Ibrahim, R.; Abral, H.; Ishak, M.R.; Zainudin, E.S.; Asrofi, M.; Atikah, M.S.N.; Huzaifah, M.R.M.; Radzi,
A.M.; et al. Sugar palm (Arenga pinnata (Wurmb.) Merr) cellulosic fibre hierarchy: A comprehensive approach from macro to nano
scale. J. Mater. Res. Technol. 2019, 8, 2753–2766. [CrossRef]

http://doi.org/10.1016/j.rser.2015.10.037
http://doi.org/10.3390/su13084441
https://www.statista.com/statistics/282732/global-production-of-plastics-since-1950/
https://www.statista.com/statistics/282732/global-production-of-plastics-since-1950/
http://doi.org/10.1016/j.jmrt.2019.04.011


Polymers 2022, 14, 920 22 of 28

6. Ilyas, R.A.; Sapuan, S.M.; Norrrahim, M.N.F.; Yasim-Anuar, T.A.T.; Kadier, A.; Kalil, M.S.; Atikah, M.S.N.; Ibrahim, R.; Asrofi, M.;
Abral, H.; et al. Nanocellulose/starch biopolymer nanocomposites: Processing, manufacturing, and applications. In Advanced
Processing, Properties, and Applications of Starch and Other Bio-Based Polymers; Al-Oqla, F.M., Sapuan, S.M., Eds.; Elsevier Inc.:
Amsterdam, The Netherland, 2020; pp. 65–88.

7. Hazrol, M.D.; Sapuan, S.M.; Ilyas, R.A.; Othman, M.L.; Sherwani, S.F.K. Electrical properties of sugar palm nanocrystalline
cellulose, reinforced sugar palm starch nanocomposites. Polimery 2020, 55, 33–40. [CrossRef]

8. Nurazzi, N.M.; Asyraf, M.R.M.; Khalina, A.; Abdullah, N.; Aisyah, H.A.; Rafiqah, S.A.; Sabaruddin, F.A.; Kamarudin, M.N.F.;
Ilyas, R.A.; Sapuan, S.M. A Review on Natural Fiber Reinforced Polymer Composite for Bullet Proof and Ballistic Applications.
Polymers 2021, 13, 646. [CrossRef]

9. Alsubari, S.; Zuhri, M.Y.M.; Sapuan, S.M.; Ishak, M.R.; Ilyas, R.A.; Asyraf, M.R.M. Potential of Natural Fiber Reinforced Polymer
Composites in Sandwich Structures: A Review on Its Mechanical Properties. Polymers 2021, 13, 423. [CrossRef]

10. Nurazzi, N.M.; Asyraf, M.R.M.; Rayung, M.; Norrrahim, M.N.F.; Shazleen, S.S.; Rani, M.S.A.; Shafi, A.R.; Aisyah, H.A.; Radzi,
M.H.M.; Sabaruddin, F.A.; et al. Thermogravimetric Analysis Properties of Cellulosic Natural Fiber Polymer Composites: A
Review on Influence of Chemical Treatments. Polymers 2021, 13, 2710. [CrossRef]

11. Nurazzi, N.M.; Khalina, A.; Chandrasekar, M.; Aisyah, H.A.; Rafiqah, S.A.; Ilyas, R.A.; Hanafee, Z.M. Effect of fiber orientation
and fiber loading on the mechanical and thermal properties of sugar palm yarn fiber reinforced unsaturated polyester resin
composites. Polimery 2020, 65, 115–124. [CrossRef]

12. Ilyas, R.; Sapuan, S.M.; Atikah, M.; Asyraf, M.; Rafiqah, S.A.; Aisyah, H.; Nurazzi, N.M.; Norrrahim, M. Effect of hydrolysis time
on the morphological, physical, chemical, and thermal behavior of sugar palm nanocrystalline cellulose (Arenga pinnata (Wurmb.)
Merr). Text. Res. J. 2021, 91, 152–167. [CrossRef]

13. Alias, A.H.; Norizan, M.N.; Sabaruddin, F.A.; Asyraf, M.R.M.; Norrrahim, M.N.F.; Ilyas, A.R.; Kuzmin, A.M.; Rayung, M.;
Shazleen, S.S.; Nazrin, A.; et al. Hybridization of MMT/Lignocellulosic Fiber Reinforced Polymer Nanocomposites for Structural
Applications: A Review. Coatings 2021, 11, 1355. [CrossRef]

14. Mohd Nurazzi, N.M.; Muhammad Asyraf, M.R.M.; Khalina, A.; Abdullah, N.; Sabaruddin, F.A.; Kamarudin, S.H.; Ahmad, S.;
Mahat, A.M.; Lee, C.L.; Aisyah, H.A.; et al. Fabrication, Functionalization, and Application of Carbon Nanotube-Reinforced
Polymer Composite: An Overview. Polymers 2021, 13, 1047. [CrossRef]

15. Nurazzi, N.M.; Sabaruddin, F.A.; Harussani, M.M.; Kamarudin, S.H.; Rayung, M.; Asyraf, M.R.M.; Aisyah, H.A.; Norrrahim,
M.N.F.; Ilyas, R.A.; Abdullah, N.; et al. Mechanical Performance and Applications of CNTs Reinforced Polymer Composites—A
Review. Nanomaterials 2021, 11, 2186. [CrossRef]

16. Johari, A.N.; Ishak, M.R.; Leman, Z.; Yusoff, M.Z.M.; Asyraf, M.R.M. Influence of CaCO3 in pultruded glass fibre/unsaturated
polyester composite on flexural creep behaviour using conventional and TTSP methods. Polimery 2020, 65, 46–54. [CrossRef]

17. Salit, M.S.; Syed, M.; Molla, A.; Ali, L. Conceptual Design of an Automotive Composite Brake Pedal. Suranaree J. Sci. Technol.
2005, 12, 173–177.

18. Asyraf, M.R.M.; Ishak, M.R.; Sapuan, S.M.; Yidris, N. Conceptual design of multi-operation outdoor flexural creep test rig using
hybrid concurrent engineering approach. J. Mater. Res. Technol. 2020, 9, 2357–2368. [CrossRef]

19. Pugh, S. Total Design: Integrated Methods for Successful Product Engineering. Qual. Reliab. Eng. Int. 1991, 7, 119. [CrossRef]
20. Oshkovr, S.A.; Taher, S.T.; Oshkour, A.A.; Ariffin, A.K.; Azhari, C.H. Finite element modelling of axially crushed silk/epoxy

composite square tubes. Compos. Struct. 2013, 95, 411–418. [CrossRef]
21. Asyraf, M.R.M.; Ishak, M.R.; Sapuan, S.M.; Yidris, N. Conceptual design of creep testing rig for full-scale cross arm using

TRIZ-Morphological chart-analytic network process technique. J. Mater. Res. Technol. 2019, 8, 5647–5658. [CrossRef]
22. Cascini, G.; Rissone, P.; Rotini, F.; Russo, D. Systematic design through the integration of TRIZ and optimization tools. Procedia

Eng. 2011, 9, 674–679. [CrossRef]
23. Sapuan, S.M. A conceptual design of the concurrent engineering design system for polymeric-based composite automotive

pedals. Am. J. Appl. Sci. 2009, 2, 514–525. [CrossRef]
24. Azammi, A.M.N.; Sapuan, S.M.; Ishak, M.R.; Sultan, M.T.H. Conceptual design of automobile engine rubber mounting composite

using TRIZ-Morphological chart-analytic network process technique. Def. Technol. 2018, 14, 268–277. [CrossRef]
25. Suresh, J.S.; Devi, M.P.; Mohammed, R.; Bhaskar, C.N. Effect of natural fillers on mechanical properties of epoxy-glass reinforced

hybrid composites and their ranking by Topsis. Int. J. Eng. Sci. 2016, 6, 4627–4634. [CrossRef]
26. Asyraf, M.R.M.; Ishak, M.R.; Sapuan, S.M.; Yidris, N. Influence of Additional Bracing Arms as Reinforcement Members in

Wooden Timber Cross-Arms on Their Long-Term Creep Responses and Properties. Appl. Sci. 2021, 11, 2061. [CrossRef]
27. Asyraf, M.R.M.; Ishak, M.R.; Sapuan, S.M.; Yidris, N.; Ilyas, R.A. Woods and composites cantilever beam: A comprehensive

review of experimental and numerical creep methodologies. J. Mater. Res. Technol. 2020, 9, 6759–6776. [CrossRef]
28. Hasan, K.M.F.; Horváth, P.G.; Kóczán, Z.; Le, D.H.A.; Bak, M.; Bejó, L.; Alpár, T. Novel insulation panels development from

multilayered coir short and long fiber reinforced phenol formaldehyde polymeric biocomposites. J. Polym. Res. 2021, 28, 1–16.
[CrossRef]

29. Hasan, K.M.F.; Horváth, P.G.; Kóczán, Z.; Alpár, T. Thermo-mechanical properties of pretreated coir fiber and fibrous chips
reinforced multilayered composites. Sci. Rep. 2021, 11, 3618. [CrossRef] [PubMed]

30. Hasan, K.M.F.; Horváth, P.G.; Bak, M.; Le, D.H.A.; Mucsi, Z.M.; Alpár, T. Rice straw and energy reed fibers reinforced phenol
formaldehyde resin polymeric biocomposites. Cellulose 2021, 28, 7859–7875. [CrossRef]

http://doi.org/10.14314/polimery.2020.5.4
http://doi.org/10.3390/polym13040646
http://doi.org/10.3390/polym13030423
http://doi.org/10.3390/polym13162710
http://doi.org/10.14314/polimery.2020.2.5
http://doi.org/10.1177/0040517520932393
http://doi.org/10.3390/coatings11111355
http://doi.org/10.3390/polym13071047
http://doi.org/10.3390/nano11092186
http://doi.org/10.14314/polimery.2020.11.6
http://doi.org/10.1016/j.jmrt.2019.12.067
http://doi.org/10.1002/qre.4680070210
http://doi.org/10.1016/j.compstruct.2012.07.032
http://doi.org/10.1016/j.jmrt.2019.09.033
http://doi.org/10.1016/j.proeng.2011.03.154
http://doi.org/10.3844/ajassp.2005.514.525
http://doi.org/10.1016/j.dt.2018.05.009
http://doi.org/10.4010/2016.1153
http://doi.org/10.3390/app11052061
http://doi.org/10.1016/j.jmrt.2020.01.013
http://doi.org/10.1007/s10965-021-02818-1
http://doi.org/10.1038/s41598-021-83140-0
http://www.ncbi.nlm.nih.gov/pubmed/33574484
http://doi.org/10.1007/s10570-021-04029-9


Polymers 2022, 14, 920 23 of 28

31. Spangenberg, J.H.; Fuad-Luke, A.; Blincoe, K. Design for Sustainability (DfS): The interface of sustainable production and
consumption. J. Clean. Prod. 2010, 18, 1485–1493. [CrossRef]

32. Golar, M.; Malik, A.; Muis, H.; Khairil, M.; Ali, S.S.S.; Razman, M.R.; Awang, A. The adaptive-collaborative as a strategy
comunications for conflict resolution on the national park. Ecol. Environ. Conserv. 2019, 25, 352–359.

33. Roslan, Z.; Ramli, Z.; Abdullah, M.S.Y.; Choy, E.A.; Razman, M.R. Community valuation through their willingness to pay for
heritage tourism and sustainable development in Jugra, Selangor, Malaysia. J. Food, Agric. Environ. 2017, 15, 116–120.

34. Spangenberg, J.H. Sustainable development indicators: Towards integrated Systems as a tool for managing and monitoring a
complex transition. Int. J. Glob. Environ. Issues 2009, 9, 318–337. [CrossRef]

35. Hisseine, O.A.; Wilson, W.; Sorelli, L.; Tolnai, B.; Tagnit-Hamou, A. Nanocellulose for improved concrete performance: A
macro-to-micro investigation for disclosing the effects of cellulose filaments on strength of cement systems. Constr. Build. Mater.
2019, 206, 84–96. [CrossRef]

36. Roslan, Z.B.; Ramli, Z.; Razman, M.R.; Asyraf, M.R.M.; Ishak, M.R.; Ilyas, R.A.; Nurazzi, N.M. Reflections on Local Community
Identity by Evaluating Heritage Sustainability Protection in Jugra, Selangor, Malaysia. Sustainability 2021, 13, 8705. [CrossRef]

37. Ali, S.S.S.; Razman, M.R.; Awang, A. The estimation and relationship of domestic electricity consumption and appliances
ownership in Malaysia’s intermediate city. Int. J. Energy Econ. Policy 2020, 10, 116–122. [CrossRef]

38. Spangenberg, J.H.; Lorek, S. Environmentally sustainable household consumption: From aggregate environmental pressures to
priority fields of action. Ecol. Econ. 2002, 43, 127–140. [CrossRef]

39. Du, K.; Li, J. Towards a green world: How do green technology innovations affect total-factor carbon productivity. Energy Policy
2019, 131, 240–250. [CrossRef]

40. Wang, Q.; Qu, J.; Wang, B.; Wang, P.; Yang, T. Green technology innovation development in China in 1990–2015. Sci. Total Environ.
2019, 696, 134008. [CrossRef]

41. Cecere, G.; Corrocher, N.; Mancusi, M.L. Financial constraints and public funding of eco-innovation: Empirical evidence from
European SMEs. Small Bus. Econ. 2020, 54, 285–302. [CrossRef]

42. Sapuan, S.M. Concurrent Engineering in Natural Fibre Composite Product Development. Appl. Mech. Mater. 2015, 761, 59–62.
[CrossRef]

43. Crul, M.R.M. Design for Sustainability: A Practical Approach for Developing Economies. Available online: http://www.d4s-de.
org/manual/d4stotalmanual.pdf (accessed on 1 February 2022).

44. Menegaki, A.N.; Tugcu, C.T. Energy consumption and Sustainable Economic Welfare in G7 countries; A comparison with the
conventional nexus. Renew. Sustain. Energy Rev. 2017, 69, 892–901. [CrossRef]

45. Tischner, U. Tools for Ecodesign and Sustainable Product Design. In Sustainable Solutions: Developing Products and Services for the
Future; Charter, M., Tischner, U., Eds.; Greenleaf: Sheffield, UK, 2013; pp. 263–281.

46. Bahr, N.J. System Safety Engineering and Risk Assessment: A Practical Approach, 2nd ed.; Taylor & Francis: Boca Raton, FL, USA,
2014; ISBN 9781466551619.

47. Jawahir, I.S.; Rouch, K.E.; Dillon, O.W.; Holloway, L.; Hall, A.; Knuf, J. Design for sustainability (DFS): New challenges in
developing and implementing a curriculum for next generation design and manufacturing engineers. Int. J. Eng. Educ. 2007, 23,
1053–1064.

48. Ilyas, R.A.; Asyraf, M.R.M.; Sapuan, S.M.; Afiq, T.M.N.; Suhrisman, A.; Atikah, M.S.N.; Ibrahim, R. Development of Roselle Fiber
Reinforced Polymer Biocomposites Mug Pad using Hybrid Design for Sustainability and Pugh Method. In Roselle: Production,
Processing, Products and Biocomposites; Sapuan, S.M., Razali, N., Radzi, A.M., Ilyas, R.A., Eds.; Elsevier Academic Press: Amsterdam,
The Netherland, 2021; pp. 197–213. ISBN 978-0323852135.

49. Sapuan, S.M.; Hemapriya, G.; Ilyas, R.A.; Atikah, M.S.N.; Asyraf, M.R.M.; Mansor, M.R. Implementation of design for sustainabil-
ity in developing trophy plaque using green kenaf polymer composites. In Design for Sustainability; Elsevier: Amsterdam, The
Netherland, 2021; pp. 85–103.

50. Yung, W.K.C.; Chan, H.K.; So, J.H.T.; Wong, D.W.C.; Choi, A.C.K.; Yue, T.M. A life-cycle assessment for eco-redesign of a consumer
electronic product. J. Eng. Des. 2011, 22, 69–85. [CrossRef]

51. Morini, A.A.; Ribeiro, M.J.; Hotza, D. Early-stage materials selection based on embodied energy and carbon footprint. Mater. Des.
2019, 178, 107861. [CrossRef]

52. Taekema, J.; Karana, E. Creating awareness on natural fibre composites in design. In Proceedings of the DS 70: Proceedings of
DESIGN 2012, the 12th International Design Conference, Dubrovnik, Croatia, 21–24 May 2012; pp. 1141–1150.

53. Yusof, N.S.B.; Sapuan, S.M.; Sultan, M.T.H.; Jawaid, M. Concept Generation of Sugar Palm/Glass Fiber Reinforced Thermoplastic
Polyurethane Hybrid Composite Automotive Crash Box. J. Adv. Res. Mater. Sci. 2018, 49, 10–17.

54. Sapuan, S.M. Composite Materials: Concurrent Engineering Approach; Butterworth-Heinemann: Oxford, UK, 2017; ISBN
9780128026458.

55. Chen, L.; Olhager, J.; Tang, O. Manufacturing facility location and sustainability: A literature review and research agenda. Int. J.
Prod. Econ. 2014, 149, 154–163. [CrossRef]

56. Sudarsan, R.; Sriram, R.D.; Narayanan, A.; Sarkar, P.; Lee, J.H.; Lyons, K.W.; Kemmerer, S.J. Sustainable manufacturing: Metrics,
standards, and infrastructure-workshop summary. In Proceedings of the 2010 IEEE Conference on Automation Science and
Engineering (CASE), Toronto, ON, Canada, 21–24 August 2010; pp. 144–149.

http://doi.org/10.1016/j.jclepro.2010.06.002
http://doi.org/10.1504/IJGENVI.2009.027261
http://doi.org/10.1016/j.conbuildmat.2019.02.042
http://doi.org/10.3390/su13168705
http://doi.org/10.32479/ijeep.8358
http://doi.org/10.1016/S0921-8009(02)00212-4
http://doi.org/10.1016/j.enpol.2019.04.033
http://doi.org/10.1016/j.scitotenv.2019.134008
http://doi.org/10.1007/s11187-018-0090-9
http://doi.org/10.4028/www.scientific.net/AMM.761.59
http://www.d4s-de.org/manual/d4stotalmanual.pdf
http://www.d4s-de.org/manual/d4stotalmanual.pdf
http://doi.org/10.1016/j.rser.2016.11.133
http://doi.org/10.1080/09544820902916597
http://doi.org/10.1016/j.matdes.2019.107861
http://doi.org/10.1016/j.ijpe.2013.05.013


Polymers 2022, 14, 920 24 of 28

57. Rodrigues, V.P.; Pigosso, D.C.A.; McAloone, T.C. Process-related key performance indicators for measuring sustainability
performance of ecodesign implementation into product development. J. Clean. Prod. 2016, 139, 416–428. [CrossRef]

58. Arnette, A.N.; Brewer, B.L.; Choal, T. Design for sustainability (DFS): The intersection of supply chain and environment. J. Clean.
Prod. 2014, 83, 374–390. [CrossRef]

59. Baumgartner, R.J.; Engert, S. Corporate sustainability strategy-bridging the gap between formulation and implementation
Corporate sustainability strategy e bridging the gap between formulation and implementation. Artic. J. Clean. Prod. 2015, 113,
822–834. [CrossRef]

60. Fargani, H.; Cheung, W.M.; Hasan, R. A proposed implementation process for a sustainable manufacturing framework. In
Advances in Transdisciplinary Engineering; IOS Press: Amsterdam, The Netherland, 2017; Volume 6, pp. 365–370.

61. Herrmann, C.; Schmidt, C.; Kurle, D.; Blume, S.; Thiede, S. Sustainability in manufacturing and factories of the future. Int. J.
Precis. Eng. Manuf. Green Technol. 2014, 1, 283–292. [CrossRef]

62. Wang, Z.Y.; Rajurkar, K.P. Cryogenic machining of hard-to-cut materials. Wear 2000, 239, 168–175. [CrossRef]
63. Kaynak, Y.; Karaca, H.E.; Noebe, R.D.; Jawahir, I.S. Tool-wear analysis in cryogenic machining of NiTi shape memory alloys: A

comparison of tool-wear performance with dry and MQL machining. Wear 2013, 306, 51–63. [CrossRef]
64. Renzi, C.; Leali, F.; Cavazzuti, M.; Andrisano, A.O. A review on artificial intelligence applications to the optimal design of

dedicated and reconfigurable manufacturing systems. Int. J. Adv. Manuf. Technol. 2014, 72, 403–418. [CrossRef]
65. Ilyas, R.A.; Asyraf, M.R.M.; Sapuan, S.M.; Afiq, T.M.N.; Suhrisman, A.; Atikah, M.S.N.; Ibrahim, R. Application of Design

for Sustainability to Develop Smartphone Holder Using Roselle Fiber-Reinforced Polymer Composites. In Roselle: Production,
Processing, Products and Biocomposites; Sapuan, S.M., Razali, N., Radzi, A.M., Ilyas, R.A., Eds.; Elsevier Academic Press: Amsterdam,
The Netherland, 2021; pp. 177–196.

66. Kishawy, H.A.; Hegab, H.; Saad, E. Design for sustainable manufacturing: Approach, implementation, and assessment. Sustain-
ability 2018, 10, 3604. [CrossRef]

67. Polvorosa, R.; Suárez, A.; de Lacalle, L.N.L.; Cerrillo, I.; Wretland, A.; Veiga, F. Tool wear on nickel alloys with different coolant
pressures: Comparison of Alloy 718 and Waspaloy. J. Manuf. Process. 2017, 26, 44–56. [CrossRef]

68. Hegab, H.; Umer, U.; Soliman, M.; Kishawy, H.A. Effects of nano-cutting fluids on tool performance and chip morphology during
machining Inconel 718. Int. J. Adv. Manuf. Technol. 2018, 96, 3449–3458. [CrossRef]

69. Hegab, H.; Kishawy, H.A.; Gadallah, M.H.; Umer, U.; Deiab, I. On machining of Ti-6Al-4V using multi-walled carbon nanotubes-
based nano-fluid under minimum quantity lubrication. Int. J. Adv. Manuf. Technol. 2018, 97, 1593–1603. [CrossRef]

70. Hegab, H.; Kishawy, H. Towards Sustainable Machining of Inconel 718 Using Nano-Fluid Minimum Quantity Lubrication. J.
Manuf. Mater. Process. 2018, 2, 50. [CrossRef]

71. Pereira, O.; Martín-Alfonso, J.E.; Rodríguez, A.; Calleja, A.; Fernández-Valdivielso, A.; de Lacalle, L.N.L. Sustainability analysis of
lubricant oils for minimum quantity lubrication based on their tribo-rheological performance. J. Clean. Prod. 2017, 164, 1419–1429.
[CrossRef]

72. Pereira, O.; Rodríguez, A.; Barreiro, J.; Fernández-Abia, A.I.; de Lacalle, L.N.L. Nozzle design for combined use of MQL and
cryogenic gas in machining. Int. J. Precis. Eng. Manuf. Green Technol. 2017, 4, 87–95. [CrossRef]

73. Tam, V.W.Y.; Tam, C.M. A review on the viable technology for construction waste recycling. Resour. Conserv. Recycl. 2006, 47,
209–221. [CrossRef]

74. Eltaggaz, A.; Zawada, P.; Hegab, H.A.; Deiab, I.; Kishawy, H.A. Coolant strategy influence on tool life and surface roughness
when machining ADI. Int. J. Adv. Manuf. Technol. 2018, 94, 3875–3887. [CrossRef]

75. Salwa, H.N.; Sapuan, S.M.; Mastura, M.T.; Zuhri, M.Y.M. Conceptual Design and Selection of Natural Fibre Reinforced Biopolymer
Composite (NFBC) Takeout Food Container. J. Renew. Mater. 2021, 9, 803–827. [CrossRef]

76. Salwa, H.N.; Sapuan, S.M.; Mastura, M.T.; Zuhri, M.Y.M. Life cycle assessment of sugar palm fiber reinforced-sago biopolymer
composite takeout food container. Appl. Sci. 2020, 10, 7951. [CrossRef]

77. Shaharuzaman, M.A.; Sapuan, S.M.; Mansor, M.R. Prioritizing the product design specification of side-door impact beam using
analytic hierarchy process method. Mech. Eng. Res. Day 2018, 2018, 34–35.

78. Prasad, B. Concurrent Engineering Fundamentals: Integrated Product and Process Organization, Volume I, 1st ed.; International Series in
Industrial and Systems Engineering: Upper Saddle River, NJ, USA, 1995; Volume I, ISBN 978-0-13-147463-5.

79. Hambali, A.; Sapuan, S.M.; Ismail, N.; Nukman, Y. Application of analytical hierarchy process in the design concept selection of
automotive composite bumper beam during the conceptual design stage. Sci. Res. Essays 2009, 4, 198–211.

80. Sapuan, S.M.; Maleque, M.A.; Hameedullah, M.; Suddin, M.N.; Ismail, N. A note on the conceptual design of polymeric composite
automotive bumper system. J. Mater. Process. Technol. 2005, 159, 145–151. [CrossRef]

81. Shaharuzaman, M.A.; Sapuan, S.M.; Mansor, M.R.; Zuhri, M.Y.M. Conceptual design of natural fiber composites as a side-door
impact beam using hybrid approach. J. Renew. Mater. 2020, 8, 549–563. [CrossRef]

82. Benabdellah, A.C.; Benghabrit, A.; Bouhaddou, I.; Benghabrit, O. Design for relevance concurrent engineering approach:
Integration of IATF 16949 requirements and design for X techniques. Res. Eng. Des. 2020, 31, 323–351. [CrossRef]

83. Rihar, L.; Kušar, J. Implementing concurrent engineering and QFD method to achieve realization of sustainable project. Sustain-
ability 2021, 13, 1091. [CrossRef]

84. Johnson, K.W.; Langdon, P.M.; Ashby, M.F. Grouping materials and processes for the designer: An application of cluster analysis.
Mater. Des. 2002, 23, 1–10. [CrossRef]

http://doi.org/10.1016/j.jclepro.2016.08.046
http://doi.org/10.1016/j.jclepro.2014.07.021
http://doi.org/10.1016/j.jclepro.2015.11.094
http://doi.org/10.1007/s40684-014-0034-z
http://doi.org/10.1016/S0043-1648(99)00361-0
http://doi.org/10.1016/j.wear.2013.05.011
http://doi.org/10.1007/s00170-014-5674-1
http://doi.org/10.3390/su10103604
http://doi.org/10.1016/j.jmapro.2017.01.012
http://doi.org/10.1007/s00170-018-1825-0
http://doi.org/10.1007/s00170-018-2028-4
http://doi.org/10.3390/jmmp2030050
http://doi.org/10.1016/j.jclepro.2017.07.078
http://doi.org/10.1007/s40684-017-0012-3
http://doi.org/10.1016/j.resconrec.2005.12.002
http://doi.org/10.1007/s00170-017-1088-1
http://doi.org/10.32604/jrm.2021.013977
http://doi.org/10.3390/app10227951
http://doi.org/10.1016/j.jmatprotec.2004.01.063
http://doi.org/10.32604/jrm.2020.08769
http://doi.org/10.1007/s00163-020-00339-4
http://doi.org/10.3390/su13031091
http://doi.org/10.1016/S0261-3069(01)00035-8


Polymers 2022, 14, 920 25 of 28

85. Haik, Y. Engineering Design Process; Brooks/Cole Publishing Company: Pacific Grove, CA, USA, 2003.
86. Boyer, R.R.; Cotton, J.D.; Mohaghegh, M.; Schafrik, R.E. Materials considerations for aerospace applications. MRS Bull. 2015, 40,

1055–1066. [CrossRef]
87. Ashby, M.F. Materials Selection in Mechanical Design, 5th ed.; Elsevier: Amsterdam, The Netherland, 2011; Volume 86, ISBN

9781856176637.
88. Asim, M.; Abdan, K.; Jawaid, M.; Nasir, M.; Dashtizadeh, Z.; Ishak, M.R.; Hoque, M.E.; Deng, Y. A review on pineapple leaves

fibre and its composites. Int. J. Polym. Sci. 2015, 2015, 950567. [CrossRef]
89. Asyraf, M.R.M.; Ishak, M.R.; Syamsir, A.; Nurazzi, N.M.; Sabaruddin, F.A.; Shazleen, S.S.; Norrrahim, M.N.F.; Rafidah, M.; Ilyas,

R.A.; Rashid, M.Z.A.; et al. Mechanical properties of oil palm fibre-reinforced polymer composites: A review. J. Mater. Res.
Technol. 2022, 17, 33–65. [CrossRef]

90. Asyraf, M.R.M.; Ishak, M.R.; Norrrahim, M.N.F.; Nurazzi, N.M.; Shazleen, S.S.; Ilyas, R.A.; Rafidah, M.; Razman, M.R. Recent
advances of thermal properties of sugar palm lignocellulosic fibre reinforced polymer composites. Int. J. Biol. Macromol. 2021, 193,
1587–1599. [CrossRef] [PubMed]

91. Ramamoorthy, S.K.; Skrifvars, M.; Persson, A. A review of natural fibers used in biocomposites: Plant, animal and regenerated
cellulose fibers. Polym. Rev. 2015, 55, 107–162. [CrossRef]

92. Puttegowda, M.; Rangappa, S.M.; Jawaid, M.; Shivanna, P.; Basavegowda, Y.; Saba, N. Potential of natural/synthetic hybrid
composites for aerospace applications. In Sustainable Composites for Aerospace Applications; Jawaid, M., Sultan, M.T.H., Eds.;
Elsevier: Amsterdam, The Netherland, 2018; pp. 315–351.

93. Van de Velde, K.; Kiekens, P.; Van Langenhove, L. Basalt fibres as reinforcement for composites. In Proceedings of the 10th
International Conference on Composites/Nano Engineering, New Orleans, LA, USA, 20–26 June 2003; University of New Orleans:
New Orleans, LA, USA, 2003; pp. 5–6.

94. Fiore, V.; Scalici, T.; Di Bella, G.; Valenza, A. A review on basalt fibre and its composites. Compos. Part B Eng. 2015, 74, 74–94.
[CrossRef]

95. Nurazzi, N.M.; Asyraf, M.R.M.; Fatimah Athiyah, S.; Shazleen, S.S.; Rafiqah, S.A.; Harussani, M.M.; Kamarudin, S.H.; Razman,
M.R.; Rahmah, M.; Zainudin, E.S.; et al. A Review on Mechanical Performance of Hybrid Natural Fiber Polymer Composites for
Structural Applications. Polymers 2021, 13, 2170. [CrossRef]

96. Supian, A.B.M.; Sapuan, S.M.; Jawaid, M.; Zuhri, M.Y.M.; Ilyas, R.A.; Syamsir, A. Crashworthiness Response of Filament Wound
Kenaf/Glass Fibre-reinforced Epoxy Composite Tubes with Influence of Stacking Sequence under Intermediate-velocity Impact
Load. Fibers Polym. 2021, 23, 222–233. [CrossRef]

97. Syamsir, A.; Amat, A.H.; Usman, F.; Itam, Z.; Kamal, N.L.M.; Zahari, N.M.; Chairi, M.; Imani, R. Effect of fiber orientation on
ultimate tensile strength and Young’s modulus of fabricated glass fiber reinforced polymer plates. AIP Conf. Proc. 2021, 2339,
020123. [CrossRef]

98. Mohamad, D.; Beddu, S.; Syamsir, A.; Zahari, N.M.; Abu Seman, S.A.H.; Razali, M.F.; Abas, A.; Ng, F.C. Performance Evaluation
of Composite Cross-Arm Structure under Different Magnitude of Loading. Proc. IOP Conf. Ser. Mater. Sci. Eng. 2020, 920, 012005.
[CrossRef]

99. Mohd Nurazzi, N.; Khalina, A.; Sapuan, S.M.; Dayang Laila, A.H.A.M.; Rahmah, M.; Hanafee, Z. A review: Fibres, polymer
matrices and composites. Pertanika J. Sci. Technol. 2017, 25, 1085–1102.

100. Ishak, M.R.; Sapuan, S.M.; Leman, Z.; Rahman, M.Z.A.; Anwar, U.M.K.; Siregar, J.P. Sugar palm (Arenga pinnata): Its fibres,
polymers and composites. Carbohydr. Polym. 2013, 91, 699–710. [CrossRef]

101. Misri, S.; Leman, Z.; Sapuan, S.M.; Ishak, M.R. Mechanical properties and fabrication of small boat using woven glass/sugar
palm fibres reinforced unsaturated polyester hybrid composite. IOP Conf. Ser. Mater. Sci. Eng. 2010, 11, 012015. [CrossRef]

102. Liang, S.; Gning, P.B.; Guillaumat, L. A comparative study of fatigue behaviour of flax/epoxy and glass/epoxy composites.
Compos. Sci. Technol. 2012, 72, 535–543. [CrossRef]

103. Acharya, S.K. Soma Dalbehera Study on mechanical properties of natural fiber reinforced woven jute-glass hybrid epoxy
composites. Adv. Polym. Sci. Technol. 2014, 4, 1–6.

104. Hasan, K.M.F.; Horváth, P.G.; Alpár, T. Potential natural fiber polymeric nanobiocomposites: A review. Polymers 2020, 12, 1072.
[CrossRef]
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