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al.

Natural Fiber Reinforced Composite Material for Product Design: A Short Review
Reprinted from: Polymers 2021, 13, 1917, doi:10.3390/polym13121917 . . . . . . . . . . . . . . . . 267

Salem Mohammed Aldosari, Muhammad A. Khan and Sameer Rahatekar

Manufacturing Pitch and Polyethylene Blends-Based Fibres as Potential Carbon Fibre
Precursors
Reprinted from: Polymers 2021, 13, 1445, doi:10.3390/polym13091445 . . . . . . . . . . . . . . . . 291

Z. N. Diyana, R. Jumaidin, Mohd Zulkefli Selamat, Ihwan Ghazali, Norliza Julmohammad

and Nurul Huda et al.

Physical Properties of Thermoplastic Starch Derived from Natural Resources and Its Blends: A
Review
Reprinted from: Polymers 2021, 13, 1396, doi:10.3390/polym13091396 . . . . . . . . . . . . . . . . 305

vi



About the Editors

Emin Bayraktar

Emin Bayraktar (Habil., Dr (PhD), DSc- Dr es Science) is an academic and research staff-member

in Mechanical and Manufacturing Engineering at SUPMECA, Paris, France. His research areas

include the manufacturing techniques of new materials (basic composites and hybrids), the metal

forming of thin sheets (design + test + FEM), static and dynamic behaviour and the optimisation of

materials (experimental and FEM, the utilisation and design of metallic and non-metallic composites,

powder metallurgy, and energetic materials for aeronautical applications), powder metallurgy and

the metallurgy of steels, welding, heat treatment and the processing of new composites, sintering

techniques, sinter-forging, thixoforming, etc. He has authored more than 200 publications in

international journals and international conference proceedings, and has also authored more than

90 research reports (European Steel Committee projects, Test + Simulation). He has advised 32

PhD, and 120 MSc theses, with 7 currently ongoing. He is a Fellow of WAMME (World Academy

of Science in Materials and Manufacturing Engineering), an Editorial Board Member of JAMME

(International Journal of Achievement in Materials and Manufacturing Engineering), and an Advisory

Board Member of AMPT-2009 (Advanced Materials Processing Technologies), APCMP-2008 and

APCMP-2010. He was a Visiting Professor at Nanyang Technology University, Singapore, in 2012;

Xi’an Northwestern Technical University, Aeronautical Engineering, in 2016; and at the University

of Campinas, UNICAMP-Brazil from 2013 until 2023. He is a recipient of the Silesian University

Prix pour STAUB Golden Medal-2009”by the Academy of WAMME (World Academy of Science) in

Poland, materials science section, and a recipient of the William Johnson International Gold Medal in

2014, AMPT academic association.

S. M. Sapuan

S.M. Sapuan is a Professor of Composite Materials at Universiti Putra Malaysia. He earned

his B.Eng degree in Mechanical Engineering at the University of Newcastle, Australia, in 1990, his

MSc from Loughborough University, UK, in 1994, and his Ph.D. from De Montfort University, UK,

in 1998. His research interests include natural fiber composites, material selection, and concurrent

engineering. To date, he has authored or co-authored more than 1521 publications (730 papers

published/accepted in national and international journals, authored 16 books, edited 25 books, 153

chapters in books and 597 conference proceedings/seminar papers/presentation (26 of which are

plenary and keynote lectures, and 66 of which are invited lectures). S.M. Sapuan was the recipient

of the Rotary Research Gold Medal Award in 2012, The Alumni Medal for Professional Excellence

Finalist, 2012 Alumni Awards, University of Newcastle, NSW, Australia, and the Khwarizmi

International Award (KIA). In 2013, he was awarded with 5-Star Role Model Supervisor award

by UPM. S.M. Sapuan was recognized as the first Malaysian to be conferred a Fellowship by the

U.S.-based Society of Automotive Engineers International (FSAE) in 2015. He was the 2015/2016

recipient of SEARCA Regional Professorial Chair. In 2017, he was conferred the IOP Outstanding

Reviewer Award by the Institute of Physics, UK; the National Book Award; The Best Journal

Paper Award, UPM; the Outstanding Technical Paper Award, Society of Automotive Engineers

International, Malaysia; and the Outstanding Researcher Award, UPM. He also received a Citation

of Excellence Award from Emerald, UK; SAE Malaysia’s Best Journal Paper Award; the IEEE/TMU

Endeavour Research Promotion Award; the Best Paper Award by Chinese Defence Ordnance; and

vii



Malaysia’s Research Star Award (MRSA), from Elsevier in 2017. In addition, in 2019, he was named

the Top Research Scientist Malaysia 2019 (TRSM 2019) and presented with a Professor of Eminence

Award from AMU, India.

R. A. Ilyas

R.A. Ilyas is a Senior Lecturer at the School of Chemical and Energy Engineering, Faculty

of Engineering, Universiti Teknologi Malaysia, Malaysia. He received his Diploma in Forestry, a

Bachelor’s Degree (BSc) in Chemical Engineering, and a Ph.D. degree in the field of Biocomposite

Technology and Design at Universiti Putra Malaysia. R.A. Ilyas was the recipient of the MVP

Doctor of Philosophy Gold Medal Award UPM 2019, for the Best Ph.D. Thesis and the Top

Student Award, INTROP, UPM. In 2018, he was deemed an Outstanding reviewer by Carbohydrate

Polymers, Elsevier, United Kingdom, and presented with the Best Paper Award (11th AUN/SEED-Net

Regional Conference on Energy Engineering), Best Paper Award (Seminar Enau Kebangsaan

2019, Persatuan Pembangunan dan Industri Enau Malaysia), and the National Book Award 2018.

R.A. Ilyas was also listed as Among the World’s Top 2% of Scientists (Subject-Wise) due to

his citation impact during the calendar years of 2019 and 2020 by Stanford University, US.

He achieved a PERINTIS Publication Award 2021 from Persatuan Saintis Muslim Malaysia, an

Emerging Scholar Award by Automotive and Autonomous Systems, 2021, Belgium, and Young

Scientists Network–Academy of Sciences Malaysia (YSN-ASM). His main research interests are:

(1) polymer engineering (biodegradable polymers, biopolymers, polymer composites, and polymer

gels); and (2) material engineering (natural-fiber-reinforced polymer composites, biocomposites,

cellulose materials, and nanocomposites). To date, he has authored or co-authored more than

325 publications (published/accepted): 123 journal articles indexed in JCR/Scopus, 14 books, 89

book chapters, 67 conference proceedings/seminars, 2 research bulletins, and 10 conference papers

(abstract published in a book of abstract); he has been the Guest Editor of 10 Journal Special Issues,

and the Editor/Co-Editor of 10 conference/seminar proceedings on green-material-related subjects.

viii



Preface to ”Additive Manufacturing of Bio and

Synthetic Polymers”

Additive manufacturing technology offers the ability to produce personalized products with

lower development costs, shorter lead times, less energy consumed during manufacturing and

less material waste. It can be used to manufacture complex parts and enables manufacturers to

reduce their inventory, make products on-demand, create smaller and localized manufacturing

environments, and even reduce supply chains. Additive manufacturing (AM), also known as

fabricating three-dimensional (3D) and four-dimensional (4D) components, refers to processes that

allow for the direct fabrication of physical products from computer-aided design (CAD) models

through the repetitious deposition of material layers. Compared with traditional manufacturing

processes, AM allows the production of customized parts from bio- and synthetic polymers without

the need for molds or machining typical for conventional formative and subtractive fabrication.

Today, AM offers numerous advantages, i.e., little assembly required, supply chain efficiencies,

sustainability, geometric flexibility, low Buy-to-Fly ratios, shortened times to market, environmentally

friendly, and the production of single and multiple components, offering incomparable design

independence with the facility to manufacture components from various bio- and synthetic polymers.

These advantages make AM a major player in the next industrial revolution of polymers. Polymers

and their composites are one of the most widely used materials in today’s industry and are of

great interest in AM due to the vast potential for various applications, such as in the apparel, art

and jewelry, electric and electronic, healthcare, biomedical, robotics, military defense, sensor and

actuators, construction, aerospace and automotive industries. Polymers that are utilized in AM

include hydrogels, elastomers, thermosets, thermoplastics, functional polymers, polymer composites,

polymer hybrid composites, polymer nanocomposites and polymer blends. Over the past 30 years,

much research has been carried out on developing new polymeric materials for AM processes, such

as material jetting (MJ), drop-on-demand (DOD), sand binder jetting, vat photopolymerization, fused

deposition modelling (FDM), stereolithography (SLA), digital light processing (DLP) and selective

laser sintering (SLS).

In this Special Issue, we aimed to capture the cutting-edge state-of-the-art research pertaining to

advancing the additive manufacturing of polymeric materials. The topic themes include advanced

polymeric material development, processing parameter optimization, characterization techniques,

structure–property relationships, process modelling, etc., specifically for AM.

Emin Bayraktar, S. M. Sapuan, R. A. Ilyas

Editors
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Abstract: Over recent years, enthusiasm towards the manufacturing of biopolymers has attracted
considerable attention due to the rising concern about depleting resources and worsening pollution.
Among the biopolymers available in the world, polylactic acid (PLA) is one of the highest biopolymers
produced globally and thus, making it suitable for product commercialisation. Therefore, the
effectiveness of natural fibre reinforced PLA composite as an alternative material to substitute the
non-renewable petroleum-based materials has been examined by researchers. The type of fibre
used in fibre/matrix adhesion is very important because it influences the biocomposites’ mechanical
properties. Besides that, an outline of the present circumstance of natural fibre-reinforced PLA 3D
printing, as well as its functions in 4D printing for applications of stimuli-responsive polymers
were also discussed. This research paper aims to present the development and conducted studies
on PLA-based natural fibre bio-composites over the last decade. This work reviews recent PLA-
derived bio-composite research related to PLA synthesis and biodegradation, its properties, processes,
challenges and prospects.

Keywords: polylactic acid (PLA); natural fibres; biocomposite; mechanical properties
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1. Introduction

Since the early 1970s, biodegradable polymers have been attracting the focus of
researchers on their development as a result of increasing concern about material resources
as well as plastic disposal issues [1–4]. Composite materials are formed within the complete
structure of more than one material. The bulk of composites have solid and rigid fibres
with a low density in a matrix. Polylactic acid (PLA) is a flexible polymer that is fermented
into a carboxylic acid and made from sustainable agricultural waste [5,6]. The lactic acid is
then polymerized through a cyclic dilactone, lactide, and ring for product modification.
The growing awareness of environmental sustainability and new laws and policies has
pushed companies to produce environmentally friendly products [7].

A lot of studies are performed that aim to produce entirely biodegradable compos-
ite structures with PLA and natural fibres combination [8]. Since both PLA and natural
fibres are sourced from renewable sources, biodegradable, as well as biocompostable,
natural/PLA composites are recyclable green materials. Thus, the biocomposites have
significant advantages due to their reduced manufacturing and waste disposal treatment
costs, as natural fibre reinforced composites can be disposed of easily via landfill, incin-
eration, or by green treatment of pyrolysis, as stated by Harussani et al. [2]. In addition,
biopolymers are suitably utilised in various methods of composite fabrication, for example,
injection moulding, extrusion, compression moulding, and so forth, whereas less research
had been conducted on composites derived from recycled raw materials with matrixes.
Biopolymers also satisfy the long-term characteristics of sustainable materials because
they are not single-use products. The investigation by Oksman et al. [9] showed that the
strength indicated by the stiffness of glass fibre composites was lower than the natural fibre
composites. Moreover, the adhesion of the fibre/matrix is a dynamic process with several
overlapping variables. Graupner [10] believed that lignin has the ability to strengthen the
fibre and matrix bond that is proven by the production of new advanced types of natural
fibre reinforced PLA composite.

The reinforcement of PLA composite with natural fibre is a key factor in increasing
biocomposites applications in the mechanical field. In addition, among biodegradable
polymers, bio polyester PLA is recorded with the highest volume applications for industrial
demands. This is attributed to the effective life cycle assessment of PLA, where the supply
chain of PLA requires less transportation as well as emits fewer greenhouse gases. The
significant properties, such as biodegradability, renewability and lower CO2 emissions, of
PLA-based biocomposites led to their performance in the market. Thus, this review aims to
investigate the inherent properties of PLA itself and natural fibre, as well as their synergistic
effects when hybridized together. This paper comprises a compilation of previous works
and the development of PLA/natural fibre composites in industrial fields.

2. Natural Fibre

Natural fibre can be obtained from plants, animals or the environment. Figures 1 and 2
show basic information about the branches of biocomposites and natural fibres classifi-
cation. The advantages of natural fibres over synthetic fibres are their recyclability and
biodegradability [11–13]. The natural fibre market and production are drastically pro-
gressing, shifting the focus of science and engineering to PLA composites. Nowadays,
natural fibres are well known in reinforced polymeric materials for industrial develop-
ments, for example, glass fibre as a matrix material [14–17]. The polymer is obtained from
the fermentation of corn, potato, sugar, beet, and other agricultural sources. Despite their
biodegradability properties, natural fibres exhibit several main drawbacks that hinder their
developments, including differences in consistency, sensitivity to moisture intake due to
their hydrophilic nature, and low thermal stability [18–21].

Studies on the processing effects and natural fibres properties show an improvement
in mechanical properties parallel to the National Policy on Industry 4.0 (Industry 4WRD).
Natural fibres have sparked great interest among researchers and industry players for
their applications in the military [22], automotive [23–27], industrial [28–33], furniture [34],
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civil [35,36], and biomedical fields [37]. It is reported that the natural fibres global pro-
duction exceeded 105 million metric tons in 2018 [38]. Mignaeault et al. [39] studied the
applications of wood-plastic composites that are typically manufactured as hybrid prod-
ucts by combining wood flour with recycled plastic. The studies on the fibre length and
processing effects on the composite’s properties revealed enhanced mechanical properties
with increasing fibre content. The non-wood fibres include plant straw, leaf, bast, fruit,
seed, or grass. Straw fibres originating from resources such as maize, wheat, and rice hull
are comparatively solid, rigid, low density, and sustainable. These natural fibre reinforced
composites are used as deck boards in housing construction materials [40].

Biopolymer PLA has long been a matter of considerable concern in multiple sectors.
This is because, in fibre or matrix adhesion, the type of fibre plays a significant role and that
influences the biocomposite’s mechanical performance. Recent evidence by Mukherjee and
Kao [40] showed that the cellulose content and the microfibrils angle are the two variables
that govern the mechanical properties of natural fibre. The better the mechanical properties
of the fibre, the better the mechanical properties of the biocomposites. The mechanical
properties of natural fibres depend on the cellulose content in them. Table 1 shows the
chemical composition of the natural fibres, where the natural fibres’ chemical composition
and cell structures are quite complex and differ in plant parts and origins. Depending
on the cellulose crystallinity, the physical, chemical, and mechanical behaviours of the
lignocellulosic fibres vary from one another [41]. Type of fibre is an important parameter in
determining their chemical composition. The primary natural fibres components comprise
cellulose, hemicellulose and lignin [42–44]. Each fibre exists as a composite by nature,
where the rigid cellulose microfibrils are protected in the amorphous matrix containing
hemicellulose and lignin [45–49]. Thus, natural fibres can also be identified as cellulosic or
lignocellulosic fibres [43]. Generally, the main natural fibres’ constituent is cellulose with
30%–80% followed by hemicellulose of 7%–40%, and 3%–33% lignin as shown in Table 1.

Table 1. Chemical composition of selected common natural fibres.

Fibres Holocellulose (wt%)

Lignin (wt%)
Ash

(wt%)
Extractives

(wt%)
Crystallinity

(%)
Ref.Cellulose

(wt%)
Hemicellulose

(wt%)

Sugar palm fibre 43.88 7.24 33.24 1.01 2.73 55.8 [46]
Wheat straw fibre 43.2 ± 0.15 34.1 ± 1.2 22.0 ± 3.1 - - 57.5 [50]

Soy hull fibre 56.4 ± 0.92 12.5 ± 0.72 18.0 ± 2.5 - - 59.8 [50]
Arecanut husk fibre 34.18 20.83 31.60 2.34 - 37 [51]

Helicteres isora plant 71 ± 2.6 3.1 ± 0.5 21 ± 0.9 - - 38 [52]
Pineapple leaf fibre 81.27 ± 2.45 12.31 ± 1.35 3.46 ± 0.58 - - 35.97 [53]

Ramie fibre 69.83 9.63 3.98 - - 55.48 [54]
Oil palm mesocarp fibre

(OPMF)
28.2 ± 0.8 32.7 ± 4.8 32.4 ± 4.0 - 6.5 ± 0.1 34.3 [55]

Oil palm empty fruit
bunch (OPEFB)

37.1 ± 4.4 39.9 ± 0.75 18.6 ± 1.3 - 3.1 ± 3.4 45.0 [55]

Oil palm frond (OPF) 45.0 ± 0.6 32.0 ± 1.4 16.9 ± 0.4 - 2.3 ± 1.0 54.5 [55]
Oil palm empty fruit
bunch (OPEFB) fibre

40 ± 2 23 ± 2 21 ± 1 - 2.0 ± 0.2 40 [56]

Rubber wood 45 ± 3 20 ± 2 29 ± 2 - 2.5 ± 0.5 46 [56]
Curauna fibre 70.2 ± 0.7 18.3 ± 0.8 9.3 ± 0.9 - - 64 [57]
Banana fibre 7.5 74.9 7.9 0.01 9.6 15.0 [58]

Sugarcane bagasse 43.6 27.7 27.7 - - 76 [59]
Kenaf bast 63.5 ± 0.5 17.6 ± 1.4 12.7 ± 1.5 2.2 ± 0.8 4.0 ± 1.0 48.2 [60]

Phoenix dactylifera palm
leaflet

33.5 26.0 27.0 6.5 - 50 [61]

3



Polymers 2021, 13, 1326

Table 1. Cont.

Fibres Holocellulose (wt%)

Lignin (wt%)
Ash

(wt%)
Extractives

(wt%)
Crystallinity

(%)
Ref.Cellulose

(wt%)
Hemicellulose

(wt%)

Phoenix dactylifera palm
rachis

44.0 28.0 14.0 2.5 - 55 [61]

Kenaf core powder 80.26 23.58 - - 48.1 [62]
Water hyacinth fibre 42.8 20.6 4.1 - - 59.56 [63]

Wheat straw 43.2 ± 0.15 34.1 ± 1.2 22.0 ± 3.1 - - 57.5 [64]

Sugar beet fibre 44.95 ± 0.09 25.40 ± 2.06 11.23 ± 1.66
17.67 ±

1.54
- 35.67 [65]

Mengkuang leaves 37.3 ± 0.6 34.4 ± 0.2 24 ± 0.8 2.5 ± 0.02 55.1 [66]

Figure 1. Classification of biocomposites. Adapted with copyright permission from Mohanty et al. [67].

Besides this, the surface structure of the natural fibre plays a vital role in the adhesion
behaviour of the matrix polymer and the fibres. The higher and stronger the fibres and
matrix adhesion, the better the natural fibres’ mechanical properties. The composite
intensity depends on the various level of the fibres in use and is approximately equal to its
matrix binding mechanism.
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Figure 2. Classification of natural fibres.

Chemical Treatment of Natural Fibres

Various studies have assessed the efficacy of reinforced natural fibre polymer com-
posite in a variety of fields. In recent years, a number of treatments were developed to
enhance interfacial bonding and to improve mechanical properties and water-resistance
characteristics of natural fibres. The most critical downside of these natural fibres in poly-
mer composites is their hydrophilicity that creates a weak interfacial bonding between
fibres and matrix. Numerous physical impurities and hydroxyl groups are found on the
surface of the fibres that affect their performance as reinforcing agents. Thus, several
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surface modifications and treatments have been explored in order to obtain the desired
properties of polymer composites.

To identify a knowledge gap in the field of study in natural fibres reinforced PLA
composites, a review by Sawpan et al. [68] on the improvement of mechanical performance
of industrial hemp fibre reinforced polylactide biocomposites was conducted. Recently,
simpler and more rapid tests of PLA have been developed for a variety of fibre material
properties of random fibres. Interestingly, aligned PLA composites reinforced with long
hemp fibre (0–40 wt.%) were studied. It was revealed that 30% alkali-treated fibre reinforced
PLA composite (PLA/ALK) had the highest mechanical strength with a tensile strength of
more than 70 MPa, a Young’s modulus of more than 8 GPa module, and flexural toughness
of 2.64 kJ/m2. The use of qualitative case studies is a well-established approach in the
alignment of long fibres along with the improvement of PLA/ALK composites.

A previous literature review by Li et al. [69] focused on the effect of chemical treat-
ments on natural fibres for the application of natural fibre-reinforced composites. The
authors identified poor fibre-matrix compatibility and relatively high absorption of mois-
ture as the key drawbacks of natural fibres in composites. Thus, modifying the fibre surface
properties using chemical treatments were being contemplated. Chemical treatments, for
example, alkali, silane, acetylation, benzoylation, and so forth were found to improve fibre-
matrix surface adhesion and reduce the water absorption properties of the fibres [19]. In
order to facilitate the adhesion, chemical coupling of the adhesive with certain compounds,
for example, sodium hydroxide, acetic acid, silane, acrylic acid, isocyanates, maleate cou-
pling agents, potassium permanganate and peroxide was applied. Data from this study
showed that chemical treatments should be applied when modifying the properties of
natural fibres.

Reinforcing natural fibre with polymer composite has been a major focus of previous
research into the natural fibre. In a study on natural fibre surface modifications and
performance of the subsequent bio-composites, Mohanty et al. [67] stated that an adequate
degree of adhesion between the surface of hydrophilic natural fibre cellulose and the
polymer matrix resin is usually needed to ensure the desirable properties of bio-composites.
Useful methods to enhance fibre-matrix adhesion in natural fibre composites are alkali,
peroxide, coupling agents and isocyanate treatments, dewaxing, bleaching, vinyl grafting
and acetylation. By replacing the hydroxyl group with some chemical functionality, the
crystalline structure of cellulose can be broken. This process of decrystallization enhances
the thermoplasticity of the cellulose because the role of the plasticiser is performed by the
substituted groups [70]. The findings of this study suggested that a few levels of success in
creating a superior interface were achieved by surface modifications of hydrophilic natural
fibres, but cheaper cost surface modification needs to be emphasised in many applications
in the future for biocomposites to replace glass fibre composites.

3. Polylactic Acid (PLA)

Poly (lactic acid) (PLA) exits in the form of polymers that are biodegradable polyesters
obtained from lactic acid (LA) or 2-hydroxy propionic acid, typically obtained from agri-
cultural crops such as maize, potatoes, and cassava through bacterial fermentation of
carbohydrates. As shown in Figure 3, PLA is categorised as a biopolymer originated
from chemically treated bio-based monomers, LA [71]. Owing to its biocompatibility with
the human body, PLA has been the choice of material for medical applications [72]. The
discovery of the latest polymerisation pathways that enable high molecular weight PLA to
be produced economically, together with the rise of awareness on environmental issues
have led to the broadening of the use of PLA as alternative raw materials [73].

PLA is the most widely researched and promising biopolymer that is capable of
substituting conventional petroleum-based polymers due to its renewability, recyclability,
biodegradability and compostability. In addition, PLA has an excellent manufacturing
ability as it is suitable to be processed with various methods. Injection moulding, film
extrusion, blow moulding, thermoforming, fibre spinning and film-forming are among the
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PLA manufacturing processes [74]. PLA-derived products had utilized in several industrial
applications, including in packaging [8,75], textile [76], biomedical [77], structural [78,79]
and automotive [80].

 

–

–

—
—

Figure 3. Chemical structure and classification of significant biopolymers based on their origin. Reproduced with copyright
permission from Mohanty et al. [81].

To determine the properties of PLA, Sodergard et al. [72] stated that PLA polymers are
obtained from agricultural crops such as maize and potatoes through bacterial fermentation
of carbohydrates. Three synthesis processes of PLA were used by Sodergard et al. [72] to
collect data. Then, there are a lot of advantages of using PLA as composites, for example,
minimized weight, decreased thermal conductivity and suitable for medical implant appli-
cations as identified in this study. PLA with greater mechanical and flexural characteristics
has improved the temperature of heat distortion and improved membrane characteristics.

4. Composite

Composite materials could be described as materials that consist of two or more phases
separated by different interfaces that are chemically and physically dissimilar [82–84].

The various systems are carefully integrated in order to attain a system with more
valuable structural or functional properties which cannot be obtained by either of the
components alone [85–87]. In general, composite materials exhibit special features in
which the strength-to-weight ratio is high. One other benefit of composite material is
that it offers structural versatility since it is possible to form composites into complex
shapes [88]. Composite materials obtain the majority of their advantageous properties
through a tight bond between a strong rigid reinforcement—commonly fibres (filaments)
or reinforcements with other geometric forms, such as particles, platelets—and a weaker,
less rigid matrix [89]. The basic composite components and features giving the mechanical
properties of the composite are shown in Figure 4.
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Figure 4. Mechanical properties of the composite.

A number of studies have begun to examine natural fibres reinforced PLA composites.
The analysis was based on the factors influencing the performance of tensile strength. Based
on the article written by Ku et al. [90], the composites’ tensile strength with fibres was
found to be 20–40% lower in the perpendicular direction than that of composites with fibres
in the parallel direction. The mean score for natural fibre was it might be used to substitute
traditional fibres in plastic content reinforcement. For natural fibre reinforcements, matrix
interfacial bonding, new manufacturing methods and chemical and physical alteration
techniques are developed, and the tensile properties of the composites are improved.

5. Natural Fibre Reinforced PLA Composite

5.1. Brief on PLA Composite

PLA is a naturally resourced thermoplastic polymer produced globally with a capacity
of approximately 211,000 tons in 2020 [91]. In addition, chitosan and chitin derivatives
productions were about 107,000 tons [92], while cellulose and PHA were produced globally
with a capacity of over 580,000 tons and 30,000 tons, respectively, in 2020 [93]. These data
had been represented as graph bar in Figure 5. The global market for PLA is estimated
to double every four years according to Jem’s law [91]. This is supported by the fact that
environmental pollution due to excessive petroleum-derived plastic production and global
warming pressure had attracted the public’s attention to extensively explore the utilisation
of biodegradable products.

According to Nazrin et al. [8], biodegradable polymers PLA are brittle, sensitive to
moisture and have low-impact strength. Thus, a possible way to further reinforce the
polymers is by hybridising them with natural fibres to yield the enhanced mechanical
properties of biocomposite. Moreover, biocomposites are biodegradable, reusable, and
organic-based, assisting to reduce both the reliance on depleting petroleum sources and the
environmental burdens from petroleum-based products. The PLA’s excellent mechanical
properties and barrier capability can be used to manufacture biomaterials that suit a range
of applications.
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Figure 5. Global production of biopolymers in the year 2020 [91–93].

A variety of studies have begun to investigate PLA-based composite with natural
fibres reinforcement. A recent systematic literature review on natural fibre-reinforced PLA
composites by Siakeng et al. [94] successfully demonstrated the developments in the study
of natural fibre composites based on PLA and neat PLA over the past couple of years. A
comprehensive investigation was conducted to understand the characteristics of natural
fibre and PLA and their activities after a variety of processing techniques. From the study,
it was shown that natural fibre reinforced PLA composite can provide a possible alternative
to replace the utilisation of synthetic polymers that are unsustainable and hard to dispose.
However, there has been limited progress in attempting to build entirely biodegradable
composites from biopolymers. This study points out the efficient replacement of synthetic
polymer composites with fully biodegradable composites would need an improvement in
terms of PLA manufacturing cost.

Hinchcliffe et al. [95] integrated the theoretical and experimental researches on pre-
stressed natural fibre reinforced PLA composite components. In the study, the mechanical
properties of PLA were enhanced with additive loading. Using both tensile and flexural
mechanical tests, the effect of fibre form, matrix cross-section geometry PLA, and post-
tension level of the PLA were mechanically investigated. In contrast to solid non-reinforced
PLA composites, the PLA reinforced composite showed increment in tensile strength by
116% and flexural specific strength by 12%. This study revealed the possibility of basic
tensile and flexural strengths’ improvements of PLA composites by creating increasingly
efficient structural shapes using additive manufacturing (3D printing) and by processes
such as initial post-tensioning fibre.

Many researchers have utilised natural fibres reinforced polylactide (PLA) compos-
ites. Several developments focused on PLA due to properties greater than conventional
polymers. The mean score for natural fibres was most of the layer and mass modification
techniques were optimized to change a specific property and had also ignored the effect of
the technique on other primary properties. The effectiveness of bulk and surface modifi-
cation methods of widely used thermoplastic polyesters on 3-dimensional (3D) scaffolds
(PHA) is reported in [74]. The findings will be of interest to investigate the work of PLA
shape memory properties.

5.2. Development of Natural Fibres/PLA Biocomposite

5.2.1. Brief Study on PLA Biocomposite

A lot of studies have investigated natural fibres reinforced polylactide (PLA) com-
posites in any systematic way. There is a growing body of literature that recognises the
importance of combination biodegradable polymers with plant fibres to produce compos-
ites. Table 2 summarises works on natural fibre reinforced PLA composites. A seminal
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study from Holbery and Houston [96] carried out the application of natural fibre reinforced
polymer composites in the automotive industry. Natural fibres, for example, kenaf, hemp,
flax, jute and sisal were found to offer benefits such as weight, cost, CO2 reduction, less
dependency on external oil sources and recyclability. The production of the composite in-
volved the combination of natural fibre preform or mats along with a thermoplastic binder
system. The most popular system currently used in vehicle industries is thermoplastic
polypropylene, especially for non-structural components. In a variety of automotive com-
ponents, using natural fibre reinforcement is proven feasible. The applications of seatback
linings, door cladding, and floor panels are refined from flax, sisal, and hemp. Coconut
fibre is used in the manufacturing of seat bottoms, head restraints, and back cushions, while
cotton can be used for sound barrier and wood fibre is often used in the backseat. Only if
problematic areas such as moisture issues, compatibility, durability, and continuous fibre
source could be tackled by vehicle manufacturers, can natural fibre composites compete as
reliable materials in the automotive industry.

In a review conducted by Dunne et al. [97], the sustainability and automotive appli-
cations of natural fibres were compiled. Based on previous research, there is a lot of new
advancement for humanity in the production of natural fibres for industrial use. This trend
is attributed not only to an increased awareness of the environment but also to the fact
that natural fibres have excellent properties. At the moment, there is still a lot of ongoing
research on natural fibres and their ability to replace petroleum-based products, and only
time will tell which of the two will be the better option. Faruk et al. [98] developed a study
on biocomposites reinforced with natural fibres. The physical, thermal and mechanical
properties of the biocomposites could be affected by various factors, including the type of
fibre, conditions for the climate, manufacturing processes and surface modification of the
fibre. A broad range of biocomposite processing techniques and variables (moisture quality,
form and content of fibre, binding agents and their effect on the properties of composites)
influence these processes.

Results from several studies conducted by Herrera-Franco and Valadez-Gonzalez [99]
about mechanical properties of continuous natural fibre-reinforced polymer composites
showed positive results. Strong evidence of natural fibres reinforced PLA composites
was found when ASTM D 638-99 was tested using an Instron 6025 100 kN test machine.
Fibres samples analysed (10% of waste fibres) using the silane concentration struggled in
a brittle manner to facilitate a chemical interrelationship and fibre-matrix binding. The
result took three weeks for the equilibrium conditioning at 65% relative humidity and
final moisture. Whereas, for transverse tensile and flexural properties, the rise was greater
than 50% corresponding to the untreated fibre composite direction. The findings of this
analysis showed that it was found from the failure surfaces that the fibre matrix enhanced
the association of the failure mode.

The topic of natural fibre reinforced PLA composites was investigated a long time ago.
Research by Alkbir et al. [100] was carried out about natural fibre-reinforced composite
structure fibre characteristics and chassis rigidity parameters. From the findings, materials,
for example, jute, sisal, flax, kenaf and hemp can be used in various industrial applications
due to their outstanding mechanical features, low cost, high strength, eco-friendliness
and biodegradability, ease of processing and strong rigidity of the structure. The total
tensile strength and bending strength characteristics of natural fibre-reinforced polymer
hybrids were strongly focused on the ratio of water uptake. The findings will be of interest
to geometric structures between two things that were found to have a major effect on
the parameters of crashworthiness and basic load transfer of polymer composite tubes
reinforced with natural fibre.

5.2.2. Non-Wood Natural Fibre/PLA Composite
Leaf

The efficacy of natural fibre reinforcements with PLA composite was tested in various
studies. To date, several studies were carried out on strengthening the PLA-based com-
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posites using leaf originated natural fibres including sisal and leaf fibre. From previous
research by Asaithambi et al. [101] on reinforced PLA hybrid composites with banana/sisal
fibre (BSF), the impact of benzoyl peroxide (BP) surface treatment on the mechanical prop-
erties of BSF-reinforced PLA composites was investigated. BSF reinforced PLA hybrid
composites were manufactured using the twin-screw extrusion method followed by injec-
tion moulding. Using the Universal Testing Machine (UTM), tensile strength and flexural
strength were evaluated. The results of the study suggested that a cross-linking approach
is a good alternative to raise the compatibility of the PLA matrix with BSF. In addition, the
production method using extrusion and injection moulding of BSF/PLA composite was
found to have excellent mechanical properties. It was concluded that a prolonged analysis
would help pave the way for an extended scope and prospect for the possible end-use of
BSF reinforced PLA composite applications.

Bajpai et al. [102] studied the tribology of natural fibre-enhanced PLA composites and
found that the incorporation of natural fibre sheets into the PLA matrix had significantly
boosted the properties of neat polymer wear. In order to create a laminated composite
using the hot compression process, natural fibres, for example, nettle, grewia optiva, and
sisal were integrated with the PLA polymer. The operating parameters were set such that
the loads applied were between 10 N and 30 N, the sliding speeds were between 1 m/s
and 3 m/s, and the sliding distances were between 1000 m and 3000 m. The specimens
were examined for friction and wear characteristics of the produced composites under dry
surface conditions. The results of the experiment showed that there were decrements in the
friction coefficient of 10%–44% relative to neat PLA and the real wear rate of composites
produced by more than 70%. This research has established and demonstrated that natural
fibres can be an efficient alternative to tribological material reinforcement implementations.

Bast

To date, several studies have investigated the reinforcement of natural fibre with PLA
composite. In this section, reinforced PLA composite using natural fibres originated from
non-wood basts, for example, kenaf, jute, hemp and flax are reviewed. Graupner et al. [103]
investigated the mechanical characteristics of natural and artificial cellulose fibres rein-
forced with PLA composite. Various types of natural fibre composites, for example, hemp,
cotton, kenaf and man-made cellulose fibres with different characteristics were manu-
factured by compression moulding with a fibre mass of 40% and the use of PLA. Kenaf
and hemp/PLA composites showed promising results in their tensile strength and young
modulus values, while cotton/PLA exhibited strong collision features. Meanwhile, ly-
ocell/PLA composites displayed promising result in all three features. In a nutshell, the
study revealed the distinct characteristics of the composites that are able to be used for
various technical applications, each meeting unique standards.

A few studies have started to investigate the use of non-wood jute derived natural
fibre polymer composite reinforcement with PLA [104,105]. The work of Jiang et al. [104]
on jute/PLA composite hydrothermal ageing and structural damage found by X-ray to-
mography. The study claimed that biodegradable PLA composites reinforced with natural
fibre could replace conventional composites reinforced with synthetic fibre, but they might
experience hygrothermal ageing from the combined effects of heat and moisture. The effect
of 50 ◦C liquid ageing on water absorption, chemical fibre, matrix degradation, and the
tensile properties of the composite jute fibre/PLA were associated with internal structure
modifications of the composite jute fibre/PLA observed on X-ray computed tomography.
The result showed that the hygrothermal ageing caused the jute fibre/PLA composite
to reduce in strength, tensile elastic modulus, ductility, and mechanical properties. In
conclusion, X-ray tomography will determine the effects of hygrothermal degradation of a
composite jute fibre/PLA.

A variety of definitions of the term PLA have been suggested. This paper will use the
definition suggested by Yu et al. [105], who saw it as PLA is a linear aliphatic thermoplastic
polyester manufactured with high stiffness and UV stability from renewable resources. The
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research reported that PLA is produced by two methods; ring-opening polymerisation of
lactide and polycondensation of lactic acid, while the combination PLA/jute fibre material
indicated that total tensile strength was slightly above that of the PLA. Interestingly, the
PLA was observed to have the lowest tensile strength than PLA based composites. The
results of this study revealed that with the incorporation of the fibre, the mechanical
properties of materials dependent on PLA will increase and then decline until the fibre
content is above 30%.

Oksman and Selin [106] discovered that plastics and composites from PLA showed
that in a composite system, where natural fibres are used as reinforcements, PLA may
be used as the matrix. Flax-reinforced PLA composites that can easily be extruded and
compressed were found to be 50% stronger than many other thermoplastic composites
reinforced with flax that are currently used in automotive panels. With the addition of
30% flax fibres, the PLA stiffness was increased from 3.4 GPa to 8.4 GPa. The results
of this research indicated that the possibility of using typical production methods is an
important element in the industrial use of renewable resources. There were no problems
with extrusion and compression moulding in PLA/flax composites in this situation, and
they can be easily processed.

In addition, an informative study by Omar et al. [107] involved the application of
kenaf fibre reinforced composite in the automotive industry. The study reviewed the latest
findings in kenaf fibre reinforced composite. In contrast to synthetic fibres, natural fibre
materials in the automotive sector could possess several benefits, for example, weight
and price reduction, recyclability, renewability and being environmentally friendly. The
results suggested that kenaf fibres have fewer environmental impacts from the processing
of natural fibres compared to the manufacturing of glass fibres, the higher natural fibre
content in the composite replaces the matrix (synthetic polymer), higher fuel efficiency and
lower phase emissions due to weight reduction, and energy and carbon offsets from end-
of-life natural fibre incineration [108]. The research concluded that better kenaf plantation
procedures are also needed to be practised upstream in order to guarantee a consistent
availability of good kenaf fibres and to satisfy the growing demand for kenaf biocomposites.

In an investigation conducted by Zhang et al. [109] on flame retardancy of flax/PLA
biocomposites, it was discovered that the bio-inspired approach to fibre surface modifica-
tion on flax/PLA composites could enhance flame retardancy of the material. Raw flax fibre
was first coated with a thin adhesive polydopamine (PDA) film in an aqueous dopamine
solution followed by iron phosphonate growth on the fibre surface in situ. In order to
prepare a flame retardant biocomposite, the altered flax fibre was added to PLA. The
improved composite showed reductions of 16% and 21% in peak heat release rate and total
smoke generation, respectively, with a limited amount of fibre surface flame retardant. In
summary, this research revealed a novel approach to high-performing reinforced polymer
composite preparation of flame retardant material.

For a comprehensive understanding, detailed research on flame retardancy of flax/PLA
composites was performed by Pornwannachai et al. [110]. Their study on fire-resistant
natural fibre reinforced flame retardant textiles discovered that by treating fabrics with
common flame retardants, composites made from natural thermoplastic blended materials
were often effectively flame retarded before melting. The melting of intermingled flax
thermoplastic fibre was used to prepare thermoplastic composites. Before composite prepa-
ration with different common flame retardants (FRs) for textiles, fabrics were prepared.
UL-94 flame output tests showed that only the organophosphate FR passed the test while
the flax/PLA control and the rest of the flame-retardant composite specimens failed. On
the opposite hand, the entire flame retarded flax/PLA samples reached a V0 rating which
represented improved flame retardant properties of the composites. However, the study
concluded that each fire retardant had also decreased the mechanical properties of the
laminates, although giving the composite laminate high fire-retardant properties.
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Seed/fruit

Previous research on natural fibres was focused on reinforcing natural fibre with PLA
composite. In a study conducted by Jang et al. [111] on the flammability of reinforced
PLA composites with coconut fibre, the mechanical and thermophysical behaviour of
composite treated with plasma therapy was established. The coconut fibre interfacial
adhesion strength was increased by the means of plasma treatment. In most cases, the
coconut fibre/PLA will shrink in size with an increase in fibre weight after surface treatment
using plasma. To be precise, the longitudinal direction of composites has higher shrinkage
than the transverse direction. In this research, it was stated that plasma treatment could
be important in optimizing the mechanical and thermophysical properties of natural fibre
reinforced composites.

Graupner [10] proposed the usage of lignin as a promoter to natural adhesion in
composites of cotton fibre-reinforced PLA. This research examined the method of lignin
reinforcement with biodegradable thermoplastic cotton as a natural adhesion promoter
that influenced the composites’ mechanical properties. Further data collection was required
to determine whether compression moulding affected fibre mass proportions by 40%. The
findings will be of interest to the composites’ fractured surfaces when examined using
electron scanning microscopy (SEM). The findings of the composite studies revealed that
cellulose affected the cotton/PLA composite characteristics. From SEM images, it was
found that by adding lignin, the correlation between fibre and matrix will be strengthened.
It was possible to enhance tensile characteristics by reducing the impact properties.

Grass

In this section, several studies that investigated the reinforcement of grass originated
natural fibre with PLA composite will be discussed, which will include bamboo fibre [112,113],
elephant grass [114], and switch grass. Previous research by Gunti et al. [114] on mechan-
ical and degradation properties for PLA reinforced jute, sisal and elephant grass-based
composites showed that the mechanical properties of elephant grass composite were su-
perior compared to jute and sisal. The composites were synthesized using an injection
moulding method with various percentages of untreated and treated fibres. Furthermore,
the tensile strengths of the PLA composite with treated elephant grass were 18.14% and
24% higher at 20% fibre loading than that of the treated jute/PLA composite and plain
PLA. This research showed that the integration of fibres into the PLA matrix had greatly
increased the strength and strengthened the modulus.

A study by Sukmawan et al. [112] on strength assessment of bamboo fibre-reinforced
cross-ply green composite laminates had revealed the impacts of the fibre material on the
mechanical properties and failure characteristics. Laminate PLA/bamboo fibre cross-ply
composite (0/90) was fabricated by using the hand-layup method before hot pressing using
dispersion type biodegradable PLA. The outcome showed that the PLA/bamboo fibre
composite was like that of conventional glass fibre reinforced laminate plastic and the basic
strength was three times greater than mild steel. The research concluded that PLA/bamboo
fibre laminate cross-ply (0/90) might be a substitute for glass fibre-reinforced composites
with the potential to be used in sandwich structures as a skin material.

A study of bamboo fibre reinforced biocomposites was conducted by Abdul Khalil
et al. [113]. In the last few years, the usage of bamboo fibres as insulation in composite
materials has increased tremendously and has experienced a large development in response
to the increasing need for the production of biodegradable and renewable materials. This
result is somewhat counterintuitive; the rapid development in technology for producing
goods makes it possible for customers to make a suitable choice and to have their own
desirable preferences. This study has extended their quality skills through the use of raw
materials such as bamboo fibre, which is stronger and can be used to produce sustainable
high-end manufacturing products of high quality.
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Straw fibre

Crop straw is a large-scale, low-price and sustainable farm waste. For the reuse of agri-
cultural waste, research into straw fibre composite materials is very important. According
to Elmessiry and Deeb [115], one of the difficulties of modern intensive farming is agricul-
tural waste, which requires novel solutions for useful commercial use. The production of
composites from sustainable raw materials has increased considerably over the last years
as they are environmentally friendly materials. Thus, in recent years, many researchers had
put more focused on straw fibre-reinforced composites including wheat straw [115,116],
rice straw [117,118], corn straw [119], soy straw [120] and abutilon fibre [121].

A heated two roll-mill was used to prepare the poly (lactic acid)/rice straw (RS)
composites by Mat Zubir et al. [117] using different ratios of RS. They investigated the
mechanical performance of prepared PLA/RS composites. The tensile strength and elon-
gation of the composite (Eb) decreases with the rice straw fibre content increasing from
5% to 25% with the Young’s modulus increasing. These improvements also reported
by Nyambo et al. [116]. They had discovered that enhanced tensile strength (20%) and
flexural strength (14%) of the composites had increased considerably in line with that of
the neat polymer compared to the 3 and 5 phr PLA-g-MA addition to composites. Plus,
the strong interfacial adhesion between the fibre and matrix was due to the observed
enhanced strength.

Pradhan et al. [120] had studied the compostability and biodegradation degree of soy
straw/PLA and also wheat straw biocomposites. From their discoveries, it is found that
PLA composites have shown to be clearly compostable materials for untreated soy and
wheat straw. The deterioration of the PLA component is improved due to the existence
of the natural biomass, indicating that modified/treated components can be used in
composites. This discovery raises the chance of adopting a changed or handled biomass in
the composites as any lack of deterioration that might occur due to the biomass alteration
may be leveraged, due to the inclusion of readily degradable biomass components with
the priming or favourable results.

On the other hand, Ding [119] had prepared corn straw fibre/PLA composite via hot
pressing process, and its effect on the mechanical properties and degradation performance
had been studied. The findings show that the mechanical properties of the composites
first increased and then decreased with the rise of fibre content of the cornstalk (tensile
strength and elongation during breakage). At 10%, the elongation ratio of break was 20.3%.
The ratio of breakage is 10%. When the corn stem fibre content was 13%, the composite
tensile strength hit 24.38 MPa. The intensity of corn straw fibre and rate of degradation of
polylactic acid composites increased after 120 days of degradation. At same time, the mass
loss of composites increased and the PLA molecular weight decreased more rapidly with
the rise in corn straw fibre.

Abutilon fibre-reinforced PLA natural composites had been characterized and studied
by Wang et al. [121]. This research uses a melting mix and an extruder to prepare bio-
composites of PLA and abutilon fibres The DSC findings show that the fibres have acted
as a central agent, resulting in an improvement in PLA crystallization. The findings also
show that abutilon fibres have increased the thermal stability of PLA. In addition, higher
storage modulus values due to heavy interfacial adhesion are observed. Thetan delta is also
diminished by fibre material being added to the PLA matrix, which reduces the mobility of
PLA polymer molecules in the presence of fibres. The enhancement of the properties and
energy absorption of such biocomposites indicates that abutilon fibres have a tremendous
potential as a refinement of green composites.

5.2.3. Wood Natural Fibre/PLA Composite

A number of scientists have begun to examine the reinforcement of natural fibre with
PLA composite. A study by Ozyhar et al. [122] on the effect of the functional mineral
additive on the properties of the material and the processability of PLA reinforced wood
fibre (WF) composites had analysed the use of alkenyl succinic anhydride (ASA) combined
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with calcium carbonate to act as the practical mineral supplement for WF reinforced PLA
composites. With additional mineral amounts of 10, 20, and 30 wt.%, respectively, the
effect of the number of minerals on the material properties of 40% fibre reinforcement
PLA composites was investigated. The findings indicated that up to 20 wt.% of PLA can
be substituted with ASA while preserving material properties. The research concluded
that the addition of ASA-treated calcium carbonate had improved fibre adhesion with the
PLA, enabling the composite formulation to substantially reduce the content of PLA while
maintaining the properties of the material.

In a comprehensive study on PLA/natural fibre composites by Zhang et al. [123], the
analysis was conducted as an essential first step towards the use of a mixture of modified
natural fibres such as modified bamboo fibre, coconut fibre, and WF as reinforcing materials
in the PLA matrix. Via the casting process, PLA composites with three sorts of natural
fibres, like bamboo fibres, wood fibres, and coconut fibres were prepared. The results
showed that adding three sorts of natural fibres could both strengthen the mechanical and
thermal properties of composites, which the durability of composites might be further
improved by natural fibres after modification. Additionally, as compared, the composite
of the PLA/coconut fibre had the most excellent lastingness and thermal properties. This
study presented a viable approach for the PLA industry to be introduced. In conclusion,
this study offered a feasible method for the implementation of the PLA industry.

Du et al. [124] discovered that the inclusion of pulp fibres had improved the crystalli-
sation of PLA and its tensile strength. Polymer composites were produced with natural
fibres of PLA and cellulose, incorporating the process of shaping wet-layered fibre sheets
with conventional composite manufacturing methods. The highest fibre amounts for maxi-
mum composite strength were 40% for high yield hardwood pulp fibre and 50% for high
yield softwood and kraft pulp fibre. The highest tensile strength achieved was 121 MPa,
almost double the natural PLA’s tensile strength. The results indicated that the inclusion of
pulp fibres had successfully improved the composite storage modulus, elasticity, and even
enhanced PLA crystallization. However, there were no major changes in the transition
temperature of the composite glass and PLA crystallinity observed.

5.2.4. Natural Mineral Fibre/PLA Biocomposites

One such material of interest currently compared to other natural fibres is natural
mineral fibre, which is already being extensively used due to its cost effective, strong
mechanical, physical as well as its chemical properties and biodegradable. Mineral fi-
bres used as reinforcement material for composites including basalt [125] and asbestos
fibre, via specific treatments. Recent research by Sang et al. [126] on the fabrication of
PLA composites strengthened by short basalt fibre and their feasible assessment for 3D-
printing applications evaluated the performance of KH550-treated composite reinforced
PLA/basalt fibre (KBF) as a possible 3D-printed feedstock. PLA/KBF feedstock filaments
were successfully manufactured and printed using the fused-deposition modelling (FDM)
technique to variable shape and size pieces. The results indicated that PLA/KBF exhibited
similar tensile properties and better flexural properties than PLA/carbon fibre (CF), which
can be attributed to the highly complex PLA/CF viscosity which affected the interlayer
adhesion. PLA/KBF was shown by the latest research as a technologically enhanced and
cheap feedstock for uses in complex design and adjustable scale 3D-printing.

A study by Kurniawan et al. [127] was conducted on the effects of plasma polymeriza-
tion on silane treated basalt fibre in order to evaluate the mechanical and thermal properties
of the basalt fibre reinforced PLA composites. The findings revealed that the composite’s
mechanical properties were enhanced 45% and 18% higher than the untreated properties
respectively. This enhancement also related to the optimized time of 4.5 min irradiating the
basalt fibres.
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5.3. Processing Method Developments of Natural Fibre/PLA Composite

Natural fibre reinforcement with PLA composite has been the subject of a great
deal of previous natural fibre studies. In a study conducted by Khan et al. [128], the
mechanical properties of reinforced PLA composites for woven jute fabrics, an eco-friendly
bio-composite was introduced as an alternative to the non-biodegradable synthetic fibre
composite. The hot press moulding process was used to prepare the PLA reinforced
plain-woven jute fabric (WJF). The average values of tensile strength, tensile modulus,
flexural strength, flexural modulus, and impact strength of raw warp directed woven
jute composite were increased by approximately 103%, 211%, 95.2%, 42.4%, and 85.9%,
respectively, and the strain at maximum tensile stress was increased by 11.7% after the
reinforcement. It was deduced that jute fabric composites based on PLA can be a suitable
synthetic fibre composite alternative even for high load-bearing applications.

The value of natural fibre reinforced polymer composites has been illustrated by
several studies. In an engaging study by Ogin et al. [89] on the components, design, and
generic degradation of composite materials, the fundamental components of composite
materials and the generic defects arising from the manufacturing process and the external
loading of the material were described. Due to resin shrinkage, common process-related
defects include porosity, shrinkage cracking, and fibre matrix debonding were observed.
The curing kinetics, e.g., temperature cycles, gelation mechanisms, and resin shrinkage,
resulted in internal curing and temperature stresses owing to the difference in thermal
expansion coefficients (CTE) between the various basic components, which could lead
to material defects too. This study also emphasised the essential component of material
architecture optimization that was the avoidance of excess material use (weight reduction)
and unnecessary strength, given that structural performance is only required in the parts
and directions of the structure that bear stress.

Many studies have investigated natural fibres systematically reinforced PLA com-
posites. There is a growing body of literature recognized by Bergeret and Benezet [129]
about natural fibre-reinforced bio foams. Previous studies investigated their criteria for
selection on starches and PLA as major bio-based and biodegradable polymers for biofoam
applications. A number of techniques were developed such as blowing agent to melt
extrusion to produce starch foams. The starch foam of natural fibres resulted in a decrease
in density by up to 33% and void content of 48% for cellulose to increase mechanical
properties of fibre-reinforced PLA foams.

Jauhari et al. [130] studied natural fibre reinforced composite laminates. By using
this approach, researchers have been able to investigate natural fibre reinforcement by
assembling the long or short bundles of natural fibres. In polymeric composite terminology,
it created a flat sheet between one to tens layers of fibres. Different methods were proposed
to classify the interlock of the fibres themselves with a binder in mechanical properties.
To understand the conduct of FRPs under axial load, a PLA drop-off laminate was also
modelled and analysed using ANSYS Software. The results of this investigation showed
that the layers were held together to keep these materials together.

A study conducted by Lim et al. [73] on PLA processing technology, which could be
considered as an option for mitigating waste management problem and reducing depen-
dency on synthetic plastic for food packaging. This was attributed to the biodegradability
and eco-friendly properties of PLA-based composite. It was stated that there are various
PLA processing approaches which include methods of injection moulding, extrusion, and
thermoforming fibre spinning. Demand for agricultural feedstock to produce PLA will
also rise as the use of PLA continues to develop. Overall, the existing data highlighted the
importance of the developments of sustainable natural sources in order to address possible
alternative raw materials in the food supply chains.

In one study by Nechwatal et al. [131], the characterisation and use of natural fibre
properties for composites were studied. The reinforcement of natural fibre had led to
increasing composites’ tensile strength and Young’s modulus. Moreover, a new system
for the processing of long fibre reinforced thermoplastic granules using regular plastic
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equipment was also proposed. In order to test a thread-like structure, the single fibre and
fibre bundle tests were created. The fibre bundle test was known for its speed, whereas
the precision of the single fibre test was established. The emphasis of this experiment was
more on precision and hence, the single fibre test was used. A significant alternative to the
current processes, for example, pultrusion or extrusion are the processes that involve long
fibre granules. The new long fibre granules have a helical structure that can permit large
fibre length for the composite.

Many studies have investigated natural fibres reinforced PLA composites in systematic
ways. There is a growing body of literature recognized by Van De Velde and Kiekens [132]
on thermoplastic pultrusion of natural fibre reinforced composites. As a reinforcement
material for composites, natural flax fibre offered good opportunities in terms of mechanical
characteristics and environmental advantage. One method to satisfy continuous demand
for composites is pultrusion. As mentioned in the study, the capacity to become a major new
force in the pultrusion industry was demonstrated by thermoplastic pultrusion and showed
that the growth of thermoplastic pultruded composites reinforced with flax fibre might
respond to the need for constantly reinforced profiles that are environmentally friendly.

Table 2. Reported work on natural fibre reinforced PLA composites.

Polymer Natural Fibre Effect of Reinforcement
Mechanical Strength

Reference
Tensile (MPa) Flexural (MPa) Impact (kJ/m2)

PLA Bamboo fibre

-Increased mechanical
properties

-Bamboo fibre was the most
effective in increasing

tensile strength

54 - - [133]

PLA Wood fibre
-Improved the fibre

adhesion with the PLA,
73.8 - 21.5 [122]

PLA
Hard wood

high yield pulp

-The incorporation of pulp
fibres significantly

increased the composite
storage moduli and

elasticity

90 - - [124]

PLA
Soft wood high

yield pulp

-The incorporation of pulp
fibres significantly

increased the composite
storage moduli and

elasticity

110 - - [124]

PLA Kraft

-Suggesting the fibre–fibre
bond also positively
contributed to the

composites’ strengths

121 - - [124]

PLA Wood fibre
-Improved mechanical and

thermal properties of
composites

23.0 - - [123]

PLA Vetiver fibre

-Increased mechanical
properties

-Bamboo fibre was the most
effective in increasing

tensile strength

48 - - [133]
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Table 2. Cont.

Polymer Natural Fibre Effect of Reinforcement
Mechanical Strength

Reference
Tensile (MPa) Flexural (MPa) Impact (kJ/m2)

PLA Coconut fibre

-Increased mechanical
properties

-Bamboo fibre was the most
effective in increasing

tensile strength

50 - - [133]

PLA Kenaf fibre

-Comparable mechanical
and physical properties to

glass-fibre composite
-Safe for environment

- - - [107]

PLA Jute fibre

-Elephant grass fibre had
higher tensile strength and

flexural strength than
treated Jute/PLA composite

and plain PLA
-Untreated composite with

elephant grass, jute, and
sisal fibre had higher

impact strength than plain
PLA

65 112 5.3 [114]

PLA Sisal fibre

-Elephant grass fibre had
higher tensile strength and

flexural strength than
treated Jute/PLA composite

and plain PLA
-Untreated composite with

elephant grass, jute, and
sisal fibre had higher

impact strength than plain
PLA

62 110 5.3 [114]

PLA Elephant grass

-Elephant grass fibre had
higher tensile strength and

flexural strength than
treated Jute/PLA composite

and plain PLA
-Untreated composite with

elephant grass, jute, and
sisal fibre had higher

impact strength than plain
PLA

55 86 3.0 [114]

PLA Flax fibre

-Showed high Limiting
Oxygen Index (LOI) of

26.1%
-Achieved V-2 rating

59.1 - - [109]

PLA Wheat straw
-Excellent tensile

mechanical properties
62 98 27 [116]

PLA Rice straw fibre
-Increased the shear
modulus and impact

strength
50 - - [117]

PLA
Corn straw

fibre

-Shorter curing time and
enhanced mechanical

properties.
24.38 - - [119]

PLA Abutilon fibre
-Increased the shear
modulus and impact

strength
53 - 1.7 [121]
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Table 2. Cont.

Polymer Natural Fibre Effect of Reinforcement
Mechanical Strength

Reference
Tensile (MPa) Flexural (MPa) Impact (kJ/m2)

PLA
Woven jute

fibre
-Increased mechanical

properties
81 82 16.4 [128]

PLA Hemp fibre
-Improved mechanical

properties
54.6 112.7 - [134]

PLA Jute fibre
-Water absorption during

ageing caused fibre/matrix
bonding failure

60 - - [104]

PLA Jute fibre
-Increased the shear
modulus and impact

strength
52 100 9 [105]

PLA Ramie fibre
-Shorter curing time and

enhanced mechanical
properties.

48 105 10 [105]

PLA Flax fibre
-Optimised mechanical

properties of composites for
automotive applications

53 - 12 [18]

PLA Ramie fibre
-The composites had better
mechanical properties than

pure PLA
72 - 11 [135]

PLA Hemp fibre
-Improved tensile, impact,

and flexural properties
45 60 9.7 [136]

PLA
Hemp-lyocell

fibre
-Improved tensile, impact,

and flexural properties
60 102 21.7 [136]

PLA Lyocell fibre
-Improved tensile, impact,

and flexural properties
80 121 26 [136]

PLA Flax fibre

-Flame retardant flax/PLA
samples achieved V0 rating
-All flame retardant reduced

the mechanical properties

80 40 - [110]

PLA Basalt fibre

-PLA/KBF exhibited
comparable tensile

properties and superior
flexural properties

79.5 128 5.6 [126]

PLA
Grewia optiva

fibre

-Tensile strength of the
composite increased by 75%

of the neat polymer
-Microwave joining was

better than adhesive
bonding

- - - [137]

PLA Palm fibre
-Increased mechanical

strength
35 - - [138]

PLA Kenaf fibre
-Increased mechanical

strength
27 - - [138]

PLA
Manicaria

Saccifera palm
fibre

-Tensile strength, elastic
modulus, and impact

resistance were improved
by 26%, 51% and 56%,

respectively

68.45 133.12 26.62 [139]

PLA
Cordenka

rayon fibres
–Mechanical properties

improved
58 - 72 [140]

PLA Kenaf fibre
-Very high tensile strength

and Young’s modulus
values

52.9 - 9 [103]
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Table 2. Cont.

Polymer Natural Fibre Effect of Reinforcement
Mechanical Strength

Reference
Tensile (MPa) Flexural (MPa) Impact (kJ/m2)

PLA Jute fibres

-Increased tensile stiffness
and strength significantly

-Different improvements of
the mechanical parameters

81.9 - 3 [141]

PLA
Keratin-based

fibre

-Green and safe
environment

-Joints and bone fixtures to
alleviate pain for patients

- - - [142]

PLA Flax fibre

-Mechanical properties
improved

-Tensile properties were in
the same range

253.7 - - [143]

PLA Flax fibre

-Tensile properties
improved

-Tensile strength and
modulus of flax fibre/PLLA

composite close to glass
fibres

100 - - [144]

PLA
Ramie, flax and

cotton fibres

-Difference intrinsic
viscosity and melt flow

index
- - - [145]

PLA Kenaf fibre
-Excellent tensile

mechanical properties
52.88 - 8.97 [10]

PLA Kenaf fibres

-Perfectly improved
features of the polymers

-Suitable for construction
materials application

- - - [146]

PLA Hemp fibres

-Increased PLA
transcrystallinity

-Improved chemical
bonding

- - - [147]

PLA Plant fibres
-Susceptibility to chemical

degradation
- - - [148]

PLA
Woven flax and

jute fabrics

-Flax fibre resulted in
composites with better

mechanical strength than
the woven jute fibre

composites

- - - [149]

PLA Abaca fibre

-No weight loss observed
for neat PLA and

PLA/AA-abaca composite,
meanwhile the

PLA/untreated abaca
composite showed ca. 10%

weight loss

- - - [150]

PLA
Banana/sisal

fibre
-Mechanical properties

were enhanced
80 125 48 [101]

PLA Lyocell fibre

-Very high tensile strength
and Young’s modulus

values
-Good impact characteristics

81.8 - 39.7 [103]

PLA Abaca fibres

-Increased tensile stiffness
and strength significantly

-Different improvements of
the mechanical parameters

74 - 5 [141]
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Table 2. Cont.

Polymer Natural Fibre Effect of Reinforcement
Mechanical Strength

Reference
Tensile (MPa) Flexural (MPa) Impact (kJ/m2)

PLA
Coir, sisal and

jutes fibres

-Can be used to replace
petroleum-based polymer

-High specific strength
16.17 29.26 46.17 [151]

PLA Coconut fibre
-Improved mechanical and

thermal properties of
composites

23.5 - - [123]

PLA Bamboo fibre
-Improved mechanical and

thermal properties of
composites

22.5 - - [123]

PLA Bamboo fibre

-Tensile strength was
comparable with ordinary

glass fibre-reinforced
plastics laminate

-Three times higher specific
strength than mild steel

210 - - [112]

PLA Coconut fibre
-Excellent tensile

mechanical properties
65 - - [111]

PLA Bamboo fibre

-Thermal conductivity of
the natural composite was

lower than that of synthetic
composites

- - - [152]

PLA Cotton fibre

-Very high tensile strength
and Young’s modulus

values
-Good impact characteristics

41.2 - 28.7 [103]

PLA Cotton fibre
-Increased stiffness, tensile

strength, elongation at
break, and impact strength

41.20 - 28.71 [10]

PLA

Bamboo fibre,
vetiver grass

fibre and
coconut fibre

-Impact of strength
decreased

- - 1.8 [153]

6. 3D and 4D Printings of PLA Biocomposite

Polylactic acid, a thermoplastic aliphatic polyester is the main nature-based raw
material for 3D printing. It is a wholly biodegradable thermoplastic polymer synthesised
from renewable raw materials [8,154]. Among the entire 3D printing materials, PLA is one
of the most common feedstocks used for additive manufacturing. Ease of processing is a
key advantage of PLA, being one of the easiest materials to print, despite tend to slightly
shrink after the 3D printing process [155]. The main advantage of PLA compared to
acrylonitrile butadiene styrene (ABS) material is it does not need a heated platform during
printing, hence PLA can be printed at low temperatures between 190–230 ◦C [156]. PLA
also does not require complex post-processing since it can be treated with acetone or sanded
when necessary and the supports are usually very easily removable. Many manufacturers
fabricated PLA filament to be used with 3D and 4D printing such as Prusament, Amolen,
Polymaker PolyMax, Proto Pasta, MatterHackers, Fillamentum, Colorfabb, Sunlu, and
Paramount 3D. One of the most prominent PLA filament manufacturers is an Austrian
company WeforYou. In other side, the German company named Evonik focuses on PLA
development for medical sector. Whereas the American company NaturaWorks is another
large producer of biopolymers, and the company Corbion, based in the Netherlands,
centralises the development of high-performance resins with PLA.

Since the material is suitable for interaction with foods, this material is used as a
replacement for petroleum-based plastics for packaging application, especially in the food
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industry [157]. PLA can be utilized in 3D printing using the FDM (fused deposition
modelling) technology, which manufactures parts through the extrusion of thermoplastic
filaments, and PLA is one of the commonly used materials for this technology.

Composites are exceptionally advantageous in manufacturing lightweight with strong
mechanical properties parts. The fibres function to contribute mechanical strength to parts
without compromising weight, which is the primary factor of recognising composites as
fibre reinforced materials [21,158]. There are two classes of reinforcements, short fibre
(Figure 6) or continuous fibre (Figure 7). In short fibre case, chopped fibres consisting
segments of less than a millimetre in length were mixed with thermoplastics such as
PLA, ABS, or nylon into 3D printing plastics to raise the stiffness and to a lesser extent
the strength of components. On the other hand, continuous addition of the fibres to the
thermoplastics could be performed to produce stronger parts. Commonly, the most utilised
fibre in 3D printing is carbon fibre along with glass, Kevlar or natural fibres. Figure 8 shows
poplar as biofibre reinforcement in composites for large-scale 3D printing. Besides that,
there are various hybrid materials that combine plastics with powders to give new colour,
finish, or extra material properties. Usually for PLA, these materials are typically fabricated
from 70% PLA biopolymer and another 30% hybrid natural material. For instance, wood-
based filaments such as poplar, and non-wood filaments such as bamboo, jute, cork, wood
dust kenaf, and so forth are combined with PLA to provide a more organic texture to
the hybrid filament which in line with Sustainable Development Goals (SDGs) that are
to (I) encourage inclusive and sustainable industrialisation and foster innovation, and (II)
safeguard sustainable consumption and production patterns.

 

Figure 6. Short natural fibre reinforced PLA. (a) Effect of layer height on wood, 0.3, 0.2, and 0.1 mm [126]. Higher porosity
content was observed with higher layer height. (b) Scanning electron micrograph of printed wood/PLA biocomposites
with raw filament cross-section. Adapted from Le Duigou et al. [159] and Ayrilmis et al. [160] with copyright permission
of Elsevier.
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Figure 7. Continuous natural fibre (a) Fractured continuous unidirectional jute fibres/PLA sample printed with in-nozzle
reinforced with various fibre debonding. (b) Fractured continuous unidirectional flax fibre/PLA sample printed with
pre-impregnated filaments with a transverse crack followed by propagation along the tensile axis. (c) SEM micrograph of a
cross-section of Flax/PLA composite microstructure. Adapted with copyright permission from Le Duigou et al. [143] and
Matsuzaki et al. [161].

 

–

–

mechanisms. Lilium ‘Casa Blanca’ or lily flower model was used in this experiment. The 

Figure 8. Large scale printing process with poplar/PLA composites. Adapted from Zhao X, Tekinalp H, Meng X, Ker D,
Benson B, Pu Y, et al. [162]. ACS Appl Bio Mater 2019. Copyright (2019) American Chemical Society.

Four dimensional printing is a relatively recent trend to develop 3D printed structures
that can change their shape or properties over time [163–165]. The difference is that 4D
printed objects can transform themselves over time, while 3D printed objects maintain fixed
shape like any plastic or metal parts. The fourth dimension of 4D is the transformation
over time, where 4D printing technology offers an output of smart structures by using new
manufacturing techniques of 3D printing, advanced materials, and customized design. 4D
printed objects need a stimulus to begin the deformation phase; the trigger can be an expo-
sure to water, heat, light, or magnetic field [166–169]. Four dimensional printing technology
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is a combination of 3D printing, smart materials, and customized design for object transfor-
mation. The self-transformation of the structure is also called self-assembly as the structure
can be designed to assemble itself. The concept of 4D printing is a smart structure that
consists of rigid materials connected with expandable elements, or it can also be a whole
structure made from expandable materials depending on what materials properties are
needed and what are the applications [170,171]. The expandable elements can change their
shape when exposed to certain stimuli, and this causes the hard parts to move or rotate,
resulting in the whole structure transformation. The expandable element of smart materials
can be hydrogel and elements with shape memory. A hydrogel is a polymeric material
that is capable of absorbing a large amount of water [172,173]. It can be programmed to ex-
pand or shrink when there are changes in the external environmental conditions [163,174].
Hydrogels are biocompatible and easy to be modified. Elements with shape memory can
be considered as smart materials due to their capability to return to their original shape
from a deformed shape when stimuli are applied. Figure 9 shows the moisture-induced
deployable structure based on curved-line folding inspired by Aldrovanda [175]. Hy-
gromorph biocomposite (HBC) actuators made use of the transport properties of plant
fibres to generate an out-of-plane displacement when a moisture gradient was present.
Le Duigou et al. [175] developed a theoretical actuating response (curvature) formulation
of maleic anhydride polypropylene (MAPP)/plant fibres (i.e., flax, jute, kenaf, and coir)
based on bimetallic actuators theory (Figure 9). The result showed that the actuation was
directly related to the fibres biochemical composition and microstructure, in which flax
and jute fibres were observed and found to be the best candidates to be used in HBCs.
Thus, PLA biopolymer might have huge potential to be used for hygromorph biocomposite
(HBC) actuators. Simon Poppinga et al. [176] researched plant movements as concept
generators for the development of biomimetic compliant mechanisms. Lilium ‘Casa Blanca’
or lily flower model was used in this experiment. The structure of the hygroscopic made
up of wood-based hygromorph composite was translated into a 4D printed mechanism or
printed under warm and dry conditions at a temperature of 21 ◦C and relative humidity
of 18%. The composite then underwent deformation when submerged in water at the
temperature of 19 ◦C. The submerged composite resulted to edge growth-driven actuation
as identified from the petals of the lily flower (Figure 10). Their novel biomimetic compliant
mechanisms highlighted the feasibility of modern printing techniques for designing and
developing versatile tailored motion responses for technical applications. Alief et al. [177]
conducted experiment on modelling the shape memory properties of 4D printed polylactic
acid (PLA) for application of disk spacer in minimally invasive spinal fusion. Figure 11
shows the deformation of PLA model. They observed that specific PLA structure possessed
thermal shape memory behaviour that can be thermo-mechanically trained into temporary
shape and returned to its permanent shape when heated. Besides that, based on the simula-
tion result, non-uniformed hollow spaces pattern displayed favourable result that could be
a reference for future research in order to design the suitable pattern for the 4D PLA model.
The possible advanced applications of 4D printing are medical devices for stents placed
into blood vessels, drug capsules that release medicine, home appliances for control and
that adjust according to humidity and heat, footwear and clothes, implants for humans
and animals made from biocompatible materials, soft robots that can be activated without
reliance on an electric device, smart valves and sensors for infrastructure lines [178–183].
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Figure 9. Moisture-induced deployable structure based on curved-line folding inspired by Aldrovanda, adapted from Le
Duigou [175] with copyright permission of Elsevier.

–

 

‘ ’Figure 10. Edge growth causing a strain gradient in the Lilium ‘Casa Blanca’ drives the flower opening mechanism, a
principle that is translated into a 4D printed mechanism with a wood-based hygromorph composite edge. Adapted from
Poppinga et al. [176] with copyright permission of Oxford University Press.

 

forced plastics, and the specific strength was 3 times higher than mild steel’s 

Figure 11. (a) PLA model deformation after 3 s. Uniformed vertical hollow spaces in 1 mm width. (b) Side by side
comparison before and after adding stimulus. Left: a PLA model before adding stimulus and right: after adding the
stimulus. Adapted from Alief et al. [177] with copyright permission of AIP Conference Proceedings.
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7. Potential Applications of Natural Fibre Reinforced PLA Composite

Natural fibre reinforced PLA composite has a lot of potential usages. Possessing
high mechanical strength similar to conventional glass fibre, it is seen as a potential sub-
stitution of glass fibre. Glass fibres are hard to biodegrade and is detrimental to the
environment. Natural fibre reinforced PLA composite has high biodegradability and recy-
clability which is environmentally friendly. Among possible alternatives to the traditional
fibres and synthetic polymers are PLA and natural fibres due to their renewability and
ease of recycling [94]. As they have almost similar mechanical and physical properties,
kenaf biocomposites have a promising ability to replace petrol-based composites such as
glass-fibre composites [107] and used as packaging material. An increasing number of
automotive parts and packaging materials using natural fibre composites is observed in
India [184]. Thus, natural fibre reinforced PLA composite can even replace the conventional
petroleum-based products with well-known environmental impacts.

Furthermore, due to the excellent mechanical strength of natural fibre reinforced
PLA composites, they are favoured to be used in the automotive sector. A study re-
ported that natural fibre reinforced PLA had comparable mechanical strength to glass
fibre. The strength of the composites was comparable to that of normal laminated glass
fibre-reinforced plastics, and the specific strength was 3 times higher than mild steel’s [112].
Jute fibre composite was found to have a higher damping behaviour, so jute fibre compos-
ites can be practical options as automotive parts since they possessed low vibration and
noise [185]. Due to its relatively cheap cost, good properties, environmental friendliness
and ease of manufacturing, natural fibre reinforced PLA composite can be applied in a
wide range of applications, including the aerospace and automotive industries [100]. In the
automotive industry, coconut fibre is used to make furniture in cars, while cotton is used
for noise cancellation. Sometimes, wood fibre is also used as furniture and accessory in
vehicles while flax, sisal, and hemp are applied in the refining of seatback linings and floor
panels [96].

Besides the automotive industry, the construction sector also offers broad potential
usages of natural fibre composite. The evaluation of building materials based on renewable
resources such as natural fibres and their reinforcement in cement-based materials are
being researched [98]. Structural beams and panels using bio-based composite materials
were developed, manufactured and tested, particularly on plant oil-based resins along
with natural fibre composite and composite building materials made from straw bales in
the United States [184].

Natural fibre reinforced PLA composite has huge potential usage in the industry
but its flammability might be a main concern. The flame retardant test on natural fibre
reinforced PLA exhibited promising results and thus, this problem should not be worrying.
The altered flax fibre reinforced PLA had a Limiting Oxygen Index (LOI) value of 26.1 with
a UL-94 V-2 rating and the release of flammable gaseous during thermal decomposition of
the PLA composite was suppressed after the addition of flame retardant, which enabled the
modified composite to display high resistance to minor flammable sources of ignition [109].
The water absorption rate for all composites was observed to increase gently over the first
24 h before levelling off, and the rate of water absorption was increased in all composites as
the fibre content was increased. The absorption rate was found to decrease with successive
alkali treatment of the fibres [186].

8. Conclusions

The goal of this study is to investigate the potential of polylactic acid (PLA) com-
posite reinforced with natural fibres to enhance the quality of the produced composite.
The studies have proven that coconut and kenaf fibres exhibited fewer environmental
effects from the processing of natural fibres, whereas elephant grass fibre reinforced PLA
composite was stronger than the composites of jute and sisal. Essentially, the findings
of the PLA matrix showed significant improvement in the smooth properties of polymer
wear. Natural fibre reinforced PLA composites demonstrated their possibility to provide
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a possible backup to natural fabrics and polymers that are impossible and expensive to
reuse. Numerous approaches have been employed to study the composites of natural
fibre reinforced PLA, including flexural testing experiment, single-fibre test, fibre-bundle
test, chemical treatments and plasma treatment. For example, tensile and flexural testing
experiments on composites were created by strengthening a matrix of polyester resin
lower than a new natural fibre. In the extrusion and compression moulding processes,
PLA/flax composites did not demonstrate any difficulties and can be processed similarly
to PP-based composites. In particular, for the mechanical properties of a composite, the
quality of the fibre and matrix relationship is crucial. Fibre/matrix adhesion is a dynamic
mechanism that deals with several variables. Generally, PLA natural fibre composites
have durable mechanical properties. The beginning of 3D and 4D printings represents a
great chance for PLA biocomposites to progress for the first time on the same time scale
as their synthetic counterparts. Natural fibre reinforced PLA biocomposites have huge
potential to be a new class of smart materials, namely hygromorph biocomposites, in which
they are utilisable as raw materials in 4D printing to develop specialized shape-changing
mechanisms and structures.
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Abstract: Antimicrobial materials produced by 3D Printing technology are very beneficial, especially
for biomedical applications. Antimicrobial surfaces specifically with enhanced antibacterial property
have been prepared using several quaternary salt-based agents, such as quaternary ammonium salts
and metallic nanoparticles (NPs), such as copper and zinc, which are incorporated into a polymeric
matrix mainly through copolymerization grafting and ionic exchange. This review compared different
materials for their effectiveness in providing antimicrobial properties on surfaces. This study will
help researchers choose the most suitable method of developing antimicrobial surfaces with the
highest efficiency, which can be applied to develop products compatible with 3D Printing Technology.

Keywords: antimicrobial; antibacterial; 3D printing; fused filament fabrication; composite material

1. Introduction

3D Printing, also known as fused filament fabrication (FFF), continues to open new
routes to the production of high-performance and complex structures with enhanced prop-
erties and dynamic shapes that are unattainable via conventional fabrication methods.
Developing new material for different applications of the 3D Printing technology [1] usu-
ally involves many challenges, such as the mechanical properties [2] as well as the failure
mechanism [3–5]. The FFF technology opened new horizons for a wide range of applica-
tions [1,2] but limitations still face this fast-moving sector [6–8]. Although the 3D Printing
technology contributes to the increasing levels of wasted material of polymeric base [9,10],
on the contrary, there are unlimited benefits that are continuously increasing day by day.
Owing to its innovation-driven approach, 3D Printing has been expanding to several fields,
such as analytical chemistry for chromatography [3] and fluorescence techniques [4], optic
fibers for increased optical and mechanical performance [5,6], membrane technology for
increased adsorption of chemicals [7], space technology to develop tools on-site [8], and
medicine for the development of implants and medical devices [3,5,7,9–13].

The ease of modeling and experimentation helps with progressive growth and expan-
sion of knowledge in these fields, which can be of significant value to clinical areas. 3D
Printing has been extensively employed in the biomedical field, especially in biomodelling,
for the fabrication of scaffolds and implants, such as for dental restorations and tissue
engineering, bone and fracture healing [1,14] and even for drug delivery because it is highly
flexible and faster than current methods such as machining [15,16]. Moreover, the positive
effects on the mechanical and biological properties of designed microporous scaffolds man-
ufactured by commercial 3D Printing technology promote the use of 3D printed scaffolds
as viable candidates for further research for clinical applications [16,17]. 3D Printing is also
a highly cost-effective approach, cutting costs and improving economic efficiency.
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Several techniques that have been commonly applied worldwide for 3D Printing
include FFF, selective laser sintering (SLS), digital light processing (DLP), and stereolithog-
raphy (SLA) [13,18–20]. Of these, FFF has been extensively used to develop medical devices.
In FFF, the feedstock to the 3D printer is a simple filament made from a thermoplastic
material that is heated to soften and extrude through a printer head or nozzle, which builds
layers driven in an X–Y orientation. FFF has been reported to be an excellent technique
to fabricate small mechanical parts, providing sufficient precision, which allows rapid
modifications to be made during the process itself. A simple FFF schematic is shown in
Figure 1 [18].

Figure 1. Schematic representation of FFF.

With the use of 3D Printing increasing in biomedical applications, the surface proper-
ties of the developed 3D printed material are essential because this material will be in direct
contact with the human body. Common microorganisms that are highly associated with
infections include Staphylococcus spp. strains, such as Staphylococcus epidermidis [21],
and Gram-negative Enterobacteriaceae strains, such as Escherichia coli (E. coli) [22]. The
adhesion of bacteria to the surface is facilitated by several factors, such as hydrophobicity
and surface tension, which is followed by accumulation resulting in a biofilm [23]; however,
it may not always be harmful [24]. Thus, having an active antibacterial surface on the
3D-printed material is of vital necessity to prevent any microorganisms from developing
on human tissues and infecting the human body. Even though conventional approaches
involve the release of metal ions, such as fluoride, silver, or zinc, to prevent and fight
bacterial infections, this method still results in decreased mechanical properties, causing
toxicity to surround tissues. Additionally, the fabrication of antimicrobial materials is
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preferred for coating the surfaces of materials, even though this adds an additional process,
costing time and money in any clinical field [25].

Polymer composite materials have gained the attention of researchers worldwide
in a variety of fields, from printing and packing applications to several other applica-
tions [17,26–28]. Due to filler addition, significantly enhanced properties, such as mechani-
cal and thermal properties and conductivity, are attained; thus, increasingly, applications
prefer the use of polymer composite materials instead of pure polymers. One of the most
promising techniques that has been used is the addition of metallic particles as fillers to
provide enhanced antimicrobial and antiviral properties to the commonly developed poly-
mer composite materials being used in several applications. Currently, viral transmission
through either touch or contaminated liquids, such as blood, poses a massive threat to pop-
ulations worldwide. The issue of the inactivation of viruses in media requires an upfront
solution, and the development of novel means to inactivate viruses is highly desirable. One
of the most novel developed strategies is to incorporate copper nanoparticles (NPs) into the
matrix. Copper has potent virucidal properties, and copper’s neutralization of infectious
bronchitis virus, poliovirus, human immunodeficiency virus type 1 (HIV-1), and other
enveloped or nonenveloped single- or double-stranded DNA or RNA viruses has been
well reported [29]. The ability of free copper ions in copper NPs to break the membranes
of microorganisms alters their DNA, thus eliminating them, which confirms their great
potential for keeping material surfaces free of pathogens. Based on the broad-spectrum
antiviral effectiveness of copper, the incorporation of copper NPs in any intended hybrid
composite material could inherently add significant value to the final product, especially
with regard to the COVID-19 pandemic situation [30].

Another metal that has caught the attention of researchers worldwide is silica. Due
to its high chemical and thermal stability and excellent antimicrobial properties, silica
has been used in several applications to provide enhanced features to composites. For
instance, for the treatment of bacteria, silver NPs are widely used in several industries.
The main challenges in the use of silver NPs is to provide an antimicrobial specifically for
antibacterial surface suitable for a wide range of substrates with mechanical and thermal
resistance with prolonged antibacterial properties and that is suitable for wide temperature
ranges. Moreover, the agglomeration of silver NPs has always remained a challenge
because it decreases their antiviral effects. A study reported excellent antiviral capabilities
for a hybrid material against two model viruses for different water conditions. silver NPs
incorporated with SiO2 showed minimized agglomeration and minimal particle release in
water environments [31].

Another study reported the production of a series of mesoporous silica nanoparticles
(MSNPs) using room-temperature ionic liquids (RTILs) to study the mass-transport prop-
erties by investigating the controlled release profiles of these materials and utilizing the
RTIL templates as antibacterial agents. The study showed that the antibacterial activity
was dependent on the rate of diffusional release of the pore-encapsulated RTIL, which was
in turn governed by the particle and pore morphology of the MSN materials, thus showing
the good potential for silica-based mesoporous materials to be used in several applications
that require controlled release delivery [32]. The literature also supports the idea of the
production of antibacterial silver nanocluster–silica composite coatings by radiofrequency
co-sputtering techniques, which can result in peculiar antibacterial properties [33]. Addi-
tionally, another method by which silica is gaining popularity is allowing monomers to be
attached to its surface, providing enhanced properties. For instance, silica particles were
used to treat water, and the results supported excellent biocidal efficacy against bacteria,
thus showing their good potential to combat microorganisms in water [34,35]. Thus, the
use of silica-based composite materials with added antimicrobial and antiviral properties
enhanced with copper NPs can open pathways for its significant use in fields that require
high-purity surfaces, such as medicine, food packing, and space industries [2,10,23].

Additionally, polysaccharides are now also considered to develop material for an-
timicrobial materials. Bacteria is a large reservoir for the development of polysaccharides.
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These materials have exhibited antibacterial property by formulating films which have
shown broad anti-bacterial activity [36]. Since these bacterial polysaccharides can follow
an ordered structure, it is seen as an excellent bioprinting material to provide antibacterial
effect. Commonly used bionics are alginate, bacterial cellulose and hyaluronic acids [37].

Antimicrobial mechanisms in 3D printed material simply by exploiting the antimi-
crobial property of the incorporated NPs. NPs are usually synthesized following up
physio-chemical processes such as using solvents and through reactions such as reduction
and oxidation. However, a lot of green/bio NPs are also considered to reduce the adverse
effects of toxic solvents and harmful by-products produced [38].

Furthermore, to fully understand the mechanism of how metal ions produce this
antimicrobial effect for instance against bacteria, a simple representation of how these
metallic particles at a micro or nanoscale are illustrated in Figure 2 for a polymer/composite
material. Initially, the adsorption of bacteria on the surface of the polymer triggers the
diffusion of water through the matrix. Next, the water, along with dissolved oxygen,
reaches the surface of the metal particles, which allows the dissolution process. This leads
to the formation of metal ions. Consequently, the metal ions deposit on the surface of
the composite and damage the membrane of the bacteria, which results in the metal ions
diffusing into the bacteria. The same can be applied for any polymer/metal material with
a biocide agent that is embedded in the matrix [39].

 

β β

Figure 2. Mechanism of the antibacterial behavior of polymer composites with metal ions [39].
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Since metallic ions have been extensively used to provide antipathogenic effects, the
combination of 3D Printing alongside metallic particles can result in successful devel-
opments of antimicrobial materials, tools, and surfaces [40]. Li et al. [19] successfully
prepared an antimicrobial photosensitive resin using the DLP technique with active bac-
terial resistance. Yue et al. [41] also successfully developed an antimicrobial composite
FFF that was positively grafted with metal ions capable of killing any bacteria contacting
the surface using SLA. Another study conducted by Muwaffak et al. [42] used hot-melt
extrusion to integrate metal ions into a polymer-based filament, which was then used to
3D print a wound dressing. Gutierrez et al. [15] followed a more natural approach by
developing antimicrobial alginate hydrogels that were used to 3D print. Ben et al. [29]
used surface-modified β-tri-calcium phosphate (β-TCP) granules for 3D Printing for bone
tissue engineering. In another study conducted by Huang et al., polymer/ceramic blends
prepared with the FFF technique to develop bone scaffolds were characterized [43].

In particular, the use of antimicrobial composite material along with FFF specifically
for bio-applications has been widely studied [44,45]. For instance, biodegradable poly-
mers such polylactic acid- (PLA) based polymers are often used to develop filament that
possess antibacterial properties using FFF as discussed by Bronstein et al. [46]. More-
over, the antibacterial property is added with the help of processing techniques such as
co-extrusion with particles for instance using chitosan as studied by Mania et al. [18] or
using metallic nanoparticles as done by Rezić et al. [47]. Biomedical applications such as
dental resins as studied by Bayarsaikhan et al. [48] and drug delivery as highlighted by
Shaqour et al. [49,50] highly promote a practical approach of using 3D Printing along with
compatible antibacterial material. Bartolomé et al. [51] and Navaruckiene et al. [52] both
emphasize the use of FFF as a promising approach for bio fabrication of antibacterial mate-
rial and suggest that using metallic particles alongside biodegradable polymers show great
compatibility to the human body and is expected to be considered as the more superior
and dynamic approach of development in the field in the upcoming years.

Thus, several metal ions have been incorporated to prepare antibacterial materials
compatible with 3D Printing technology, which can serve as a cost-effective approach,
especially in the field of biomedicine, which requires high purity and highly anti-pathogen
surface materials. 3D Printing can offer a higher precision compared to conventional
methods that can cater to more customizable solutions that are increasingly being desired.
This article provides a comprehensive review of the development of new antibacterial
material and their use in 3D Printing technology. The potential application of using metallic
fillers as antibacterial materials in 3D Printing technology in several other fields will also
be highlighted.

2. Techniques and Effectiveness of Developed Antibacterial 3D-Printed Materials

To obtain a clear understanding of whether antibacterial materials are providing good
effectiveness against bacteria development on surfaces, selected recent studies (2015–2020)
on developing antibacterial materials for 3D Printing were compared. Standard laboratory
procedures for ISO 22,196 were followed to test the antibacterial properties in all stud-
ies. The tests were mainly conducted against methicillin-resistant Staphylococcus aureus
(S. aureus), standard Staphylococcus aureus (S. aureus), and Escherichia coli (E. coli) because
these are familiar strains known to cause infections at homes and hospitals.

One of the biggest challenges of medical implants is the ability to consistently inhibit
bacterial adhesion and infection. Alternate materials to antibiotics are now being explored,
particularly carbon-derived materials, such as graphene-based materials (GBMs), and they
have started to receive increased attention owing to their potential antibacterial properties.
Melo et al. [53] incorporated graphene oxide (GO) to develop a polycaprolactone (PCL)
fibrous-based scaffold because smaller oxidized versions of GBM’s have been reported
to have a higher biocompatibility with cells. GO was dispersed in PCL using suitable
solvents. After attaining optimum concentrations, these formulations were extruded
through a needle for scaffold plotting. The time-dependent bacterial effect was studied,
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and a significant increase in the bacterial death rate from <20% in neat PCL up to 80%
in the GO/PCL composite material was observed. The results also revealed that the
composite material allowed human cell activity to show fibroblast adhesion, spreading,
and colonization. The results showed the potential of GO concerning its antibacterial
properties in scaffolds that could be used in medical implants and devices.

Photosensitive resins with antibacterial properties are vital, especially for biomedical
applications. Studies have reported that methyl acrylates are widely used in DLP 3D
Printing because they cure fast and result in a rich variety of products. Moreover, thiol-ene-
based systems can accelerate the printing speed and use a lower amount of photoinitiator,
resulting in reduced costs and lower yellowing of the resin. They are also employed
in DLP 3D Printing techniques that require increased resolution and higher accuracy.
In a study conducted by Li et al. [19], a ternary, thiol-ene-acrylate, which has a high
photopolymerization rate, was selected as the 3D Printing matrix material owing to its
reduced shrinkage property, which can result in increased 3D Printing accuracy. The
study incorporated two quaternary ammonium salt-based antibacterial agents, QAC and
SH-QAC (ammonium salt with added thiol group), which were prepared via dissolution
in solvents, to provide the desired antibacterial effect. The QAC group was added to
the matrix via in situ copolymerization, and SH-QAC was added to further increase the
compatibility between the matrix and the QAC group. It have been reported that a 100%
antibacterial rate was achieved with 4 wt% QAC and 10 wt% SH-QAC. However, the
antibacterial effect of the QAC was superior to that of SH-QAC with the same amount.
This could be because SH-QAC has long chain segments and the antibacterial group is
possibly immobilized inside the resin after the photocuring process. Both antibacterial
photosensitive resins were used to develop a 3D-printed tooth model, which showed high
precision, suggesting that this technique is feasible for biomedical applications.

Antibacterial resins are commonly used in dental applications to deposit antibacterial
agents, such as fluoride, zinc ions, and antimicrobial peptides into resins [54]. Additionally,
silver ions have been reported to be able to kill bacteria, then dissociate from dead bacteria,
and effectively repeat the sterilization process. Silver-based salts or layered inorganic fillers,
such as zeolites, are commonly used to develop silver-based inorganic antibacterial agents
via ion-exchange or chemical deposition techniques. Moreover, nanomaterials, such as
halloysite nanotubes, which have a high aspect ratio and large volume, are often used
with silver ions to provide increased antibacterial effects for a long duration. In a study
conducted by Sa et al. [55], DLP-3D-printed stereolithographic resins (SLR) with silver
halloysite (Ag-HNT) were prepared to study the antibacterial effect against Streptococcus
mutans, which is a main reason for dental caries. Urethane dimethacrylate (UDMA) was
used as the main component, and triethylene glycol dimethacrylate (TEGDMA) was used as
a diluent to decrease the viscosity of the resin fluid; a photosensitizer was also added. The
material exhibited strong antibacterial property up to 99% even after repeated extraction
for over 1 week. This prolonged antibacterial effect is highly desired in dental applications
because saliva cannot be easily replaced in the retention area, promoting Ag-HNT/SLR
antibacterial material as having good potential for use in dental applications.

Biomedical applications have also began utilizing biopolymer-based hydrogels or salt-
hydrogels owing to their excellent biocompatibility and relatively low cytotoxicity [56,57].
This is a result of their structural similarity to the soft tissues and surrounding cell matrix
and due to their high water content in their structure. Moreover, because hydrogels
provide a moist environment, they are believed to promote wound healing. Alginate-based
hydrogels are widely accepted as good biopolymer hydrogels. They can be easily ionically
cross-linked with divalent ions owing to the presence of the negatively charged carboxylic
acid group. The ionic cross-linking is a relatively fast process that specifically results
in the incorporation of alginates in the 3D Printing technique for artificial implants and
biomedical devices. In a study conducted by Guiterrez et al. [15], alginate beads were
developed by ionic cross-linking an aqueous alginate solution at 1 wt%. Once the beads
were prepared, an infusion pump was used to drop a copper nitrate solution into the bead
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solution for the ion-exchange process. Bacterial cellulose was used as a rheological modifier
in this case with the fermentation of Gluconacetobacter xylinus. During extrusion, the
alginate was ionically cross-linked by an ionotropic process with 0.1 M CaCl2 or Cu(NO3)2
solutions. Then, the 3D-printed scaffolds with a 4 wt% alginate concentration were tested
against S. aureus and E. coli. The tests showed a distinct inhibition halo independent of the
bacteria strain with a 50-mM copper salt concentration. The results were similar to those in
the literature in terms of the obtained biocidal effect but without a specific effectiveness
percent reported.

A study led by Zuniga J. [58] focused on developing a low-cost upper limb prosthesis
for the human finger, and shoulder prosthesis [59] using 3D Printing technology because
using a customized prosthesis can help improve bi-manual activities and unilateral ac-
tivities in terms of the functions of grasping and holding. For the developed shoulder
prosthesis, manually adjustable options increased the wrist movements, elbow extensions,
and shoulder rotations. For this study, PLACTIVE™ with 1% antibacterial nanoparticle
additive was purchased as the ready-made 3D Printing material. PLACTIVE™ is a pure
high-grade type of polylactic acid (PLA), which has copper NPs incorporated as the key
material that provides the antibacterial effect. Copper NPs are highly effective at killing
bacteria as well as other pathogens, including fungi and viruses. The customized prosthesis
was designed and developed using extrusion and FFF. The results showed that the surface
of the developed prosthesis was effective against 99.99% to S. aureus and E. coli. The
study also stated that the antibacterial properties of the 3D Printing PLA filament were
not altered after addition of the NPs or after the extrusion, which supports during the
positive post-processing modifications needed for customization of any type of prostheses.
From this study, they found that using PLACTIVE™ in 3D Printing technology could
provide a simple inexpensive method to develop customizable patient-specific prostheses
and potentially medical devices.

As discussed earlier, metals, such as zinc, copper, and silver, are extensively used
to provide antibacterial properties to pure polymeric matrices. In a study conducted by
Muwaffak et al. [42], polycaprolactone (PCL) was used to produce filaments for 3D Printing
to develop patient-specific wound healing dressings. Wound dressings are used to provide
protection from contamination and can be used to deliver topical bioactive agents in the
form of ointments and creams to aid faster healing. In that study, silver-loaded filaments,
copper-loaded filaments, and zinc-loaded filaments were prepared using dissolution in
suitable solvents and PCL. The obtained filaments were chopped and sent into a hot-melt
extruder to increase the homogeneity between the polymer matrix and filler content. The
study reported Ag-PCL and Cu-PCL having the highest bactericidal effects against the
S. aureus bacteria strain with increasing amounts resulting in a more potent inhibition
compared to Zn-PCL. As 3D scanning was used to develop the patient-specific 3D model
for wound dressing, this approach is a novel technique to tailor patient-specific antibacterial
wound dressings.

Dental restorations with potential antibacterial properties have been one of the lead-
ing branches of biomedicine that has incorporated 3D Printing technology. In a study
conducted by Yue et al. [41], positively charged quaternary ammonium-based salts were
grafted onto the surface of a material to kill bacteria on contact. These charged groups inter-
act with the cell wall of the bacteria and break their lipid membrane, releasing cytoplasmic
elements. The frame component was chosen to be diurethane metacrylate (UDMA) because
it can be rapidly cross-linked, along with camphorquinone (CQ) as the photosensitizer,
ethyl 4-(dimethylamino)benzoate (EDMAB) as the co-initiator, and glycerol dimethacrylate
(GDMA) as a diluent to decrease the viscosity. The antibacterial agent, which was the
quaternary ammonium-based salt, was varied according to the alkyl chains from n = 2
to n = 12 (QA_Cn). The quaternary ammoniums groups were covalently added into the
matrix by in situ copolymerization with the resin. FFF was used to 3D print a tooth model
wherein all the layers fused well during photocuring. The antibacterial efficacy of the
surface of the tooth model was observed before and after coating with a salivary condition-
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ing film (pQA_C12). The results showed almost no presence of bacteria with increasing
chain length. Moreover, incorporation of the QA_C12 within the polymer resulted in less
bacteria contact killing than the copolymerized QA_C12 that was directly present in the
resin. However, the use of antimicrobial resins is a promising approach for several dental
applications, such as adhesives, cement, or dental restorations, with the use of high alkyl
chain ammonium salts.

Table 1 shows a comprehensive comparison of selected parameters of the above-
mentioned studies in terms of polymers chosen, particles, and chemical agents used to
provide the antibacterial effect. Table 2 compares the 3D Printing parameters and tests done
to develop the antibacterial materials. Additionally, a summary of the selected studies
is shown in Table 3 along with the particles used, their antibacterial efficacy, and the
chosen application.

Table 1. Parameters used in selected studies in the 3D printing of antimicrobial material.

Polymer Name Particle Name Particle Size Weight/Volume % Chemical Agent Ref

PCL Graphene oxide Not specified 0%, 5%, and 7.5%, Not specified [53]

Thiol-ene-acrylate QUA, SH-QUA Not specified 2 wt%, 4 wt%, 6, wt%,
8 wt%, 10 wt%

phenylbis(2,4,6-
trimethylbenzoyl),
phosphineoxide
photoinitiator,

1,2,3-benzenetriol

[19]

stereolithographic
resins- UDMA

Ag-HNT Nanoparticles 1%, 2%, 5%
triethylene glycol

dimethacrylate (TEGDMA),
photosensitizer

[55]

alginate beads Copper nanoparticles Nanoparticles

4 wt% alginate
concentration;

50-mM copper salt
concentration

Bacterial cellulose [15]

PLA Copper nanoparticles Nanoparticles 1% antibacterial
nanoparticle additive - [58]

PCL Metal ions (Ag, Cu, Zn) Not specified

Ag-10% w/w
Cu-10% and

25% w/w
Zn-10% w/w

Tetrahydrofuran (THF)
dichloromethane (DCM)

-
[42]

UDMA QA_Cn (n=2 to n=16)pQA_C12 Not specified

Nitrogen (N%)
linearly related to

alkyl chain
pQA-C12–25 wt%

camphorquinone (CQ);
ethyl 4-

(dimethylamino)benzoate
(EDMAB);

glycerol dimethacrylate
(GDMA);

2-hydroxyethyl
methacrylate (HEMA) for

pQA_Cn12

2015 [41]

Table 2. Printing parameters used in selected studies.

Polymer Name Nozzle Diameter
Filament Diameter/

Printer Settings
Printing

Temperature
Filament Process Tests Done Reference

PCL

xy distances ranged
from 200 µm to

400 µm, z-steps from
20 µm to 80 µm,
and staggering

between layers from
50 µm to 200 µm

Not specified Not specified

internal diameter
of 184 µm
(28 G) for

scaffold plotting

1,4,6,12,16 [53]

Thiol-ene-
acrylate

Not specified Not specified Not specified Not specified 1,2,9,14 [19]

stereolithographic
resins

Not specified

Resolution
of the device = 50 lm in the
Z-direction; exposure time

of each layer = 12 s

Not specified Not specified 1,2,8,5,14,15,18 [55]
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Table 2. Cont.

Polymer Name Nozzle Diameter
Filament Diameter/

Printer Settings
Printing

Temperature
Filament Process Tests Done Reference

alginate beads 1.75 mm

3D structures
of 30 × 30 × 1 mm3

(length × width × height)
1.5 mm of thread spacing;

dispensing head
temperature of 25 ◦C;

ink extruded with 23-G
needle tip at 25 ◦C; printing

speed of 50 mm s−1;
extrusion pressure of 1 bar

25 ◦C Not specified 1,5,18 [15]

PLA Not specified

40% infill (hexagon pattern);
50-mm/s print speed;

150–200-mm/s travel speed;
50 ◦C heated bed; 0.15-mm

layer height; 1-mm
shell thickness

200 ◦C Not specified 1,13 [58]

PCL 1.75 mm

- square dressings
(20 _ 20-1 mm) for

antimicrobial studies and
circular dressings (10-mm
diameter; 1-mm thickness)
−0.1 (mm layer height),

with two shells, 100% infill
and speed while extruding
and while traveling was set

to 50 mm/s

170 ◦C

Extruded/
Single screw

Ag-80 ◦C
Cu-60 ◦C
Zn-75 ◦C

1,2,3,4,7,11,17 [41]

UDMA Not specified

z-stage with the
substrate moved

upward by 200 µm;
resolution of the device

~300 µm in the XY-plane
and 25 µm in the Z-direction

Not specified Not specified 1,7,12,14,15,19 [41]

1-Antibacterial testing, 2-TGA, 3-DSC, 4-SEM, 5-TEM, 6-Optical Microscopy, 7-FTIR, 8-EDS, 9-NMR, 10-3D Scanning, 11-3D Scanning, 12-XPS,
13-Box and block test, 14-Mechanical test, 15-Cytotoxicity test, 16-In vivo test, 17-Dissolution test, 18-UV, 19-Contact angle measurements.

Table 3. Comparison of antibacterial efficacies from the abovementioned recent studies.

Reinforcement
Material

Antimicrobial
Synthesis Method

Printing Method
Antimicrobial
Activity (%)

Application Reference

Graphene oxide Dissolution
Wet spinning +

AM
80% Fibrous scaffolds [53]

QUA, SH-QUA
Dissolution

(Copolymerization)
DLP 100% Dental tooth [19]

Ag-HNT Dissolution in SLR DLP 99%
Dental

composite resin
[55]

Copper
nanoparticles

Ionic cross-linking FFF Not specified
Composite
hydrogel

[15]

Copper
nanoparticles

Purchased
PLACTIVE©

Extrusion + FFF 99% Finger prosthesis [58]

Metal ions
(Ag, Cu, Zn)

Hot-melt extrusion FFF Not specified Wound dressing [41]

QA_Cn (n=2 to n=16)

pQA_C12

Dissolution
(Copolymerization)

SLA 99%
Dental

composite resin
[41]
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3. Applications Using 3D-Printed Antibacterial Materials

3.1. Biomedical Field

Over the last 20 years, the drawbacks of current materials used in the medical field,
mainly for bone applications, have led advances in the area, particularly toward developing
a synthetic bone material alternative. Owing to the ease of experimentation, prototyping,
and customized tailored output of 3D Printing, its use has significantly increased in bone,
dental, and tissue restorations. 3D Printing has resulted in materials that are biocompatible,
osteoconductive, and can result in the desired porous structure that is fully compatible
with the growth of the surrounding capillaries and promotes drug delivery. The aim of
any alternative bone material or scaffold is to provide mechanical support needed and
over a prolonged time to become resorbed as new bone and aid the growth of surrounding
tissues [16].

In a study by Roopavath et al. [60], hydroxyapatite (HA) scaffolds were printed using
extrusion-based 3D Printing for bone grafting applications. The results indicated that
the porosity and mechanical properties of the printed scaffolds could be controlled using
3D Printing technology. As the scaffolds can be printed on models based on computed
tomography, the accuracy and precision of this approach inevitably depict it as a promising
technique for bone implant developments. Recently, the FFF approach was tested with
an applied ceramic coating of silicon nitride (Si3N4) on biomedical grade commercially
available pure titanium (cp-Ti) via the laser sintering process. The Si3N4 coating was able
to provide both the antibacterial and osteogenic properties of the bulk material to the cp-Ti
substrate, resulting in properties that match current biomedical implants [61].

As discussed earlier, studies have reported copper compounds that have high an-
tipathogenic properties; thus, their use in the medical field is quite extensive. As they
can aid in developing low-cost medical devices with high antibacterial properties, copper
particles are excellent alternatives to other compounds, such as silver, which in some cases
has been reported to cause skin irritations [42]. Several studies on 3D-printed medical
prostheses for the upper limbs, including arms, shoulders, and fingers, have stated the
capability of 3D Printing to provide low-cost, customizable solutions with the possibility
of incorporating the required antibacterial surfaces [59,62,63].

3D Printing is widely used in dental applications. In a study conducted by Yamada et al. [64],
silver compounds were incorporated to develop dental prosthesis to provide an antibacterial
effect to the surroundings, mainly preventing caries. Silver compounds were also studied by Sa
et al. for the preparation of dental restorations with excellent antibacterial effects [55].

Wound dressing applications have also resulted from the 3D Printing approach. The
use of a wound dressing will help isolate the injury and external surroundings and aid
in faster healing by reducing tissue edema and promoting hemostasis. Topical agents
combined with wound dressings are used to provide increased wound healing and to
treat any buildup of local infections by minimizing their residence times [65,66]. A 3D-
printed chitosan-pectin (CS-PEC) biopolymeric hydrogel wound dressing that incorporated
lidocaine hydrochloride (LDC) has been studied [67]. These hydrogels were developed
using cross-linking of CS and PEC, and the scaffolds were 3D printed using extrusion-based
3D Printing. The wound dressing exhibited good physical integrity, flexibility, and skin
adhesion. Constant drug release was also observed, supporting the applicability of 3D
Printing for use in wound dressing applications. Another study conducted by Muwaffak
et al. involved 3D scanning to develop 3D models to customize the shape and size of a
wound dressing. The extrusion of PCL pellets combined with zinc, copper, and silver metal
particles of different loadings was developed. The results of the antibacterial property
against the common S. aureus strain of bacteria of the developed wound dressing suggested
that silver and copper wound dressings resulted in the most potent antibacterial properties.
This simple 3D Printing customizable approach has excellent potential for developing
wound dressings with added antimicrobial properties.
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3.2. Use of Composite Materials in 3D Printing for Material Chemistry

As mentioned earlier, AM can deliver high-performance and multifaceted structures
with improved properties that are unattainable by current conventional fabrication meth-
ods. The use of ceramics and fillers, such as silica, aluminum, and zirconium, are leading
to rising developments in the field of advanced materials owing to their high thermal
stability and high stability. Powdered ceramics have been widely incorporated into 3D
Printing to provide enhanced properties, such as increased strength and porosity to the
developed material. Several examples of 3D Printing technology in the field of material sci-
ence and chemistry have been studied, such as in mass spectrophotometric techniques and
fluorescence techniques [4,68]. The results support FFF, providing an excellent method to
fabricate small mechanical parts with sufficient precision, which allows rapid modifications
to be made during the process itself. A study focused on the modification of a low-cost
open-source 3D printer into a 3D silica gel layer printer, which can be applied to thin
layer chromatography. Using this technique, the potential of 3D Printing of adsorbents for
analytical chemistry was studied. The results supported the fast, inexpensive production
of the layers, opening new pathways for novel planar chromatographic separations [3]. A
study was conducted to develop a novel silica–titania-based 3D-printed material, resulting
in increased use of optical performance materials [69].

Another study also reported the production of high-quality fused silica glass by 3D
Printing using a silica nanocomposite [70]. In that study, the ability to develop fused
silica glass using silica nanocomposites showed the ability to produce complex shapes
and structures on a macro and micro scale using 3D Printing technology. 3D-printed
ceramic-based scaffolds have also gained wide interest in the medical industry [16,71]. For
instance, the effects of the mechanical and biological properties of designed microporous
scaffolds manufactured by commercial 3D Printing technology have been studied. The
results showed the use of silica-based 3D-printed scaffolds as viable candidates for further
research for clinical applications [16,17].

Another study by Li et al. reported the effects of Al2O3 dispersed in a UV-curable
acrylic-based resin, which may be compatible with SLA-3D Printing of micro components
with complex shapes [46]. Yang et al. reported a 3D Printing gel printing process that was
based on a water-based gelation system that incorporates zirconia, which can be applied to
develop complex parts for magnetic applications [72]. Rapid advancements in this field
are expected owing to the ease of incorporating ceramic powders with polymers and their
ability to control and vary the desired properties of the developed material.

3.3. Use of Metallic Fillers in Composites in 3D Printing Membrane Technology

The increased use of metallic fillers in composite materials has recently gained huge
interest in the water treatment sectors to remove waste compounds or heavy metals owing
to their increased chemical and thermal stability, higher permeation rate, and increased
selectivity compared to polymeric sheet membranes. However, owing to the high costs
involved in developing larger quantities of ceramic–polymer composite materials, there is
a need to shift toward a cost-effective approach to develop them commercially that can
be easily applied industrially, which could potentially be accomplished via 3D Printing to
provide good antipathogenic surfaces.

Several techniques have been utilized to develop polymer composite materials such as
spray-coating, spin-coating, and dip-coating via nano-filtration and ultra-filtration (UF). UF
has also been extensively studied to treat wastewater because it can remove heavy colloidal
substances; however, studies have shown that it does not have the ability to remove 1%
oil by volume because the sizes of the oil droplets are below 10 µm [73,74]. Moreover,
polyvinyl alcohol (PVA) and cellulose acetate as membranes have also been studied owing
to their anti-fouling properties and biodegradability [75].

Recently, 3D Printing technology using ceramics and clays has also gained wide
interest. Metal–organic frameworks (MOFs) are commonly used as adsorbing materials.
SLS to print highly porous flow-through filters containing the MOF copper (II) benzene-
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1,3,5-tricarboxylate (HKUST-1) has been studied. The printing did not have any negative
impact on the structure of the MOF, thus supporting the use of 3D Printing technology for
filter use [13]. Inject 3D Printing has also been employed in another case of ceramic filters
for water treatment using clay as the raw material. That study reported that inkjet 3D
Printing is an effective technology for forming clay ceramics that have the potential for use
as microfiltration membranes, for example, as pre-filtration media to improve water quality.
Another study also reported the use of clay to develop filter material using 3D Printing
because it is a cost-effective approach for treating waste from water. The study showed
that excellent filtration was achieved, thus increasing the water quality [7]. Additionally, as
metallic particles are proven to provide high antibacterial efficacy, there may be the added
benefit of killing bacteria and treating water.

In another study, microporous silica-based composite material was developed to
study the effective removal of Sr-90 and Cs-137 (both are high heat emitting nuclides)
from acidic high-level liquid waste, which is produced in the reprocessing of nuclear spent
fuel. As these ions can be used for energy generation, it is vital to study the effective
removal of such nuclides [76]. Despite the challenges involved in the removal of such
highly beneficial ions, silica has been used as a desirable filler in a polymer composite
material owing to its high thermal stability and selectivity to Sr-90, thus showing the
versatility of its application for treating liquid wastes. Another study highlighted the
ability of a silica-based composite material to recover gold and palladium from AuCl3
and AgCl2 in acidic aqueous solutions [77]. Moreover, polymer/silica/amine fibers have
been reported to show improved adsorption of CO2 from flue gas compared with currently
used functional fibers [78]. Thus, silica-based polymer composites have been of significant
interest because they have the capability to recover precious metals, remove toxic materials,
and be incorporated with 3D Printing. Silica has also been proven to provide added
antibacterial properties, which can be very useful for water treatment.

3.4. Space Applications

3D Printing has recently also been accepted for use in space applications. 3D Printing
in the consistent microgravity environment of the International Space Station (ISS) can
be used to develop parts made from particular materials needed in space. For example,
the first 3D-printed tool on the ISS was a wrench built using FFF by depositing 104 layers
of plastic [79]. The ability to manufacture 3D-printed parts and tools on demand will
dramatically reduce the time it takes to get parts to orbit and increase the reliability and
safety of space missions while reducing costs. Current space missions take months to years
to get parts to orbit [8]. Moreover, FFF with extrusion-based machines functions similarly
in microgravity as it does on the ground, allowing for a fool-proof concept of 3D Printing
in space [10].

The extrusion-based fused filament fabrication method using thermoplastics repre-
sents a robust and straightforward methodology that is applicable to printing parts for both
current and future human spaceflight exploration missions [80]. Literature reports have
indicated that polymeric-based materials have potential as space-capable materials because
they can produce extravehicular activity, repair tools, and even satellite structures that can
be created on-site and on-demand. This will enable safer, less mass-intensive missions and
scientific experiments, provide an advantage to FFF [81]. Among the most commonly used
thermoplastic polymer materials are acrylonitrile butadiene styrene and PLA because these
materials have been reported to maintain their shape at cabin temperatures [80].

According to the database maintained by NASA on the ISS, 17% of the total spare
parts are made of metallic materials. It has been reported that powder bed fusion and,
in particular, laser beam melting (LBM) are the preferred FFF technologies for commer-
cially producing ready-to-use high-performance metallic parts with desired size specifica-
tions [82]. A stainless steel metal powder was successfully processed in the LBM process
under microgravity (µ-g) conditions in a parabolic flight campaign, which showed no
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significant deviations from a part manufactured at 1 g, thus supporting the feasibility of
the LBM process for 3D Printing ready-to-use metal parts in space.

3D Printing systems have been advancing in the medical field as well. A bioprinting
system for the ISS has already been developed. This technique allows 3D Printing of thick
tissue and organs using adult stem cells, supporting that 3D bioprinting can result in
exact movements and control of the final dispensation [83]. Advances in the medical field
could be a great breakthrough for the space industry. The literature also shows that NPs of
various metals and metal oxides, such as zinc oxide nanoparticles (ZnONPs), cuprous oxide
nanoparticles (CuONPs), silver nanoparticles (AgNPs), copper (I) iodide nanoparticles
(CuINPs), gold nanoparticles on silica nanoparticles (Au-SiO2NPs) and some quaternary
ammonium cations, which are commonly called QUATs, are very promising for inactivating
viruses. The increasing use of polymer composite materials worldwide in a variety of fields
promotes filler addition (whether metallic or non-metallic), which significantly enhances
the properties such as mechanical, thermal, and conductivity properties [17,26–28]. One of
the most novel strategies developed is the incorporation of copper NPs into the polymer
matrix. Copper has strong virucidal properties, and copper’s neutralization of infectious
bronchitis virus, poliovirus, human immunodeficiency virus type 1 (HIV-1), and other
enveloped or nonenveloped single- or double-stranded DNA or RNA viruses has been well
reported [29]. Based on the wide range antiviral potency of copper, the incorporation of
copper NPs in an intended composite material could inherently add significant value to the
final 3D-printed product, especially with regard to providing antipathogenic surfaces, such
as medical equipment that requires high purity for use by astronauts in a safer and more
efficient way. Additionally, another mineral that has caught the attention of researchers
worldwide is silica. Owing to its high chemical and thermal stability and good antimicrobial
properties, silica has been used in several applications to provide enhanced properties to
composite materials, thus making it a good candidate for the final 3D-printed product.

Investigations into the properties of regolith materials [84] (material deposited on the
soils of planets) are also being conducted via powder bed fusion-based 3D Printing, which
show the recent advancements in this field. Nevertheless, developing such particulate
matter is not easy or efficient. Perhaps already developed materials, such as composite
materials, would provide a better alternative to investigate further. However, owing to the
high costs involved to develop larger quantities of polymer composite material, there is a
need to shift toward a cost-effective approach to develop them commercially, which can be
easily applied industrially and could potentially be advanced using 3D Printing.

Moreover, because thermoplastics have the ability to be recycled as feedstock and then
printed again, using recycled materials as printer feedstocks could be a viable approach.
One goal is to utilize non-metallic composite materials (recycled fiber-based composite
materials) that could provide an effective long-term solution to the buildup of trash in space
and its effective disposal [85]. Currently, the in-space manufacturing program conducted
by NASA is focused on evolving manufacturing technologies from Earth-reliant to Earth-
independent technologies. This is directed toward future hardware fabrication via FFF,
which includes feedstock recycling, the development of parts, printable electronics, and
investigations into additive manufacturing of metallics and external repairs [80,86].

Furthermore, it is noteworthy to state that due to the sudden rise in the COVID-19
pandemic, extensive researches worldwide have been conducted focusing on the produc-
tion and development of antimicrobial material just in the span of a year [87–90]. More
and more focus has been provided on the fabrication of antimicrobial surfaces with the
incorporation of polymeric base along with additives [18,46,91–93]. The positive results
from such antimicrobial studies have been promising and are providing hope to fight
against such potent diseases.

4. Gaps, Challenges, Opportunities and Future Trends

The ease of customization of devices which can be developed with the minimum
processing time makes this technology the preferred alternative for tailoring specific shapes
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and tools [54]. Moreover, since polymer science is bound to advance in the medical field,
the rapid prototyping approach allowed by the 3D Printing technology results in control
over the developed product with the desired shape and properties [94]. However, one
of the critical challenges of 3D Printing is the alignment of the composite fibers used.
Research is underway to improve this. One of the solutions developed to tackle this
issue is using continuous fiber-reinforced with thermoplastics, which can be implemented
for large-scale industrial independent processes [95,96]. Another challenge is that the
influence of parameters can be material dependent, and this interconnection requires
further investigation to fully develop complex materials via 3D Printing. 3D Printing of
antibacterial substances is still a relatively new field, and there is still a lack of a database
on modeling of this method. However, this technique has considerable potential to analyze
composite structures and further improve enhancements of 3D Printing technology with
slight modifications. Complex fields, such as membrane technology and space technology,
that incorporate 3D Printing with the addition of antibacterial materials to provide high-
purity tools and devices promote the use of 3D Printing and its increasing potential and
reliability for such fields in the future. Moreover, adopting antimicrobial material through
3D Printing technology opens the doors for a wide range of applications, especially the
medical sector, such as producing assistive devices [97,98]. In addition, due to the COVID-
19 pandemic crisis, the antimicrobial material can be used to fight the spread of the virus
of the possible contaminated buttons instead of replacing the exist system [99]. Moreover,
the FFF is an excellent, affordable, traditional technology [100] that can be incorporated
with antimicrobial material with different natural material to produce different engineering
components [101,102]. Eventually, using antimicrobial material through the 3D printing
technology must be evaluated [103] to predict the final product properties [104] as well as
to explore the possibilities of the failure while being in service [105] through experimental
investigation, and even could be achieved theoretically through simulation [106], especially
we are dealing with composite reinforced with different types and material of particulates.
Eventually, using antimicrobial material could be not feasible from the economic view point
especially if used for bulky objects or parts, but antimicrobial material could be efficiently
used by using the FFF technology to apply it on the top surface of the object that is
potentially subjected to the contamination and this could be optimized using multilayered
sandwich components [107,108] to reduce the quantity consumed.

5. Conclusions

3D Printing is one the most promising technologies in the field of fabrication and
synthesis and has received considerable attention owing to its ability to incorporate an-
tibacterial agents within the structure. Metallic ions, such as copper and silver, are mainly
being considered to provide high antibacterial effects in several 3D-developed products.
Quaternary ammonium-based salts have also shown high antibacterial potency. The utiliza-
tion of 3D Printing technology results in faster, compact materials with increased accuracy
and enhanced properties as desired. With the increasing rise of 3D Printing in several
fields, the potential of is use as an alternative approach is expected. However, because
this approach is relatively new, its growth is progressing slowly, and questions remain
regarding the reliability of the technique compared with existing well-developed methods
that are currently being used.
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Abstract: Natural fibre as a reinforcing agent has been widely used in many industries in this era.
However, the reinforcing agent devotes a better strength when embedded with a polymer matrix.
Nevertheless, the characteristic of natural fibre and polymer matrix are in contrast, as natural fibre is
hydrophilic, while polymer is hydrophobic in nature. Natural fibre is highly hydrophilic due to the
presence of a hydroxyl group (-OH), while polymer matrix has an inherent hydrophobic characteristic
which repels water. This issue has been fixed by modifying the natural fibre’s surface using a chemical
treatment combining an alkaline treatment and a silane coupling agent. This modifying process
of natural fibre might reduce the attraction of water and moisture content and increase natural
fibre surface roughness, which improves the interfacial bonding between these two phases. In this
paper, the effect of alkaline and silane treatment has been proven by performing the mechanical test,
Scanning Electron Micrograph (SEM), and Fourier Transform Infrared spectrometry (FTIR) to observe
the surface structure. The chemical compositions and thermal properties of the composites have been
obtained by performing Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA) tests. 1.0% silane treatment displayed better strength performance as compared to other
composites, which was proven by performing Scanning Electron Micrograph (SEM). The assumption
is that by enduring chemical treatment, kenaf fibre composites could develop high performance in
industry applications.

Keywords: kenaf fibre; fibre treatment; mechanical properties; thermal properties; Fused Deposition
Modelling (FDM)

1. Introduction

Nowadays, attention of engineers and professionals has been triggered regarding the
increased consumption of petroleum and the depletion of these sources. In addition, the
emission of harmful gas into the environment and the greenhouse effect during incineration
produced an alternative in the development and sustainability of natural polymer compos-
ites [1,2]. Aerospace, automotive, and construction industries have widely used advanced
polymer composites, which contain carbon and glass fibre as the primary materials [3]. It
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was found that these primary materials are hardly reusable and reutilised [3]. Therefore,
natural fibre has been introduced to replace the consumption of petroleum-based and syn-
thetic fibres. Other than that, the characteristics between natural fibres and synthetic fibres
are quite similar, such as low density, high stiffness, and good mechanical properties [1].
In comparison to the characteristics of other fibres such as synthetic, glass, and carbon,
natural fibre [4] shows an advantage in biodegradability, renewability, non-toxicity, CO2
neutral life cycle, degradablity, sustainability, and environmentally friendliness [2,3,5–10].
Table 1 shows the properties of natural fibre compared to other synthetic fibre.

Table 1. Fibre characteristic values for tensile strength (MPa), Young’s Modulus (GPa), elongation (%) and density (g/cm3) [11–15].

Fibre
Tensile Strength

(MPa)
Young’s Modulus

(GPa)
Elongation (%) Density (g/cm3)

Cotton 287–800 5.5–12.6 3.0–10.0 1.5–1.6
Jute 393–800 10.0–30.0 1.16–1.8 1.3–1.6
Flax 345–1500 27.6 1.2–3.2 1.4–1.5

Hemp 550–900 70.0 1.6–4.0 1.47–1.48
Sisal 400–700 9.0–38.0 2.0–14 1.33–1.5

E-glass 2000–3500 70.0–73.0 2.5–3.4 2.50–2.55
Carbon (standard) 3400–4800 230–425 1.4–1.8 1.4–1.78

Kenaf 930 53.0 1.6 1.2–1.45
PALF 170–1627 60.0–82.5 1.6–2.4 1.56

Next, besides greenhouse protection, advantages of natural fibre properties include
less machine wear during processing, no health hazards, a high degree of flexibility, low
cost, its light weight, ease of separation, fracture resistance, high sound absorption, less
equipment abrasion, low respiratory irritation, vibration damping, enhanced energy recov-
ery, and good thermal insulation [1,3,5–7,9,16,17], all of which encourage researchers and
industrial engineers to use natural fibre as a main material in development [4]. Mechanical
characteristics of natural fibre have high specific benefits such as stiffness, impact resis-
tance, modulus, strength, and durability [9,16,18]. These characteristics of natural fibres
are well utilised in industrial product applications such as windows, frames, door panels,
railroad sleepers, furniture, automotive dashboards and brake linings, shelves, egg-boxes,
electronics packaging, textiles, and also building material applications [2,7]. Plant, animal,
and mineral fibres are classified under the natural fibres division [5]. The most famous
natural fibres used in the industrial platform is plant fibre, also known as lignocellulosic or
cellulosic fibre. Pineapple (PALF), kenaf, coir, sisal, jute, hemp, flax, ramie and wood are
examples of natural fibres that are popular in the applications platform and are usually
used as reinforcing agents when combined with a biodegradable or non-biodegradable
polymer matrix [2,3,7,19]. Kenaf fibre (KF), also known as Hibiscus cannibus L. [2,10], is one
of the excellent substitutes for synthetic fibres [7]; it is also bio-based and available in tropi-
cal countries such as Thailand and Malaysia [20]. The kenaf plant demand is high because
it grows rapidly which sustains its availability, and it is also low in cost [2,7,21]. Kenaf
bast is a popular fibre used by researchers and scientists due to its outstanding mechanical
properties such as flexural and tensile strength [10]. In addition to kenaf bast, flax and
hemp are also popular natural fibre choices. [16]. As the pollution rate and environmental
conditions consistently worsen, natural fibre, as a common material used in biodegradable
products has been proposed by researchers, scientists, and engineers for application in
industrial platforms such as the automotive, aerospace, aircraft, marine, and packaging
industries [5,8,17]. Natural fibres are lightweight and have good mechanical properties [22].
Currently, most industries have resorted to the use of plastics [23,24]. In advanced appli-
cations, thermoplastic polymers are widely used, but due to their disadvantages which
are lower in thermal stability and strength, some applications might not be applicable [24].
One of the renewable and biodegradable base polymers in the polyester group is Polylactic
Acid (PLA) [21,22,25,26], which emits less CO2 gas and shows that this material is not
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harmful to the greenhouse, humans, and animals [22]. A number of reactive groups, which
mostly contain biopolymers offer excellent composite blends between natural fibres and
matrix polymers [26].

The hydrophilic property is innate in natural fibres such as kenaf. This property states
that due to the presence of a hydroxyl group (-OH) in their cellulose structure as (-OH)
exists in natural fibre’s structure, the moisture content might increase gradually [1,4,7,16,27].
This moisture content effect can cause swelling in structure and instability of dimension
and also can lead to cracking [10]. This characteristic also has a disadvantage, which is
that it could affect the adhesion bonding between the fibre and a polymer matrix, thereby
producing unsatisfactory test results [16,19]. It could, in fact, contribute to low mechanical
properties, low strength and short life span due to low interphase bonding between the fibre
and polymer matrix [5,6]. Regarding these hydrophilic and hydrophobic issues, researchers
state that one solution that might work is enhancement adhesion bonding between two
phases and also improving the mechanical properties of the biocomposites by applying
a surface modification [28]. M. Shirazi et al. (2019) stated that alkaline treatment was the
most popular treatment in the surface modification process, and required the immersion of
natural fibre in a sodium hydroxide solution within a certain timeframe [20,21]. This process
could also remove impurities such as wax and oil from natural fibres and increase its surface
roughness [2,9,21,24,26]. Some research experiments suggest surface modification will
endure the alkaline treatment and silane coupling agent. In order to improve the wettability
of natural fibres by polymer matrix and promote interfacial bonding, methods such as
applying a coupling agent are used [8]. Silane is an example of a coupling agent in surface
modification that shows excellent treatment, and importantly can improve interlocking
adhesion between the fibre and polymer matrix better than other treatments [1,29,30]. It
also interacts with chemical bonds of natural fibre and polymer matrix.

M. Asim et. al. (2016) conducted an experiment regarding surface treatment between
kenaf fibre and PALF composites. In this experiment, data were collected from four
different parameters: untreated fibre, alkaline-treated fibre, alkaline–silane-treated fibre,
and silane-treated fibre. From the researchers’ observation, by enduring alkaline treatment,
all the impurities in fibre can be removed completely, depending on alkali concentration
and soaking time. By performing surface treatment, enhancement of strength in composites
could occur [7].

Overall, the production of natural fibre is a new issue that has been introduced by
many researchers. Natural fibre-reinforced polymer biocomposites using environmentally
friendly FDM technology has attracted many industries and researchers. The implemen-
tation of natural fibres in the filament of FDM to replace the current fillers has attracted
many competitors and market platforms [31]. The most popular polymer that acts as
the main material in FDM is acrylonitrile butadiene styrene (ABS). However, the use of
a thermoplastics polymer as the main material for FDM is still not recommended. The
important elements of a polymer are its mechanical properties, which are strength and stiff-
ness. As previously stated, the mechanical aspects of many bio-based polymers have been
investigated to enhance the technology of FDM. Acrylonitrile butadiene styrene (ABS) and
polylactic acid (PLA) are popular because they are stable. The most frequent thermoplastic
that had been produced in this technology is PLA. The advantages of using PLA are that
it is recyclable, biodegradable and has a temperature of 145–160 ◦C [32]. PLA is one of
the biopolymers that is obtained from the fermentation of the recyclable product and has
good mechanical properties such as tensile strength and low thermal stability that prevents
crystallisation [33]. As previously stated, PLA is getting attention as a biodegradable and
renewable plastic. It is also environmentally friendly, and the study of natural fibres such
as hemp and kenaf as reinforcement combined with PLA using a standard method has
also been done [25]. The fibre loading optimisation and also the chemical treatment of the
reinforcement can affect the mechanical properties of the product. Therefore, the natural
fibre that combines with the PLA is firm and requires dried feedstock and storage [25].
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In this paper, the authors studied the treatment of kenaf fibre with a NaOH concen-
tration of 6% for 24 h, followed by the chemical treatment of a silane coupling agent with
three different concentrations, 0.5%, 1%, and 2%, respectively for 3 h to modify the surface
characterisation of the natural fibre. This paper aims to investigate the effect of chemically
treated kenaf fibres on mechanical and thermal properties of kenaf fibre-reinforced PLA
composites. The effect of alkaline and silane treatment for surface modification has also
been studied.

2. Materials and Methods

2.1. Materials

Kenaf fibre powder (unsieved) was supplied locally from Lembaga Kenaf dan Tem-
bakau Negara (LKTN) before being treated and mixed with Poly Lactic Acid (PLA) pellets.
Poly Lactic Acid (PLA), Silane (Aminopropyltriethoxysilane Agent) was obtained from
Mecha Solve Engineering (Selangor, Malaysia).

2.2. Methodology

2.2.1. Alkaline Treatment

In this experiment, kenaf fibre powder with random size (unsieved) within 100–650 µ

were treated with alkaline treatment. The kenaf fibres were immersed in sodium hydroxide
solution with a fixed concentration of 6% for 24 h [20]. After alkaline treatment, the kenaf
fibres were washed thoroughly with running water and dried in an oven at a temperature
of 110 ◦C for 24 h.

2.2.2. Silane Treatment

Surface treatment is then followed with silane coupling agent method. In this treat-
ment, 0.5%, 1%, and 2%, respectively of APS (aminopropyltriethoxy silane) was dissolved
in a solution which contained 70% methanol and 30% water. Next, the solution was stirred
for 30 min. Then, the kenaf fibre which had already endured the alkaline treatment soaked
in silane solution for 3 h and dried in an oven at a temperature of 110 ◦C for 24 h to remove
all the fibre’s moisture content.

Samples have been classified depending on three different types of silane concentra-
tion, neat polymer, and untreated kenaf fibre as tabulated in Table 2.

Table 2. Sample classification.

Parameter Explanation

PLA Neat polymer
Untreated Untreated kenaf fibre composites
0.5% silane 0.5 wt % silane concentration + 6% alkali concentration kenaf fibre composites
1.0% silane 1.0 wt % silane concentration + 6% alkali concentration kenaf fibre composites
2.0% silane 2.0 wt % silane concentration + 6% alkali concentration kenaf fibre composites

2.2.3. Composite Mixture

The kenaf fibre and polymer matrix were prepared using the law of mixture formula
as per in Table 3. To obtain the composition of composites, weight of elements has been
calculated using Equation (1).

Weight Percentage of Element, we × Weight of composites = Weight of elements (1)

Table 3. Composition of composites.

Samples
Weight of

Composites (g)
Weight of Fibre (g)

2.5 wt %
Weight of Matrix (g)

97.5 wt %

All samples 500 12.5 487.5
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2.2.4. Extrusion of Filament

A twin screw extruder has been used to produce filament composites with different
parameters as shown in Table 4.

Table 4. Parameter of extrusion.

Samples Melting Temperature (◦C) Screw Speed (rpm)

PLA 210 25
Untreated fibre 190 29

0.5% silane 204 25
1.0% silane 204 25
2.0% silane 204 25

With a constant pulling speed of 25.5 rpm and constant filament size of 1.75 mm [34],
the twin screw extruder is shown in Figure 1 while Figure 2 shows the biodegradable
filament of kenaf fibre and neat PLA.

 

 (°C

Figure 1. Twin screw extruder.
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line shape. The shell’s param-

Figure 2. Kenaf fibre reinforced PLA composites: (a) Kenaf fibre PLA composites filament; (b) Neat
polymer filament.

2.2.5. Sample Extrusion

The sample had been extruded using Flashforge 3D printing as illustrated in Figure 3.
Next, there were several parameters that needed to be considered such as the temperature
of the nozzle, the temperature of the bed, and the percentage of infill. The parameter that
had been set up where the solid infill is set to 100% in-line shape. The shell’s parameter
is two layers, while the upper and bottom layer is three repeated numerical layers. Layer
height was 0.18 mm, while first layer height is 0.27 mm. Next, nozzle temperature had
been set up to 210 ◦C and bed temperature at 60 ◦C as PLA polymer does not require a
high temperature. The printing speed also affected the performance of printed samples. In
this printing process, the speed of the nozzle was 60 m/s while travel printing was 80 m/s.
Figure 4 depicts the tensile and flexural specimen via 3D printing.

line shape. The shell’s param-

 

Figure 3. Schematic 3D printing process.
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tensile test include Young’s Modulus, maxim
stress. The sample size is in a “dog bone shape”, which is type 1 of the three listed types. 
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σ

Figure 4. (a) Tensile specimens (b) Flexural specimens.

3. Sample Characterisation

3.1. Mechanical Test

In order to evaluate the mechanical properties of the biodegradable composites, the
tensile test was applied. Some of the properties that can be obtained after performing the
tensile test include Young’s Modulus, maximum elongation, tensile strain, and yield stress.
The sample size is in a “dog bone shape”, which is type 1 of the three listed types. For
this research, the testing was carried out by following the ASTM D638 standard. By using
this standard testing, the crosshead speed is 1 mm/min with a load cell of 5 kN with a
span length of 50 mm. The tensile properties of composites were determined using the
Universal Testing Machine model Instron 887, manufactured in Norwood, Massachusetts,
United States.

The tensile strength of the single fibre can be calculated using Equation (2).

σ =
F

A
(2)

where, σ is the tensile strength of the fibre (Pa), F is the maximum force at break (N), and A
is the area of the cross section (m2).

Using a three-point bending set up by following the ASTM D790 standard, the flexural
test was conducted. Using this standard testing, the crosshead speed is 1 mm/min with a
load cell of 5 kN. About five samples each from samples A, B, C, D, E, F, G, and H were
taken and tested using the Universal Testing Machine model Instron 5585 manufactured in
Norwood, Massachusetts, United States. The sample size is 100 × 10 × 3 mm following
the ASTM standard with a span length of 50 mm.

The flexural test of the single fibre can be calculated using Equation (3).

σ =
3PL

2bd2 (3)

where, σ is flexural strength of the fibre (Pa), P is maximum force at break (N), L is
support span (mm), b is the width of the beam tested (mm), and d is the depth of the beam
tested (mm).

3.2. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) was performed in order to obtain the degra-
dation of the kenaf fibre under a high temperature before forming into composites. This
analysis is conducted by using a machine from TA instruments and a filament specimen
following the ASTM D3850 standard. The temperature rate was between 10 ◦C and 900 ◦C
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with a heating rate of 10 ◦C/min. The TGA was obtained using a Thermogravimetric
Analyser located at Mettler-Toledo (M) Sdn. Bhd., Selangor, Malaysia.

3.3. Fourier Transform Infrared Spectrometry (FTIR)

The Fourier Transform Infrared Spectrometry (FTIR) was conducted using Jasco FT/IR-
6100 (manufactured in the United States) on five different samples in an untreated powder
state, at 0.5% silane, 1.0% silane, and 2.0% silane, in order to obtain the functional group
for each different surface treatment. All spectra were recorded in the range of 4000 cm−1 to
400 cm−1.

3.4. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was performed on five sample filaments in
a nitrogen atmosphere; neat polymer, untreated, 0.5% silane, 1.0% silane and 2.0% silane.
The temperature range is 10 ◦C up to 300 ◦C, with a heating rate of 25 ◦C. The Differential
Scanning Calorimetry (DSC) was obtained using DSC Q20 V24.11 Build 124.

3.5. Morphological Analysis

For this research, morphological studies were performed in detail on the fractured
surface of the tensile test sample using a Scanning Electron Microscope (SEM). The five
different samples taken from the tensile specimen were tested; neat polymer with untreated
composites at 0.5% silane, 1.0% silane and 2.0% silane were taken in 2.5 wt % of fibre
loading. The samples were coated with platinum to get a better result of resolution
as it offers good electrical conductivity. The micrograph was obtained by using a JSM-
6010PLUS/LV Scanning Electron Microscope (Jeol Ltd., Tokyo, Japan).

4. Results and Discussion

4.1. Mechanical Test

Tensile and flexural strength were performed by mechanical testing and measured
their strength and Young’s Modulus [30].

Strength of composites might be influenced by several factors such as interfacial
bonding. Good stress distribution could obtain good results [35].

Ververis et al. (2012) stated that tensile could be represented as one type of stress
working in one direction (1-D). This testing could indicate whether the sample has good
or bad in interfacial bonding. Maximum tensile strength, elastic modulus, and strain to
failure can be obtained by enduring the tensile test [36].

In this experiment, the data in Figure 5 was obtained with three different classes which
were neat polymer (PLA), untreated kenaf fibre, and treated kenaf fibre. Treated kenaf
fibre used the process of immersion in alkali and silane. Three different concentrations
of silane solution were used: concentrations 0.5%, 1.0% and 2.0%. Asim et al. (2016) and
Oushabi et al. (2017) stated that alkaline treatment could remove the impurity, lignin, and
hemicellulose of kenaf fibre and enhance the interfacial bonding between two phases (fibre
and polymer), but the parameters that need to be considered are the concentration of alkali
itself and the time of immersion. This paper also claimed that by enduring alkali and silane
treatment, a good result in tensile strength could be obtained as compared to the untreated
fibre [7].
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Figure 5. Results of composites tensile strength, MPa, and tensile modulus, MPa.

The tensile test was carried out following all the specific guidelines from ASTM D638
Standard. The graph bar above shows that the treated fibre indicates good strength as com-
pared to the neat polymer and untreated fibre. It can be concluded that good mechanical
properties were obtained due to surface treatment as compared to the untreated fibre [37].
Fibre orientation is not applicable in this experiment because the fibre used is in a powder
state, known as isotropic, which means it doesn’t have a specific orientation involved.

Next, the treated group using different types of silane concentration obviously shows
that 1.0% (57.85 MPa) of silane treatment is the strongest as compared to 0.5% (54.01 MPa)
and 2.0% (56.99 MPa) silane concentration, respectively. The obtained results showed that
a 1% concentration of silane gave the optimum tensile strength as compared to the others.
It also showed that introducing the fibres to PLA plastic had improved the mechanical
properties. These results revealed that the removal of lignin and hemicellulose by enduring
silane treatment showed good interfacial bonding between the matrix and fibres. The
efficient removal of impurities might be done by using a higher concentration of silane but
might degrade the tensile strength due to rupture of the surface fibre and degradation of
the fibre chemical content [7]. Nevertheless, if the concentration is lower, the impurities
might not be removed perfectly, and the strength of the composites was also affected due to
the hydrophilic property of the fibre. In previous research in which optimum concentration
was studied, it was reported that lower concentrations might not work efficiently [6].

Lee (2009) experimented by varying the concentration of silane and concluded that
approximately 1% created optimal strength and binding of composite as compared to 3%
and 5% [3]. Yucheng Liu [5] investigated corn stalk fibre-reinforced polymer composites
by using four different types of silane concentration. From all the testing performed, this
paper concludes that 1% is the most optimal as compared to other silane concentrations,
as a higher concentration might affect the surface and reduce the special characteristic
of the fibre itself. Another paper by Yucheng Liu [1] also observed the different type of
concentrations on the results of a mechanical test involving the tensile, as well as an impact
test. 1% silane concentration treatment is optimal according to the mechanical test, as
compared to other concentrations. This is because silane is an acidic liquid, and if the usage
is high, it will corrode the original structure and strength of the fibre [1]. The variation of
concentration, time and effect of the surface fibre has been discussed by R. Mahjoub [12].
Mahjoub et. al. (2014) also concluded in their paper that the higher the concentration and
immersion time, the greater the decrement in the breaking strength of fibre.
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In addition, by referring to the literature review, one might say that the condition
of composites might also be affected during the manufacturing process. The difference
between treated and untreated fibre composites might be due to the surface cleaning, as
treated fibre promotes better adhesion bonding between the two phases and increases the
strength of composites [2].

Flexural testing was done in order to determine the strength and the ability of the
material to resist the deformation under loading before reaching the break point [38]. This
technique to evaluate and obtain modulus elasticity in bending and flexural stress as
the material was set up as supported beam under two supports with load applied at a
point [39].

Flexural testing observes whether the composites could withstand bending load and
deformation before they fail [36]. A flexural test was carried out following all the specific
guidelines from the ASTM D790 standard. Three categories have been set up in this
flexural test which are neat polymer, untreated, and treated fibre, using silane in different
concentrations. The data in Figure 6 shows that 1.0% silane obtained high flexural strength
(84.22 MPa), while the flexural modulus was the second highest as compared to 2.0% silane
(82.74 MPa). Whereas the untreated composites achieved low strength (59.30 MPa) as
compared to treated composites, but overall, PLA achieved the lowest strength(50.93 MPa).
The treated fibre obtained good results, presumably due to the silane treatment which
enhanced the interfacial bonding and had good dispersion stress while applying force.
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Figure 6. Results of composite flexural strength (MPa) and flexural modulus (MPa).

Regarding the flexural modulus, 1.0% silane indicated a high modulus (3174.76 Pa) as
compared to other composites and neat polymers. This proved that 1.0% silane treatment
is the optimal concentration for kenaf fibre composites. The untreated polymer had low
data, which may be due to low interaction linkage between the fibre and polymer, or poor
dispersion of fibre towards matrix which leads to weak load transfer and may be due to
voids during manufacturing of the composites as compared to treated composites [30,38].
It can be concluded that the higher the strength of composites, the stronger the bonding be-
tween two phases (reinforced and polymer matrix). The good interlocking composites can
also be achieved by enduring the chemical treatment with the optimal concentration [36].
This concluded that a good surface treatment parameter process can lead to good strength
and elasticity while performing any test.

From the results obtained, it was found that the treatment enhanced the tensile
properties of the composite samples due to the interfacial adhesion between the fibres
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and matrix. Figure 7a indicates the molecular structure of trialkoxysilane, which acts as a
silane coupling agent for the kenaf fibre. In the presence of water (H2O), the trialkoxysilane
would develop the active agent of silanol in the reaction with the kenaf substrate. This
silanol structure underwent a condensation process and naturally deposited on the kenaf
surface to form a siloxane bond between the kenaf and silane coupling agent. This can
result in a functional kenaf surface where the organofunctional groups can react with
the PLA resin and produce better adhesion between the fibre and the matrix. Figure 7b
illustrates how alkaline and silane treatment react towards natural fibre surfaces.

  

(a) (b) 

  

Figure 7. The overview reaction of surface modification (a) Silane reaction; (b) Mercerisation and silane treatment process.

4.2. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) and difference thermogravimetry (DTG) illustrated
in Figure 8a,b in a nitrogen atmosphere is used to measure the thermal stability, thermal
decomposition, and mass changes of PLA, untreated, and treated kenaf fibre composites.
Due to properties of thermoplastics that allow them to be recycled and reused, thermal
degradation is required to observe the degradation of composites at certain temperatures.
This procedure can provide information on the composites capability to withstand high
temperatures. TGA and DTG show the characteristic of composite degradation under
nitrogen air. Five samples were conducted and started to degrade at certain temperatures.

Three phases of degradation had been stated by K. Krishna [40]. First, the degradation
phase where the moisture content started to evaporate, followed by a second phase in which
a high temperature was applied, the chemical content such as hemicellulose, cellulose,
pectin and lignin was removed, and in the last stage, the final residue was below 10 wt %.
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Figure 8. The results of composites (a) Thermogravimetric analysis (TGA); (b) Difference thermogravimetry (DTG).

In TGA analysis for kenaf fibre-reinforced PLA composites, the first phase degradation
occurs at 10–300 ◦C. In this phase, fibres start to lose moisture as it is evaporated [41] and
the weight loss in this stage is currently below 9 wt % [42]. At temperatures of 300 ◦C up
to 400 ◦C is where the chemical content such as cellulose, hemicellulose, pectin, and lignin
in fibre slowly degraded [40–42]. This is due to the high temperature applied towards
kenaf fibre. Hemicellulose is the functional group that degraded first, followed by cellulose
and lignin; cellulose is more stable than hemicellulose [40]. From the observation, 1.0%
silane composites needed a high temperature to break the functional group. Lastly, the
final phase was the remaining of composites after applying the maximum temperature.
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The maximum temperature applied was 90 ◦C, leaving the weight residue below 10 wt %.
From the obtained results, the main degradation temperature of the structural component
of kenaf fibre was 300–400 ◦C. This means that it is suitable for the 3D printing application
as the process temperature is around 160 ◦C to 210 ◦C. The process temperature depends
on the types of filament. It is recommended to set the melting temperature of the material
a bit higher to ensure all the filament is fully melted during the extrusion process [34].

Char residue is produced when cellulose is decomposed at a high temperature. This
is evident in Figure 8a,b, where the percentage of char residue in treated fibre is lower in
comparison to untreated fibre because the presence of lignin and cellulose which is not
removed from untreated fibre. The result of TGA parallels previous researchers’ findings
which concluded that thermal stability may be improved through alkali treatment. In
addition to that, the reduction in char residue content is a result of decrement in the
formation of carbonaceous char.

4.3. Chemical Analysis by Using Fourier Infrared Spectrometry (FTIR)

Figure 9 and Table 5 show the FTIR spectra for neat polymer, untreated, and treated
kenaf fibre-reinforced PLA composites. Cellulose, hemicellulose, and lignin are components
that were detected in the FTIR spectrum [43]. For example, the group of C–O stretching
from lignin indicated clearly at peaks of 1000–1300 cm−1 [7,43]. From the data, the untreated
fibre shows fibre lignin at a peak of 1035 cm−1, and 6% NaOH at a peak of 1030 cm−1;
for fibre that endured silane treatment (0.5%, 1.0%, 2.0%), the peak was at a range of
1029–1030 cm−1. The decreasing trend of the wave number shows that the lignin was
removed from the fibre.
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–
– −
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Figure 9. Fourier Transform Infrared Spectrometry (FTIR).

Table 5. Parameter of extrusion.

Untreated 6% NaOH 0.5% Silane 1.0% Silane 2.0% Silane

Lignin 1035 1030 1029 1030 1029
Hemicellulose CH 2924 (2936–2916) 2899 2899 2902 2902

Cellulose CH2 3308 3334 3333 3334 3335
Absorption of H2O 1597 1499 1420 1421 1421

Hydroxyl Group -OH 3400–3200 3400–3200 3400–3200 3400–3200 3400–3200
Si-C Stretching Bond

Silane 8958 826.3 813.8 900–700 (no peak) 900–700 (no peak)

Stretching N-H
Vibration

3328–3250
(SYM_STR)

3400–3332
(SYM_STR) - - -

Ester Carbonyl
Group C=O 1727 1592 1593 1593 1593

67



Polymers 2021, 13, 3299

Based on theoretical peak data, CH and -CH2, which are hemicellulose and cellulose,
exist at a range of 2858 cm−1 to 2926 cm−1. Untreated fibre has shown that hemicellulose
and cellulose exist at peaks of 2924 cm−1 and 3308 cm−1, respectively. From the data we
can see that fibres that treated with the alkaline treatment and 0.5% silane have no marked
difference for hemicellulose, which is 2899 cm−1, but for cellulose, NaOH and 1.0% silane
indicated no difference where the peak is at 3334 cm−1.

4.4. Differential Scanning Calorimetry (DSC)

Figure 10 and Table 6 compare the temperature value of neat polymer, untreated, and
treated kenaf fibre-reinforced PLA composites. The values have been tabulated into Table 6.
The terms exothermic and endothermic are the main keys in graph reading. Exothermic
peak for the PLA polymer is the crystallisation temperature, while endothermic peak is at
the melting temperature of 151.23 ◦C and the degradation temperature of 298.75 ◦C [44].
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Figure 10. Differential Scanning Calorimetry (DSC).

Table 6. Differential Scanning Calorimetry (DSC) data.

Thermal Properties

Parameter Tg (◦C) Tcc (◦C) Tm (◦C)
PLA 58.69 120.12 151.23

Untreated kenaf/PLA 58.06 115.36 149.61
0.5% silane
kenaf/PLA

61.89 118.67 152.35

1.0% silane
kenaf/PLA

59.32 118.29 152.87

2.0% silane
kenaf/PLA

57.04 116.88 150.94

The neat PLA DSC curves and those of PLA composites with untreated, 0.5 % silane,
1.0% silane, and 2.0% silane of treated kenaf fibre composites indicate the glass transi-
tion temperature of PLA (58.69 ◦C), untreated (58.06 ◦C), at 0.5% silane (61.89 ◦C), 1.0%
(59.32 ◦C), and 2.0% silane (57.04 ◦C). By setting the neat polymer crystal temperature
benchmark (120.12 ◦C), the thermography shows that in untreated 0.5% silane, 1.0% silane,
and 2.0% silane fibre composites, the PLA polymer chains did not crystallise completely,
as illustrated in the temperature peaks of kenaf fibre composites. The crystallisation
temperatures that had been achieved from the data are 115.36 ◦C, 118.67 ◦C, 118.29 ◦C,
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and 116.88 ◦C, respectively. The melting temperature is significantly different between
composites and neat PLA. By referring to the table, the melting temperature of untreated
(149.61 ◦C), 0.5% silane (152.35 ◦C), 1.0% silane (152.87 ◦C) and 2.0% silane (150.94 ◦C). The
difference between each data for melting temperature of PLA composites is in the range of
1 ◦C, indicating that kenaf fibre does not interfere with the processing temperature. The
temperature of degradation for each of the parameters circulated between 291.75 ◦C and
29.75 ◦C. This occurred because the PLA itself degraded the polymer chain and there was
a loss of hydrogen elements after the rupture happened. The thermal properties of the
filament are one of the important factors to be determined before the printing process.
This is due to the need to add thermal properties of the filament as an input parameter
during the printing process. If the thermal energy is not adequate during the process,
it will affect the quality of the samples and lower the mechanical properties. The exact
melting temperature will also help the uniform distribution between fibre and polymer in
the extrusion process and avoid the problem of a clogged nozzle [34].

4.5. Morphological Analysis

Scanning Electron Microscope (SEM) is a method to review the detail of a kenaf fibre-
reinforced PLA surface. This test was performed to check the adhesion bonding between
treated and untreated fibre composites after enduring the tensile test. Figure 11 shows the
SEM micrographs (×500) of the kenaf fibre composites.

Figure 11a indicates the smooth neat polymer surface defects. From the observations,
it has been proven that PLA resins have a ductile manner as compared to untreated and
treated fibres, which are brittle. Figure 11b of untreated kenaf clearly shows that fibre
pull-out occurred, and as proven, a hole exists on the surface of the composites. This case
happened due to the impurity of untreated fibre that get affected because of weak interfacial
bonding between natural fibres and polymers (2). As a result, when load was applied, the
fibre could not withstand and pulled off from the grip of the matrix. As a comparison to
the treated fibre shown in Figure 11c–e, with three different concentrations of silane, it can
be seen that there is still fibre left. Figure 11c, which was treated with 0.5% of silane shows
impurities still exist on the composite surface. In conclusion, 0.5% silane cannot remove
impurities as well as 1.0% and 2.0% silane. The fibre left on the surface proves that the
bonding between the fibre and the polymer occurs perfectly; thereby the dispersion of load
towards composites is distributed equally. Therefore, 1.0% silane and 2.0% silane of treated
fibre achieved a high result in strength as compared to other composites, but results show
that 1.0% silane is the most optimal concentration for silane.

Torrado et al. (2014) stated that the use of silane in addition to surface modification
after the alkaline treatment improved some of the minor factors such as dispersion and ad-
hesion of the reinforcement and polymer matrix [45], and the SEM micrograph in Figure 12
has been compared with Figure 11 in silane treatment towards the fibre surface. In past
experiments, Petchwattana et al. [32] stated that a silane coupling agent enhanced the bond-
ing interaction between hydrophilic wood flour and hydrophobic PLA polymers [46,47].
Figure 12 shows the bonding between fibre and PLA polymer, untreated and treated with
a silane coupling agent. Figure 12a,c show poor interfacial adhesion between the untreated
fibre and polymer, while Figure 12b,d show good interfacial bonding with treated fibre.
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Figure 11. Scanning Electron micrograph (a) PLA; (b) Untreated fibre; (c) 0.5% silane; (d) 1.0% silane; (e) 2.0% silane.
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Figure 12. Scanning Electron Micrograph (a) Untreated wood PLA (b) Treated wood PLA (c) Untreated wood PLA
(d) Treated wood PLA [32].
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5. Conclusions

For many years, researchers have tried to determine the correct method to produce
high-performance materials by using natural fibres as reinforcement agents. Many methods
have been discovered in combining reinforcing agents with a polymer matrix, and this pa-
per is focuses on mixing kenaf fibre with thermoplastic PLA, and observing the mechanical
and physical properties of the composites. FDM is one of the additive technologies that
has many advantages, such as rapid production, good finishing, ability to generate many
shapes with complicated geometries and dimensions, and low cost. This research focuses
on the effect of using chemical treatment on kenaf fibre and analysis thereof by performing
mechanical and physical tests. In this paper, 2.5 wt % of kenaf fibre was mixed with a PLA
polymer by using a twin screw extruder, and a 3D printer filament was extruded. Five
different parameters were produced, including neat polymer (PLA with 0 wt % of fibre),
untreated kenaf fibre composites, and three different silane treatment parameters. Samples
that were printed following ASTM standards were used to performed the tests, and data
has been collected. Based on data observation, 1.0% silane concentration after being treated
with a 6% alkali solution indicated that this parameter can enhance the interfacial bonding
between two phases, which occur due to removal of chemical content in the natural fibre
itself such as cellulose, hemicellulose, and lignin. This experiment also proves that applying
a higher silane concentration can lead to fibre damage. For example, 2.0% silane is the
highest concentration of silane, and the strength data shows that 2.0% silane is lower than
a concentration of 1.0 %. Meanwhile, untreated natural fibre composites obtain the lowest
strength due to poor interfacial bonding because the stress cannot distribute equally on the
surface, unlike treated composites. In a nutshell, for natural fibre modifying composites,
the most crucial element that needs to be considered is the optimal concentration of silane
for natural fibre surface treatment, as it creates appropriate bonding to achieve a high
strength for application development.
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Abstract: The use of additive technologies keeps growing. Increasingly, flammable powder materials
are also used in additive technologies, and there is a risk of explosion or fire when using them. The
current article deals with the determination of fire parameters of a powder sample of polyamide
Sinterit PA12 Smoth in accordance with the EN 14034 and EN ISO/IEC 80079-20-2 standards. For that
purpose, a sample at a median size of 27.5 µm and a humidity of 0% wt. was used. The measurements
showed that the maximum explosion pressure of the PA12 polyamide sample was 6.78 bar and the
value of the explosion constant Kst was 112.2 bar·m·s−1. It was not possible to determine the MIT
value of the settled dust, since the melting point of polyamide sample is low. The MIT of the dispersed
dust was 450 ◦C. Based on the measured results, it can be stated that the powdered polyamide PA12
poses a risk in terms of explosions and fires. Therefore, when using polyamide PA12 in additive
technologies, it is necessary to ensure an effective explosion prevention.

Keywords: minimum ignition temperature of dispersed dust; dust explosion; dust cloud; polyamide
12; additive technologies

1. Introduction

Additive manufacturing (AM) is gaining increasing importance in industry, not just
as a technology for prototyping, but also, and in most cases, for production of functional
parts in various fields. Polyamides, or nylons, were the first materials to be recognized
as engineering thermoplastics, owing to their superior mechanical properties (especially
when exposed to elevated temperatures or solvents) [1–5].

Additive manufacturing is defined by ISO 17296 and ASTM F2792 as “the process of
joining materials to make parts or objects from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing methodologies” [6]. Three of the basic types of AM
used laser for building up the parts, wherein the starting materials used in the AM laser
processes may be in the form of a powder [7].

Dust explosion poses a risk for the processes where dispersed dust occurs. It is
therefore necessary to apply the principles of effective explosion protection [8–11].

In the case of powdered polymers, it is possible to design suitable explosion prevention
measures based on the measurement of fire characteristics (minimum ignition temperature
of settled and agitated dust (MIT), maximum pressure rise rate, explosion constant (Kst)
and lower explosion limit).

There are several databases and literature sources dealing with the explosiveness of
dispersed dusts [12–16]. In the field of polyamide polymer powders, only information on
nylon 6 and 6,6 fibrous materials can be found. Although the amount of polyamide PA12
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used has increased significantly, information on its hazards is quite limited (MIE in [17]),
and we have not encountered the research into the explosion parameters of polyamide
PA12 so far.

Polyamide PA12 is being increasingly used in industry in additive technologies. It is
therefore necessary to know its fire characteristics of MIT [18] and explosion parameters.
The PA12 powder is handled in relatively large quantities (additive technologies), and
the initiating source for the explosion of dispersed dust is almost always present in these
technologies (laser, high temperature...).

2. Materials and Methods

2.1. Sinterit PA12 Smooth Powder

Sinterit PA12 Smooth polymer polyamide powder was used in this study. According
to MSDS, the melting point of PA12 is 182 ◦C [19]. The moisture content of the PA 12
sample is 0% wt. The proportion of dimensional fractions of the PA12 polyamide sample
was determined by sieve analysis. The analysis procedure was performed according to the
ISO 3310-1:2016 (25 9610) Standard. The analysis was conducted on a Retsch AS 200 sieving
machine with a sieving time of 15 min and an amplitude of 2 mm/G. The results of the
PA12 sample sieve analysis are given in Table 1. The median value of the sample was
27.5 µm. The particle shape of the PA12 powder is shown in Figure 1.

Table 1. Proportion of particle sizes in the sample.

Mesh Size [µm]
Proportion of Particles Sizes

in the Sample [%]

500 0.02
250 0.08
200 0.02
150 0.06
90 0.88
71 1.78
56 3.36
45 15.49
32 74.92
20 3.39
0 0.00

median: 27.5 µm

Topography of powder particles was documented using a ZEISS LSM700 scanning
confocal microscope. 405 nm light source was used which in combination with a Epiplan-
Apochromat 100x/0.95 objective enabled to reach step sizes of 110 nm on the X and Y axis
as well as 60 nm in the Z axis, Figure 1.

The X-ray diffraction measurements were performed using a Panalytical Empyrean
diffractometer. The Cu–Kα nickel filtered radiation was detected in the range of 10–140◦

2Theta. Figure 2 shows the XRD pattern for the investigated PA-12 powder. Good agree-
ment with related publications was found. In the current powder both crystalline α and γ

phases were observed with their corresponding peaks. Peaks at 20◦ and 23◦ 2theta corre-
spond to the α phase. Peaks at 11.2◦ and 21.5◦ 2theta correspond to the γ phase [20–24].

For FTIR (FT-IR Spectrometer 660, Varian, Palo Alto, CA, USA) analysis, samples of
sheaths were directly applied to a diamante crystal of ATR (GladiATR, Pike Technology,
Fitchburg, WI, USA). The spectra were recorded using a Varian Resolutions Pro, and the
samples were measured in the region of 400–4000 cm−1; each spectrum was measured
48 times, at the resolution of 4.
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−
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Figure 1. Particles of “Sinterit PA 12 smooth” for laser sintering (confocal laser scanning microscope).

 

−

− −

Figure 2. X-ray diffraction patterns of PA12 sample PA 12.

Figure 3 shows the infrared spectra of PA12. The infrared spectrum of the sample
is typical for polyamide. The characteristic bands at a wavelength of 3278 cm−1 and
1645 cm−1 are attributed to the bending and stretching –NH2 bond. In addition, the
vibration at 1650 cm−1 corresponds to the –CO, and the band at 1540 cm−1 is due to the -NH
deformation and -CN of the secondary amides. The peaks between 2800 and 2900 cm−1

owing to the presence of -CH2, -CH3 and NH; the bands at 720, 1470 and 1539–1645 cm−1

are assigned to the bonds N–H, C–CO–NH2 and C=O of the primary amide.
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Figure 3. Infrared spectra of PA12 sample.

2.2. MIT of Dispersed Dust

The MIT measurements of dispersed dust were performed on a standardized equip-
ment, Godbert-Greenwald furnace, Figures 4 and 5 [25].

 

Figure 4. Cross-section of Godbert-Greenwald furnace [25].
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Figure 5. G-G furnace for determination of MIT of dispersed dust.

Small quantities of dust are blown vertically downward through a heated furnace, and
ignition is detected by visual inspection. The test material is dispersed in the furnace by air
blast. Since most of the sample consists of two fractions (>32 µm, >45 µm), the resulting
MIT value depends mainly on these two fractions. Owing to their percentage in the sample,
other fractions have a negligible effect on the MIT value of the dispersed dust from the
hot surface.

The dust quantity is 0.15 g (corresponds to the concentration with the highest Pmax
value) and the dust is dispersed at the air pressure 20 kPa and 50 kPa. If a burst of flame
is seen below the end of the furnace tube, this shall be considered as an ignition. For
each combination of temperature and pressure, five measurements were performed. The
measurements were assessed “YES” if at least one test was performed with positive results.
MIT of the dispersed dust is recorded as the lowest temperature of the furnace at which
ignition was obtained, minus 20 K [26].

Owing to the dust characteristics according to MSDS (melting point 182 ◦C), the MIT
determination of settled dust was not performed.

2.3. Explosion Parameters

The explosion parameters of PA12 polyamide were determined in the KV 150M2
explosion chamber, Figures 6 and 7.

A KV 150-M2 explosion chamber was used to determine the explosion parameters of
PA12 polyamide. Compressed air for dispersing the dust is supplied from a compressed air
vessel (6.5 L at 10 bar) through a fast-opening valve into the chamber. The volume of the
chamber is 365 L. The sample is placed on a disperser plate and is dispersed by a stream
of compressed air. The sample is then ignited by an igniter with an energy of 2 × 5 kJ.
The igniter is located in the middle of the explosion chamber according to the EN 14034
Standard [27].

The time between opening the dispersing valve and activation of the igniter is 350 ms.
Pressure changes inside the chamber are recorded by pressure transducers. The Keller
pressure transmitter has a response of 2000/s, the Kulite pressure transmitter has a response
of 410,000/s. The values are recorded at a speed of 50,000/s. Pressure changes during
the explosion of dust clouds were measured at the following concentrations: 15 g·m−3,
30 g·m−3, 60 g·m−3, 125 g·m−3, 250 g·m−3, 500 g·m−3, 750 g·m−3 and 1000 g·m−3.

The measurement was performed three times at each concentration. The Pmax value
is the highest value obtained during the measurements. dP/dt values were obtained by
deriving a smoothed P-t curve (FFT filter, 200 Hz = 125 points of window).
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− − − − − − − −

Figure 6. Cross-section of the KV 150M2 explosion chamber (1, chamber; 2, disperser tube; 3, air
pressure vessel; 4, dispersing plate; 5, disperser; 6, air flow reverser; 7, igniter rod).

 

− − − − − − − −

Figure 7. KV 150M2 explosion chamber.

3. Results

The minimum hot surface temperature (MIT) causing ignition of dispersed dust was
determined in a G-G furnace. The measured values are listed in Table 2.
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Table 2. Measured values of MIT (sample weight 0.15 g).

Air Pressure [kPa] Temperature [◦C] Result

20 400 NO
20 410 NO
50 420 NO
50 430 NO
50 440 NO
50 450 NO
50 460 YES
50 470 YES
50 465 YES

The measurement of the explosion parameters of dispersed dust sample of PA 12
polyamide was performed in the KV 150M2 explosion chamber. The pressure record of
the measurement for the concentration of 500 g·m−3, where the highest value of dP/dt
was reached, is shown in Figure 8. The pressure record for the concentration of 750 g·m−3,
where the highest value of Pmax was reached, is given in Figure 9. The pressure records
important for determining LEL are recorded in Figure 10. All measured values are listed in
Table 3.

−

−

 

Figure 8. Pressure record of PA12 polyamide explosion at concentration 500 g·m−3.

 

− −

𝐾 = √𝑉 × d𝑃/d𝑡 = √0.365 × 157.0 =  112.2 bar · s · m

Figure 9. Pressure record of PA12 polyamide explosion at concentration 750 g·m−3.
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− −

𝐾 = √𝑉 × d𝑃/d𝑡 = √0.365 × 157.0 =  112.2 bar · s · m

Figure 10. Pressure records for the LEL determination of PA12 polyamide sample.

Table 3. Explosion parameters of PA12 polyamide sample.

Concentration
[g·m−3]

Pmax

[bar]
dP/dt

[bar·s−1]

30 0.75 4.4
60 2.52 23.6

125 4.31 54.4
250 5.67 109.0
500 6.49 157.0
750 6.78 130.7

1000 6.33 107.2

The value of constant explosion Kst of the sample Sinterit PA12 Smooth was calculated
as follows:

Kst =
3
√

V × (dP/dt)max =
3
√

0.365 × 157.0 = 112.2 bar·s−1·m (1)

4. Discussion

In our research, the explosion parameters and MIT of dispersed dust of PA12 polyamide
were measured. The highest value of explosion overpressure of 6.78 bar for the sample
was measured at a concentration of 750 g·m−3. The value of the explosion constant was
112.2 bar·m·s−1. The MIT value for dispersed PA12 polyamide dust is 450 ◦C. As shown in
Figure 10, the LEL of the Sinterit PA12 Smooth sample is 15 g·m−3.

It is not possible to compare the measured results of this particular sample with the
measurement results of identical sample attained by other researchers; measurements
of explosion parameters of this type of explosive sample (Sinterit PA 12 Smooth) have
not been published yet. Generally, only parameters of PA12 polyamide fibers and flocks
from the textile industry are available. For the sample “Polyamide flock” of the mean
particle size 37 µm, Field [13] states the value of MIT (dispersed dust) 520 ◦C, the value
Pmax = 9.8 bar and the value Kst = 93 bar·m·s−1 and LEL = 30 g·m−3. Iarossi et al. [28]
determined Pmax = 6.6 bar, Kst = 50 bar·m·s−1 and MIT (dispersed dust) 485 ◦C for the
fibers with a length of 0.5 mm and dtex 1.7. For polyamide (7367) with a sample median
size of 30 µm, the Gestis database [29] determined LEL = 30 g·m−3, Pmax = 7.3 bar, explosion
constant Kst = 117 bar·m·s−1 and MIT (dispersed dust 480 ◦C). It can therefore be stated
that the measured values that Sinterit PA12 Smooth fire properties are comparable with the
results indicated in the scientific literature and databases.
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5. Conclusions

Frequently utilized for the advantages they provide, additive technologies widely
use powder materials, including PA12 polyamide (Sinterit PA12 Smooth). It is therefore
necessary to deal which safety when using polyamide PA12 in additive technologies. One
of the PA12 polyamide is its explosiveness. Explosion and ignition of dispersed dust can
cause damage to property and lives.

Based on these values, it can be concluded that the use of PA12 in additive technologies
can pose a significant risk of explosion or fire. When using PA12 polyamide in additive
technologies, it is therefore necessary to ensure effective explosion prevention.
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Abstract: This study addresses the mechanical behavior of lattice materials based on flexible ther-
moplastic polyurethane (TPU) with honeycomb and gyroid architecture fabricated by 3D printing.
Tensile, compression, and three-point bending tests were chosen as mechanical testing methods. The
honeycomb architecture was found to provide higher values of rigidity (by 30%), strength (by 25%),
plasticity (by 18%), and energy absorption (by 42%) of the flexible TPU lattice compared to the gyroid
architecture. The strain recovery is better in the case of gyroid architecture (residual strain of 46% vs.
31%). TPUs with honeycomb architecture are characterized by anisotropy of mechanical properties
in tensile and three-point bending tests. The obtained results are explained by the peculiarities of the
lattice structure at meso- and macroscopic level and by the role of the pore space.

Keywords: lattice material; flexible TPU; 3D printing; internal architecture; mechanical properties

1. Introduction

Currently, much attention is paid to the fabrication and study of lattice (cellular) struc-
tures because of their excellent functionality due to their superior mechanical properties,
large surface area, and open pores [1]. They can be used in various technological fields,
including structural lightweight design [2,3], acoustic and thermal insulation [4–6], shock
absorption [7], and as biomaterials for implants and scaffolds for tissue engineering [8,9].
Conventional technologies for the fabrication of lattice materials severely limit the possi-
bility of forming structures with complex architecture characterized by a strictly defined
shape and size of cells [10]. Many of these limitations can be overcome by using additive
technologies [11–13].

The mechanical behavior of lattice materials, their crash resistance, and energy ab-
sorption capacity are important issues in additive manufacturing of regular cell structures.
Rigid thermoplastic polymers such as ABS or PLA are mainly used to fabricate lattice
polymer materials with different architectures by 3D printing [14–16]. The use of flexible
thermoplastics for these purposes is not so widespread. This is because the 3D printing pro-
cess with flexible material is more demanding and cannot be realized with most 3D printers
available on the market. Besides, the determination of suitable technological parameters
for flexible polymers requires additional, time-consuming optimization studies [17–19].
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Thermoplastic polyurethane (TPU) is one of the promising polymers that can find
wide practical application as a lattice material. In [20,21], it was shown that 3D printing
of TPU provides a unique opportunity to fabricate customized flexible cellular structures
that can be designed and optimized for specific energy absorbing applications. TPU lattice
materials can be fabricated from both rigid TPU and flexible TPU and can also differ in
architecture (i.e., type of cell structure). For example, for TPU honeycombs (hexagonal
cells), it was shown that the energy absorption properties under compression depend on
the orientation of the cells as well as the strain rate [21]. In [22], the effect of different
gradient gradings produced by TPU materials on the energy absorption of honeycomb
structures was demonstrated. The results showed that the energy absorption curves of
these structures can be controlled by grading the density of the structures. In [23], the effects
of cyclic loading and impact loading on the gradient energy absorption of honeycomb
structures were investigated. The authors [17] analyzed the deformation process of regular
cell structures based on the flexible TPU under quasi-static loading conditions. As shown
in [24], TPU-based honeycomb structures have the potential for repeatable and high specific
energy absorption, with absorption efficiency not worse than rigid polyurethane foams.
Varying the cell size and wall thickness of TPU honeycombs facilitated the change in
stiffness but provides only a modest opportunity to change the shape of the stress–strain
curve [24].

The mechanical properties of lattice materials are also largely determined by the
parameters of 3D printing (layer thickness, printing speed, raster angle, raster width, air
gap etc.). The build orientation and the loading direction during the experiment also have a
significant influence on the mechanical properties of additively manufactured components.
For example, it was shown in [25] that TPU parts printed flat and edge oriented have better
tensile strength and deformability than those printed on edge. It should be noted that the
TPU samples studied did not have a lattice structure but consisted of a solid material. The
authors of [20] also stated the importance and need for further research to understand
the difference in elasticity and energy absorption capacity between the axial printing and
transverse directions to determine whether or not 3D printing orientation has an effect on
the mechanical properties of TPU-based lattice structures.

In our previous work [26], we investigated the influence of build direction and loading
direction on the mechanical properties in three-point bending test of 3D-printed rigid
TPU-based lattice structures. For lattice structures with square cells, it was shown that
the investigated specimens are characterized by a strong anisotropy of the mechanical
properties, which depends on the build direction and the loading direction. Thereby, the
influence of the loading direction is significantly stronger for the samples printed vertically
or at an angle of 45◦, while the properties of the horizontally printed lattice structures are
almost isotropic.

The main characteristic of flexible TPU is high deformability. This, combined with the
right architecture of the lattice material, can lead to high efficiency in energy absorption and
crashworthiness, for example, 3D-printed flexible TPU-based lattice materials also have
great potential in the fabrication of lightweight, custom-shaped structures and functional
parts for applications in various fields such as aerospace engineering, medical devices
and sports equipment [27–31]. The aim of this work is to present results regarding the
mechanical response of 3D printed lattice structures made of flexible TPU subjected to static
(tension, three-point bending, compression) and dynamic (dynamic mechanical thermal
analysis) tests. The novelty of this work lies in the complex investigation of the effects of
architecture and lattice cut direction on the mechanical properties of 3D printed flexible
TPU under different types of loading.
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2. Experimental Section

2.1. Materials and Processing

TPU Desmopan 3690 AU (Covestro AG, Leverkusen, Germany) was used as raw
material. Two types of lattice architectures were investigated: honeycomb and gyroid
(Figure 1).

sin(1.5x) · cos(1.5y)  +  sin(1.5y) · cos(1.5z)  +  sin(1.5z) · cos(1.5x)  =  0

С
С

С
С С

С

Figure 1. The peculiarities of the multiscale structure of flexible TPU lattice materials with honeycomb
and gyroid architecture as well as the arrangement of A- and B-type test specimens.

Models for the creation of honeycomb and gyroid architecture were created by using
a program generated infill Simplify3d and Ultimaker Cura. The honeycomb structure was
interpenetrating open hexagonal cells with sizes of 3 and 6 mm and a wall thickness of
0.36 mm. The corresponding gyroid structure was described by the formula:

sin(1.5x)· cos (1.5y) + sin(1.5y)· cos (1.5z) + sin(1.5z)· cos(1.5x) = 0 (1)

They were later converted into rectangular bars by linear array duplication (Figure 1).
The resulting models were saved in .stl format and sliced with the Simplify 3D package.
Isometric views of individual cells of lattice structures are presented in Figure 2.

The 3D printing was done with the printer Flashforge Creator pro (Zhejiang Flashforge
3D Technology Co., Ltd., Jinhua City, China). The parameters of 3D printing were as follows:
the nozzle temperature was 245 ◦C, the temperature of the building platform was 90 ◦C,
the printing speed was 2000 mm/min. The filament was produced by processing of TPU
in a single-screw extruder (Polymer Mash LTD, Kyiv, Ukraine; D = 25 mm, L/D = 16 and
50 rpm), followed by two-stage cooling (in water at temperatures of 60 ◦C and 15 ◦C) and
drying in a heating chamber with air circulation (8 h, 50 ◦C). The temperatures within the
zones were 190–200–210 ◦C. Filament production speed was 16 m/min. The diameter of
the monofilament is 1.75 ± 0.05 mm.
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Figure 2. Isometric views of individual cells of honeycomb (a,b) and gyroid (c,d) architectures.

The samples of the lattice TPU with honeycomb and gyroid architecture were printed
in horizontal directions, which, as we showed in [26], provides the least anisotropy of
properties. In all the cases, the structure used is self-supporting due to the small size of
the open area and the sufficient bridging properties of the material and settings used for
3D printing. The thickness of the melt layers was 0.2 mm. The TPU content in the sample
volume was 29.7% and 37.0% for lattice material with honeycomb and gyroid architecture,
respectively. The samples were cut in two mutually perpendicular planes: perpendicular
and parallel to the print direction and are designated hereinafter as Sample, type A and
Sample, type B, respectively. The large side of the specimens was oriented in the x direction
(Figure 1). The mechanical characteristics of materials obtained by testing samples A and
B are labeled below as (z, x) and (y, x), where the first letter in parentheses indicates the
normal to the sample plane, and the second indicates the direction of tension-compression.

2.2. Characterization

The tensile and static three-point bending tests were performed at room tempera-
ture using the universal electromechanical device UTM-100 (G.S. Pisarenko Institute for
Problems of Strength of the National Academy of Sciences of Ukraine, Kyiv, Ukraine)
with a speed of the crosshead movement of 10 mm/min. The distance between the
outer rollers in three-point bending test was 100 mm. The samples were parallelepipeds
20 × 13 × 125 mm3 in size. To measure the strains, a specialized sensor for measuring
large deformations (up to 500 mm) was used, the probes of which were fixed directly on
the samples with the help of springs. In the experiment, the difference in the stroke of
the probes was recorded. The measurement error of the sample elongation was not worse
than ±0.5%. The standard deviation of the observation results was taken as a measure
of measurement error. An uniaxial compression test was performed using the loading
frame of an universal tensile testing machine (Instron, Model 5582, High Wycombe, UK)
controlled by the Bluehill® II software and a compression fixture equipped with LVDT
transducer, mounted close to the specimen for precise determination of the strain. It is
known that boundary effects are considered negligible when the ratio of specimen diameter
to unit cell size is sufficient to represent the compressive strength of the “bulk” porous
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material. According to [32–34] this ratio should be around 3, which was chosen in the
compression test. The samples were cylindrical in shape with 10 mm diameter and 15 mm
thickness. The temperature of the test was 25 ◦C. The compression rate was 5% of the initial
thickness per minute. The mean values of the mechanical characteristic were calculated
from the results of testing at least 5 specimens.

The viscoelastic properties were tested on rectangular specimens, 24 mm × 10 mm
× 3 mm, by dynamic mechanical thermal analysis (DMA) using the DMAQ800 (TA instru-
ment, New Castle, DE, USA). The measurement of the tangent of the loss angle tgδ, the
storage modulus E’, and the loss modulus E” was performed in the deformation mode
of single cantilevered bending. The frequency of forced sine oscillations was 1 Hz, the
temperature varied from −100 to 150 ◦C at the heating rate of 3 ◦C/min.

Differential scanning calorimetry (DSC) was performed with a device DSC Q20 (TA In-
struments, New Castle, DE, USA) under heating from −60 to 140 ◦C at the rate of 10 ◦C/min.
The samples with a mass of 4–5 mg were cut from lattice TPU and placed in standard
aluminum pans. During the measurement the DSC cell was blown off with dry nitrogen
(20 mL/min).

3. Results and Discussion

3.1. Tensile and Static Three-Point Bending Tests

Figure 3 shows the stress–strain curves of lattice flexible TPU with honeycomb and
gyroid architecture during tension (loading and unloading). The average values of modulus
of elasticity E, maximum tensile strength σT, strain at break εb, and residual strain εr

(after 24 h) are summarized in Table 1.

δ
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Е М а σ М а ε ε

σ ε

Figure 3. Representative stress–strain curves of lattice flexible TPU under tension. (a) honeycomb,
(b) gyroid architecture.

Table 1. Mechanical properties of lattice flexible TPU. Tensile test.

Internal Architecture Sample Orientation E, MPa σT, MPa εb, % εr, %

Honeycomb
(zx) 2.1 ± 0.1 Not break >280 46 ± 2

(yx) 1.6 ± 0.1 1.26 ± 0.05 230 ± 5 21 ± 2

Gyroid
(zx) 1.5 ± 0.1 Not break >280 31 ± 2

(yx) 1.4 ± 0.1 0.94 ± 0.05 190 ± 6 12 ± 1

It can be seen that all stress–strain curves exhibit nonlinear behavior, regardless
of the internal architecture of the sample. An anisotropy of the mechanical properties
of the studied specimens is observed as a function of their orientation relative to the
compression direction (Table 1). For the same orientation, the values of E, σT and εb are
higher for lattice TPU with honeycomb architecture. In turn, the degree of anisotropy of
these parameters is much lower for lattice TPU with gyroid architecture. This fact is in
agreement with the results of the static three-point bending test of lattice TPU. Indeed, the
modulus of elasticity for a sample with honeycomb architecture is 1.5 MPa (sample, type
A) and 0.66 MPa (sample, type B), and for a sample with gyroid architecture, it is 0.72 and
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0.71 MPa, respectively. It should be noted that the specimens of type A do not fail within
the travel of the testing machine and show higher deformability and higher maximum
tensile strength. The unloading paths show a large hysteresis loop with residual strain.
After unloading, a greater strain recovery occurs with time. The residual strains measured
24 h after the tests (Table 1) also show anisotropy as a function of the lattice cut direction,
indicating a more complete strain recovery for lattice TPU with a gyroid architecture.

The obtained results can be explained by the peculiarities of the multiscale structure
of A- and B-type test specimens for TPUs with honeycomb and gyroid architecture. Let us
consider them at the mesoscopic and macroscopic scales. The meso-scale refers to the scale
where the location of each structural element is visible, which is determined by the 3D
printing technology and does not depend on the architecture of the material. The macro
scale refers to the scale on which the architecture of the material manifests itself.

Figure 1 shows that in the A- and B-type samples the mesostructure is different: in
the first case the polymer filaments are interconnected along the width of the sample,
in the second-along the thickness, which is much smaller than the width. This explains
the lower strength of the B-type samples for the two studied architectures. At the macro
level, the structural features of the A- and B-type samples are fundamentally different
for the honeycomb and gyroid architectures. In the case of honeycomb architecture, the
structures of the images of the two types are completely different, because in the XY plane
this structure looks like hexagons, and in the ZX plane-layers (Figure 1). This explains the
large difference in their mechanical properties (Table 1). At the same time, for a gyroid
architecture at this scale, the structures of the samples of types A and B are the same, which
explains the closeness of their mechanical properties. After making the change of variables
in relation (1):

x∗ = y, y∗ = z, z∗ = x (2)

the following Equation (3) of the gyroid in new coordinates is obtained:

sin(1.5y∗)· cos (1.5z∗) + sin(1.5z∗)· cos (1.5x∗) + sin(1.5x∗)· cos(1.5y∗) = 0 (3)

A comparison of Equations (1) and (3) shows that these relations agree. It follows
that the sample of the first type, cut from the gyroid in coordinates (x∗, y∗, z∗), has the
same architecture as the sample of the first type, cut in coordinates (x, y, z). However, the
plane (x∗, y∗) corresponds to the plane (y, z), i.e., the sample of the first type in the new
coordinates is the sample of the second type in the old coordinates. This shows that in the
case of a gyroid, the samples of the first and second types have the same structure at the
macroscopic level.

3.2. DMA and DSC Analyzes

Figure 4, as an example, shows the results obtained from DMA tests of 3D printed
lattice TPU with honeycomb architecture. DMA curves for the lattice TPU with gyroid
architecture are qualitatively the same. In Table 2, E’, E” are storage modulus and loss
modulus at room temperature, respectively; TE, Ttgδ are the temperatures of the peaks of
the maxima of E” and tgδ, respectively; tgδ is the tangent of loss angle at room temperature;
tgδm is the maximum of tgδ.

The E’(T), E”(T) and tgδ(T) curves of lattice TPU show a shape typical of semicrys-
talline thermoplastic elastomers throughout the temperature range below the flow re-
gion [35]. The temperature-independent rubber plateau corresponds to rigid TPU seg-
ments that form stable crystals softening in a relatively narrow temperature range, which is
evident from the increase in tgδ(T) at the end of the DMA curve. The temperature location
of the maximum of the temperature dependences of E” and tgδ, which determine the
glass transition of soft TPU segments, as well as the height of the maximum of tgδ, which
characterizes the energy dissipation of a material (mechanical losses), depend weakly on
the architecture and the lattice intersection direction. A similar conclusion was drawn
from the DSC data (shown in the supplementary materials, Figure S1). For all tested lattice
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flexible TPU samples, a Tg associated with the glass transition temperatures of the soft TPU
segments was observed at the temperatures around −22 ◦C. At the same time, the storage
modulus and the loss modulus are higher in the case of lattice TPU with honeycomb
architecture in the same lattice cut direction.
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Figure 4. DMA curves for lattice flexible TPU with honeycomb architecture. (a)–E’(T), (b)–E”(T),
(c)–tgδ(T) dependencies.

Table 2. Viscoelastic properties of lattice flexible TPU.

Internal
Architecture

Sample
Orientation

E’, MPa E”, MPa E”, MPa TE, ◦C Ttgδ, ◦C tgδ tgδm

Honeycomb
(zx) 2.5 0.40 2.6 −13 7 0.18 0.23

(yx) 1.7 0.35 1.4 −11 6 0.19 0.23

Gyroid
(zx) 0.7 0.16 1.1 −12 6 0.2 0.27

(yx) 0.8 0.15 0.85 −11 5 0.2 0.25

In general, the dynamic mechanical analysis data (Table 2) are in good agreement
with the results of the tensile and static three-point bending tests, which show similar
regularities. The comparison of viscoelastic properties of honeycomb architecture lattice
rigid TPU [26] and lattice flexible TPU showed that a decrease in matrix rigidity naturally
leads to a significant (up to 10-fold) decrease in E’ and E” values.

3.3. Compression Test

Theoretically, anisotropic structures are not conducive to energy absorption because
under uncertain loading conditions, the energy absorption in the weak direction of the
structure will be extremely low. Figure 5 shows the stress-strain curves of lattice TPU
specimens of different architectures under compression. In both cases, three typical stages
of compression of such materials are observed: the linear-elastic stage, the plastic plateau
stage, and the densification stage, when all cells collapse, and the material deforms like a
continuous medium. It is important to note that the studied samples were not destroyed-
they were completely compressed, and over time they almost completely restore their shape
(shown in the supplementary materials, Figure S2). The modulus of elasticity, plateau
stress σL, and densification strain εD of the lattice TPU structures are given in Table 3.
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Figure 5. Representative stress–strain curves of lattice flexible TPU under compression. (a)–honeycomb,
(b)–gyroid architecture. The inset shows the enlarged initial part of the same curves.

Table 3. Mechanical properties of lattice flexible TPU. Compression test.

Internal Architecture Sample Orientation E, MPa σL, MPa εy, % εD, %

Honeycomb (zx) 10.8 ± 0.3 4.5 ± 0.2 1.6 ± 0.1 79 ± 3

(yx) 10.7 ± 0.2 4.3 ± 0.1 1.4 ± 0.1 84 ± 4

Gyroid (zx) 7.5 ± 0.3 4.1 ± 0.1 1.3 ± 0.1 83 ± 3

(yx) 7.3 ± 0.3 4.0 ± 0.1 1.1 ± 0.2 86 ± 3

In contrast to the above results of the tensile and three-point bending tests, the com-
pression test shows an almost complete absence of anisotropy of the mechanical properties
(modulus of elasticity) for both the lattice TPU with a honeycomb and gyroid architecture
(Table 3). This behavior of the materials under compression, in contrast to bending and
tension, can be explained by the fact that in this case the properties are largely determined
by a reduction in the volume of the pore space. In terms of its influence on the properties of
the materials, this factor outweighs the role of the architecture, which explains the closeness
of the mechanical properties of the type A and B specimens.

Regardless of the lattice section direction, the TPU lattice with a honeycomb architec-
ture is characterized by a higher strain hardening rate in both small and large deformations
(Figure 5), higher values of modulus of elasticity, plateau stress (Table 3) and energy absorp-
tion (Figure 6) compared to the TPU lattice with a gyroid architecture. With the increase of
compressive strain, several plateaus appeared corresponding to a gradual layer-by-layer
collapse (Figure 5, inset). The value of onset densification strain εD of the lattice structures,
where the compaction region begins (which is the practical limit for energy absorption
applications), is slightly lower for samples with a honeycomb architecture than for samples
with a gyroid architecture (Table 3).

= ( )
σ ε

=  
σ ε

Е σ ε

Figure 6. Energy absorption (a) and specific energy absorption (b) of the lattice flexible TPU structures.

92



Polymers 2021, 13, 2986

The energy absorption (EA) capacity of lattice materials can be calculated from the
area under the stress–strain curve:

EA =
∫ εD

0
σ(ε)dε (4)

where σ is stress and ε is strain. The specific energy absorption (SEA) is the energy
absorption per unit mass which is used to evaluate the energy-absorbing efficiency. The
SEA is defined as:

SEA =
EA

m
(5)

where m is the mass of the lattice material, EA-is the absorbed deformation energy per
unit volume.

By integrating σ(ε) at different strains, the energy absorption of the lattice structure
under different strains can be obtained, as shown in Figure 6a. It can be seen that at
the initial stage, the energy absorption capacity of the studied samples is practically the
same. However, when the strain exceeds 0.3, the energy absorption of the lattice TPU with
honeycomb architecture is higher than that of the gyroid TPU. The differences in energy
absorption between the two lattice cut directions correlate with those mentioned earlier
and amount to about 25% for both lattice TPU with honeycomb and gyroid architectures.
The data from SEA show that the energy absorption performance is significantly higher for
lattice TPU with honeycomb architecture, regardless of the lattice cut direction (Figure 6b).

4. Conclusions

The presented study considers the possibility of 3D printing flexible TPU lattice
materials with two types of lattice architectures: honeycombs and gyroids. The effects of
lattice cut direction and architecture on the mechanical response under various types of
loading are systematically investigated. The main findings from this study are as follows.

It is shown that compared to the gyroid architecture, the honeycomb architecture
determines the TPU lattice with 30%, 25% and 18% higher values of E, σT, εb, respectively,
measured in both tension and compression.

The presence of the anisotropy of the mechanical properties of the TPU lattice in the
case of tension and three-point bending and its absence during compression are noted. The
effect of the lattice cut direction is much stronger for samples with honeycomb architecture,
while the properties of gyroid-based lattice structures are almost isotropic. The characteris-
tics of the mechanical behavior of the studied TPU lattices are associated with differences
in their structure at the meso and macro levels, as well as with the leading role of the pore
space in compression tests.

The energy absorption capacity of a lattice structures depends on its architecture and
lattice cut direction. The energy absorption performance (by 42%) is significantly higher
for lattice TPU with honeycomb architecture, regardless of the lattice cut direction.

Flexible TPU-based 3d printed lattice materials have broad prospects for use in many
areas of everyday life, including in medicine, furniture, automotive, civil engineering, etc.
Their undoubted advantage is lightness, high mechanical, energy absorption and elastic
recovery properties. The results from this study provide experimental data for analyzing
and optimizing products made of 3D printed flexible TPU.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13172986/s1, Figure S1: DSC curves of lattice flexible TPU with honeycomb and gyroid
architecture. Figure S2: The recovery degree of lattice flexible TPU with honeycomb and gyroid
architecture over time after the compression tests.
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Abstract: Fused deposition modelling (FDM) is the most widely used additive manufacturing process
in customised and low-volume production industries due to its safe, fast, effective operation, freedom
of customisation, and cost-effectiveness. Many different thermoplastic polymer materials are used
in FDM. Acrylonitrile butadiene styrene (ABS) is one of the most commonly used plastics owing to
its low cost, high strength and temperature resistance. The fabricated FDM ABS parts commonly
work under thermo-mechanical loads in actual practice. For producing FDM ABS components that
show high fatigue performance, the 3D printing parameters must be effectively optimized. Hence,
this study evaluated the bending fatigue performance for FDM ABS beams under different thermo-
mechanical loading conditions with varying printing parameters, including building orientations,
nozzle size, and layer thickness. The combination of three building orientations (0◦, ±45◦, and 90◦),
three nozzle sizes (0.4, 0.6, and 0.8 mm) and three-layer thicknesses (0.05, 0.1, and 0.15 mm) were
tested at different environmental temperatures ranging from 50 to 70 ◦C. The study attempted to
find the optimal combination of the printing parameters to achieve the best fatigue behaviour of the
FDM ABS specimen. The experiential results showed that the specimen with 0◦ building orientation,
0.8 mm filament width, and 0.15 mm layer thickness vibrated for the longest time before the fracture
at each temperature. Both a larger nozzle size and thicker layer height can increase the fatigue
life. It was concluded that printing defects significantly decreased the fatigue life of the 3D-printed
ABS beam.

Keywords: 3D printing; ABS; fatigue; thermo-mechanical loads; building orientation; nozzle size;
layer thickness

1. Introduction

Three-dimensional (3D) printing, also known as additive manufacturing (AM), is a
rapid prototyping technology that was developed in the 1980s. This technology is based
on the computer-aided design (CAD) model and helps to construct physical objects using
powdered metal or plastic and other bondable materials [1]. Fused deposition modelling
(FDM), as an AM process, was initially developed in the early 1990s. It develops the
components using layer by layer deposition with the thermoplastic material filaments
extruded through a nozzle [2]. Due to its safe, fast, and effective operation, freedom
of customisation, and cost-effectiveness, FDM has become the most widely used AM
process in customised and low-volume production industries [3]. Apart from functional
prototyping, FDM is also used in aerospace, automotive, medical and biomechanical
sectors [4–8].

Several different thermoplastic polymer materials are used in FDM. Acrylonitrile
butadiene styrene (ABS) is the most commonly used plastic because of its low expense,
high strength, and temperature resistance [9]. Although the differences in the mechanical
properties between FDM ABS and conventionally manufactured ABS have been discussed
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in the literature [10–15], the most common conclusion was that FDM ABS has 11% to 37%
reduced modulus and 22% to 57% reduced strength [16,17]. Some studies evaluated the
different printing parameter effects on FDM ABS mechanical properties (strength and
modulus) [18–23]. Some studies attempted to improve the mechanical properties of FDM
polymers by optimising the 3D printing parameters [13,24–26]. However, only a few
studies focused on the fatigue behaviour of FDM ABS [10,27–31].

As a result of the propagation of cracks due to a repetitive or cyclic load, fatigue failure
is normal in practical structures where the cyclic stresses are typically significantly less
than yielding strength. Therefore, it is significant to evaluate the fatigue performance of
the material. Safai et al. Shanmugam et al. and He et al. reviewed the fatigue behaviour of
FDM polymeric materials [8,32,33]. The results of their overview show that determining
the best printing parameter combinations for fatigue strength is a challenge because of the
synergism between variables and 3D printed material properties. The experimental studies
are essential to understand how these parameters affect the fatigue behaviour. Therefore,
some studies carried out the experimental works for different 3D printed polymers with
variable parameters. Letcher and Waytashek and Afrose et al. all reported that 45◦ building
orientation generated the maximum fatigue strength for 3D printed polylactic acid (PLA)
in tension fatigue tests [34–36]. The results of a tension fatigue test for FDM ABS had
the same conclusion [10,28,29]. However, the 0◦(X)/90◦(Y) raster orientation had the best
fatigue life in compact tension test for FDM PLA [37]. X orientation provided the highest
fatigue strength for FDM ABS in a tension fatigue test [38]. For other printing parameters,
some studies carried out the flexural fatigue tests for FDM PLA bar and the results showed
that larger layer thickness and nozzle size both increased the fatigue life [39–41]. However,
similar research has not been carried out on FDM ABS. Jap et al. listed the potential printing
parameters, depicted in Figure 1 (dominant factors shown in red), which may affect the
fatigue life of FDM ABS through many complex mechanisms and proposed that raster
orientation is a critical parameter that is related to the tensile strength of FDM ABS [27].
Sharma and Ziemian proposed that the 0◦ or +45◦/−45◦ raster orientation achieved the
most fatigue cycles to failure in a tension–tension fatigue test [10,28,29]. By contrast, Hart
and Wetzel confirmed that 90◦ laminae orientation had the highest fracture toughness [30].
Padzi et al. carried out the fatigue test for ABS dog bone specimens and concluded that the
3D printed part had a lower fatigue life [31].

After careful judgement, surprisingly, although there are several printing parameters
that may affect the fatigue strength, only a few studies have tested the relationship between
them and fatigue performance [10,27–31]; furthermore, these studies only investigated
one or two specific parameters [38]. Safai et al. and Shanmugam et al. presented an
overview of the fatigue behavior of 3D printed polymers. However, previous studies only
performed the tension–tension or rotating bending fatigue tests for FDM ABS [32,33], and
as such, although Puigoriol-Forcada et al. investigated the flexural fatigue behaviors of
FDM polycarbon (PC) and proposed that build orientation significantly affected the fatigue
life due to the inner anisotropy [42], there have been no studies on the bending/flexure
fatigue test for FDM ABS. Additionally, no study has considered the thermo-mechanical
loading conditions.

The coupled thermo-mechanical load is more common in an actual working environ-
ment, such as the 3D printed flex sensor and capacitive interface device working under
temperature load [43]. It even forms part of the development of the next-generation space
exploration vehicle. NASA launched a FDM CubeSat Trailblazer in November 2013 to
demonstrate the durability of 3D-printed devices with extreme thermal cycling [44]. We
evaluated the relationship between the several different critical printing parameters and the
bending fatigue performance for the FDM ABS beam under different thermo-mechanical
loading conditions. Compared with the prior research, the extra thermo loads and dynamic
bending stress simulated the practical working conditions better. Building orientation,
nozzle size and layer thickness were selected as the significant variables in the research,
because the adjustment of these parameters can affect the printing quality, which related to
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the air-void defects in the specimen. In the study, the specimens with different printing
parameters were tested under bending stress with the thermo loads. The fatigue life was
measured to find the optimal printing parameter combination to guide the future FDM
process and provide a better fatigue life for the FDM structure.

Figure 1. Critical parameters relating to the fatigue performance of the fused deposition modelling (FDM) structure [27].

2. Methodology

2.1. Design of Experiment

The current study focused on three significant parameters (building orientation, nozzle
size and layer thickness) and investigated their critical effects on the mechanical behaviour
of 3D-printed ABS, as already mentioned in the introduction. These parameters also affect
the other aspects of the FDM process, such as the manufacturing time and cost.

1. Building orientation: this can be defined as the path on which the nozzle moves on
each layer of the FDM part. It can be set in the 3D printer’s software;

2. Nozzle size: this determines the diameter of the filament extruded from the printer’s
nozzle. Different diameter nozzles can be replaced to print different specimens;

3. Layer thickness: this defines the height of each layer and the number of layers each
part has. It can be set in the 3D printer’s software.

Three values, which are typically used as the default setting for 3D printing, were
evaluated for each parameter to cover the typical range of printing parameters. This
facilitated a comprehensive evaluation of the experimental results. In addition, the nozzle
size and layer thickness were derived from the profile of the default 3D. These values not
only provided excellent printing quality but also covered the typical setting range. The
selected values for each parameter are listed in Table 1 and depicted in Figures 2–4.

Table 1. Printing parameters.

Building Orientations Nozzle Size (mm) Layer Thickness (mm)

0◦ (X) 0.4 0.05
±45◦ (XY) 0.6 0.10

90◦ (Y) 0.8 0.15
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Figure 2. Printing directions: (a) X direction; (b) XY direction; (c) Y direction.

Figure 3. Nozzle size: (a) 0.4 mm; (b) 0.6 mm; (c) 0.8 mm.

Figure 4. Layer thickness: (a) 0.05 mm (b) 0.10 mm (c) 0.15 mm.

Because the mechanical properties of ABS change a lot when temperature changes,
while the practical applications may work under different environmental temperature,
a comparison of fatigue life under different temperature is significant in the research.
Therefore, three different environmental temperatures, 40, 50 and 60 ◦C, were selected for
this purpose. 60 ◦C was chosen as the upper limit of temperature because ABS is sensitive
to the temperature. The mechanical strength decreases when increasing temperature. The
structural strength is not strong enough to support the experiment when environmental
temperature is over 60 ◦C due to softening.

Because each printing parameter had three options as shown in Table 1, there were a
total of 27 combinations of the printing parameters. Each combination was tested under
three different temperatures, respectively. Consequently, 81 different types of specimen
were printed for these parameters and the environmental temperature values. Three similar
specimens were manufactured for each combination and tested under the same conditions
for confirming the experimental repeatability of the results obtained.
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2.2. Materials

In this study, a red ABS filament fabricated by Ultimaker® (Utrecht, Netherlands) was
chosen as the raw material because the crack growth path and plastic zones can be clearly
observed in this colour. More details of this material are presented in Table 2.

Table 2. Ultimaker® acrylonitrile butadiene styrene (ABS) filament specifications [45].

Filament Specification Value

Diameter 2.85 ± 0.10 mm
Tensile modulus 1618.5 MPa (ISO 527) [46]

Elongation at yield 3.5% (ISO 527)
Flexural modulus 2070 MPa (ISO 178) [47]

Vicat softening temperature 97 ◦C
Melting temperature 225–245 ◦C

2.3. Specimen Preparation

Currently, ASTM D7774 [48] is the standard test method for flexural fatigue properties
of plastics. Following the standard, the specimen is cyclically loaded equally in the positive
and negative directions to a specific stress or strain level at a uniform frequency until the
specimen ruptures or yields. This means the quasi-static loads are applied in the test.

However, the 3D-printed polymers, rather than conventional manufactured polymers,
were tested in this research. Extra thermo loads and dynamic mechanical loads were
applied during the tests. This means the current standard that focuses on the bending
fatigue test of polymers may be not suitable in this research. Therefore, a 3D printing
ABS specimen was designed using the CATIA v5 CAD software. The geometry of the
specimen is depicted in Figure 5: 150 × 10 × 5 mm and was the same as that used in
previous research [49]; therefore, the experimental results of the current study and those of
the previous study can be compared. An initial seeded crack with a depth of 0.5 mm was
crafted close to the fixed end of the beam to ensure that the maximum stress concentration
occurred at the same locations for all the specimens. Therefore, crack propagation in all the
experiments was the same and closely resembled fatigue failures of an actual scenario. The
test results thus obtained were then compared.

Figure 5. Geometry of specimen.

The specimen’s CAD model was converted to an STL file and imported to the Ul-
timaker CURA 4.6 software. Apart from the selected parameters presented in Table 2,
there were a series of parameters in CURA. Because these parameters in CURA were not
the focus of the current study, all these settings were held at recommended or default
values during the printing process. Further, an infill density of 100% was selected. The
appropriate set nozzle temperature was selected as 245 ◦C based on the recommendation
of the printing setup. The bed temperature was set to 90 ◦C, which was the default value of
the printer. Finally, the Ultimaker 2+ printer was used to print all the specimens, as shown
in Figure 6.
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Figure 6. Three-dimensional (3D) printing by Ultimaker 2+ printer.

2.4. Experimental Scheme

The experiments were primarily divided into two parts. First, the number of cy-
cles until the fracture of cantilever beams were evaluated using bending vibration tests.
Then, dynamic mechanical analysis tests were performed for the specimens cut from the
previous beams.

2.5. Experimental Setup and Procedure

The experimental setup is illustrated in Figure 7. The ABS specimen was fixed on
the V55 shaker manufactured by Data Physics (Hailsham, UK). A mica band heater was
used to provide the specimen’s constant thermal loads throughout the experiment. First,
the specimen’s natural frequency was measured three times using an accelerometer in
an impact test. The first-order natural frequency of the specimen can be calculated using
Equation (1):

f =
i − j

ti − tj
(1)

where ti and tj denote the time of the ith and jth peak amplitude, respectively. The vibration
under natural frequency provided the initial maximum amplitude for the beam, and this
significantly shortened the experiment time. The accelerometer recorded the acceleration
and time data, imported them into Signal Express software via a DAQ card. The signal
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generator produced the sinusoidal output into the power amplifier. The power amplifier
then transferred the signal into the shaker, following which the shaker vibrated with a
2 mm amplitude under the measured natural frequency of the beam. This implied that the
beam was under resonation initially, following which the pre-seeded crack growth started.
The shaker was running continuously until the beam’s final fracture occurred.

Figure 7. Experimental setup.

Compared with the traditional fatigue failure approach, which is defined as the num-
ber of cycles at which the stiffness of the material reduces by 50% (Nf50), the current study
directly registered the number of cycles from the beginning of the run to the occurrence of
fracture for the specimens because it was difficult to measure the stiffness for the cracked
specimen. The results were recorded and then compared with each other. The 3D printing
parameter combination corresponding to most cycles was determined as the optimal choice.
The beam section after the fracture was captured using a 200× Dino-Lite microscope (AnMo
Electronics Corporation, Hsinchu, China).

The DMA test was then performed using Q800 from TA Instruments (New Castle,
TX, USA). The specimen was fixed in the chamber of Q800 by the dual cantilever clamp.
The temperature ramp rate was 3.00 ◦C/min. The load oscillation frequency was 1 Hz.
This measured the storage modulus of the parts cut from the previous bending fatigue
specimens under the temperature range of 30 to 70 ◦C.

3. Results and Discussion

3.1. DMA Tests

The storage modulus of each specimen cut from the cracked cantilever beams at
temperature ranging from 30 to 70 ◦C was measured by DMA. The statistical significance
was determined using MATLAB. A Kruskal–Wallis one-way analysis of variance (Kruskal–
Wallis test) with three independent variables (building orientation, nozzle size and layer
thickness) was conducted without the consideration of temperature because the data
group did not meet the normal distribution requirement. Each printing parameter group
contained the sample data, which was the constant in that parameter, but with the different
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values in other parameters. This tested the hypothesis that the storage modulus of different
parameters were equal against the alternative hypothesis that at least one group was
different from the others.

The variation of the storage modulus with temperature and statistical data is depicted
in Figures 8 and 9. The mean storage moduli for different printing parameters are listed in
Table 3. Although calculating the mean storage modulus was not the primary purpose of
this study, this value can be used as a reference since it significantly affects the performance
of structural fatigue. Higher storage modulus means the higher stiffness. It may potentially
lead to longer fatigue life.

Figure 8. Detailed storage modulus change for different printing parameters from 30 to 70 ◦C.

Figure 9. Statistical analysis of the storage modulus for different printing parameters.
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Table 3. Mean storage modulus for different printing parameters.

Printing Parameters Group Mean Storage Modulus (MPa) p-Value

Building Orientation
X 1692

2.34 × 10−115XY 1616
Y 1561

Nozzle Size (mm)
0.4 1450

00.6 1722
0.8 1708

Layer Thickness (mm)
0.05 1590

2.30 × 10−310.10 1622
0.15 1648

As can be observed, the storage modulus always decreased with the increase in
temperature during the DMA test for all the specimens. This is similar to other materi-
als [49–51]. For the mean storage modulus under the different printing parameter settings,
the X orientation provided the highest mean storage modulus, that is, 1692 MPa. The
mean storage modulus for the specimen with the Y orientation was only 1561 MPa. The
XY building orientation between these two orientations had a mean storage modulus of
1616 MPa. The variation in the storage modulus was found to be similar to that reported in
previous studies [36,52–54].

The influence of the layer thickness appeared to be insignificant. Specimens with a
layer thickness of 0.15 mm could provide a mean storage modulus of 1648 MPa, which is
only approximately 60 MPa more than that provided by a 0.05 mm-thick layer specimen
(1590 MPa). Whereas the results showed the difference when comparing with the previous
works. Other previous research presented that lower layer thickness seemed to provide the
higher strength [14,54]. However, the nozzle size was found to have a significant influence
on the storage modulus. The specimens printed with 0.6 mm and 0.8 mm nozzles had a
greatly improved storage modulus, that is, over 1700 MPa, as compared with the 1450 MPa
mean storage modulus provided by the 0.4 mm nozzle size.

A statistical analysis of the data also indicated a similar conclusion. Compared with the
p-value for different printing parameters, the p-value for the layer thickness of 2.30 × 10−31

was greater than the other two parameters. It confirmed that the storage modulus of FDM
ABS is not significantly impacted with the change in layer thickness compared with other
two parameters.

3.2. Bending Fatigue Test

Each group of three specimens was tested with a bending fatigue, and the mean cycles
to fracture were recorded. The outliers inside each set were filtered and removed. Figure 10
shows the mean value of the number of cycles to the fracture counted for each parameter
combination at different environmental temperatures. As can be seen, the specimen with
an X raster orientation, nozzle size of 0.8 mm, and layer thickness of 0.15 mm printing had
the longest fatigue life until the fracture at different environmental temperatures.
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Figure 10. Mean number of cycles of specimens at different temperatures.

3.2.1. Analysis of Variance

The fatigue life results were analysed through the Kruskal–Wallis test at a 95% con-
fidence interval for each parameter. The study calculated the mean number of cycles for
each constant parameter as one data group. The Kruskal–Wallis test tested the hypothesis
that all group means are equal against the alternative hypothesis that at least one group
is different from the others. It was used to determine whether the number of cycles from
each group of parameters had a common mean. It can then find out whether different
parameters have different influences on the beam’s fatigue life.

Table 4 lists the F and p-values for each parameter. The p-value for the building
orientation is 5 × 10−5, for the nozzle size is 9.90 ×10−4, and for the layer thickness is 0.164,
and for the temperature is 6.96 × 10−11.

Table 4. Statistical parameter values.

Parameter Chi-Square p-Value

Building Orientation 17.79 0.0001
Nozzle Size 11.81 0.0027

Layer Thickness 3.56 0.1684
Temperature 41.24 1.11 × 10−9

Based on the p-values listed in the table above, we can confirm that temperature has
the most significant influence on the fatigue strength, statistically. Building orientation
and nozzle size also critically affect fatigue life. However, layer thickness did not show a
significant influence on the range of values tested because the p-value 0.1684 exceeded 0.05.

3.2.2. Temperature Influence on Fatigue Life

Figure 11 show the variation in the fatigue life at different environmental temperatures.
As can be seen, temperature has a significant impact on fatigue life. Notably, all the curves
show similar decreasing trends, confirming that the fatigue resistance decreases when
the temperature increases from 50 to 70 ◦C. The prior research focusing on conventional
manufactured ABS had the same conclusion [55–57]. Table 5 presents the statistical data
regarding the influence of temperature. The mean data was calculated by all specimens with
the same temperatures regardless of other parameter settings. The subsequent statistical
analysis of other parameters was also based on the same processing. By increasing the
environmental temperature from 50 to 70 ◦C, the mean number of cycles until failure drops
from 96,545 to 31,774 drastically.
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Figure 11. Effect of temperature on fatigue life.

Table 5. Mean number of cycles until fracture at different temperatures.

Environmental Temperature
(◦C)

Mean Number of Cycles
until the Fracture

Standard Deviation

50 96,545 36,969
60 65,312 31,163
70 31,773 17,747

This most significant influence of temperature on fatigue life was due to the deteriora-
tion of the mechanical properties with the increase in temperature. The FDM ABS appeared
to be glassy at the lower temperatures in terms of the molecular microstructure. In other
words, the rotation of the molecular chain ceased to occur and, therefore, the coil could not
uncoil and lengthen [58]. The side group and the chain elements could move in a small area.
By increasing the environmental temperature, the energy of the moving units and movable
space increased. Additionally, the van der Waals force between molecules decreased. The
chemical bonds between the molecules were easy to break, and as such, the chain slip
occurred easily [59]. Therefore, it can be concluded that microstructural fractures, crack
initiation, and propagations are easier in FDM ABS at higher temperatures. Furthermore,
such changes in the microstructural properties influence the mechanical behaviour of the
specimens. Finally, both the change in the microstructural and mechanical behaviour
in FDM ABS contribute significantly to the fatigue life of the beam. The change in the
mechanical behaviour is further evidenced from the DMA results presented later herein.

3.2.3. Building Orientation Influence

The building orientation is the most critical printing parameter affecting the fatigue
life of the FDM ABS beam. Figure 12 show the variation in the fatigue life for different
building orientations. The specimens with the X building orientation have the highest
number of cycles in all the subplots. The Y building orientation provides the worst
fatigue performance, whereas the performance provided by the XY building orientation
lies between them. Table 6 lists the average fatigue life for groups with different building
orientations. The X building orientation provides the longest fatigue life with an average
of 96,545 cycles until fracture. However, the number of cycles is only 40,699 for beams
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with the Y building orientation. It is less than half the fatigue life of the X orientation. The
experimental results are different with those presented in most previous studies, which
performed the tensile fatigue test and reported that X orientation had the best fatigue
strength [10,28,29,34–36]. The difference between tension and bending fatigue tests may
cause this different result.

Figure 12. Building orientation effect on fatigue life.

Table 6. Mean number of cycles until fracture for different building orientations.

Building Orientation
Mean Number of Cycles

until the Fracture
Standard Deviation

X 86,270 43,307
XY 66,659 37,338
Y 40,699 21,850

The results are reasonable. The initial seeded crack is lateral on the beam, the same
as that in the case of the specimen with a Y building orientation. In fracture mechanics,
the crack initiates and propagates from micro-cracks on or in the structure [60]. These
micro-cracks can be represented by 3D printing defects in the research. The micro-voids
occur between the filaments in the structure. The presence of these air voids between the
fibres leads to stress concentration when the beam vibrates.

Furthermore, the bonds between the filaments are the weakest in the areas where the
voids are present. The occurrence of crazing is earlier in the area with the voids. Notably,
the direction of the void area is the same as that of the initial-seeded crack. This provides
an excellent crack path that leads to a quick crack propagation. On the contrary, due to the
beam’s vibration, the bending stress is longitudinal and acts on the Y orientation voids
vertically, thereby accelerating the crack growth and decreasing the fatigue life.

3.2.4. Nozzle Size Influence

Figure 13 show the variation tendency of fatigue life for different nozzle sizes. As can
be seen, the fatigue strength has an increasing trend when the nozzle size increases for all
the specimens. The tests had the similar conclusion with FDM PLA [39–41]. Table 7 present
the mean fatigue life for the specimen group with different nozzle sizes. The mean number

108



Polymers 2021, 13, 2362

of cycles increases from 45,195 for the 0.4-mm nozzle size to 84,087 for the 0.8 mm nozzle
size. The nozzle size also significantly influences the manufacturing time.

Figure 13. Influence of nozzle size on fatigue life.

Table 7. Mean number of cycles until fracture for different nozzle sizes.

Nozzle Size (mm)
Mean Number of Cycles

until the Fracture
Standard Deviation

0.4 45,195 27,329
0.6 64,346 36,201
0.8 84,087 44,604

The effect of nozzle size on the fatigue life was similar to that in the case of a previously
reported micro air voids theory. We assumed the spacing between the void defects during
the printing process to be almost constant between the filaments, regardless of the thickness
of the filament. This implies that the beam printed with a 0.8 mm-nozzle had fewer micro-
voids than that printed with a 0.4-mm nozzle. Fewer void defects increase the global density
of the specimen, thus reducing the stress concentration. The specimen then has a higher
storage modulus, and the crack propagation becomes considerably difficult. Therefore, the
overall fatigue life increases with the increase in the size of the nozzle.

3.2.5. Influence of Layer Thickness

We can verify the results obtained from the analysis of variance (ANOVA) test in
Section 3.2.1 based on the data presented in Figure 14. The fatigue life only increases
slightly when the layer thickness changes from 0.05 mm to 0.15 mm for all the specimens.
A similar trend was reported in FDM PLA research [39–41]. Despite the ANOVA results
regarding the layer thickness, the influence of layer thickness on the average fatigue life is
not entirely clear based on the presented data. The statistical results are presented in Table 8
demonstrate the potential relationship between layer thickness and fracture resistance. The
average fatigue life of the beam with a 0.15-mm layer thickness (74,463 cycles) is slightly
higher than 0.1-mm (65,196 cycles) and 0.05-mm (53,969) layer thicknesses.

109



Polymers 2021, 13, 2362

Figure 14. Layer thickness influence on fatigue life.

Table 8. Mean number of cycles until fracture for different layer thickness.

Layer Thickness (mm)
Mean Number of Cycles

until the Fracture
Standard Deviation

0.05 53,969 35,857
0.10 65,196 38,314
0.15 74,463 43,126

The possible cause of the effect of layer thickness may be the same as that in the case
of nozzle size. Since micro air voids exist between each layer, the size of the voids is also
almost constant and does not relate to the layer thickness. As a result, the beam with a
thicker layer has fewer microvoids. Therefore, a 0.15-mm thick layer provides the best
fatigue performance.

3.3. Technological Recommendations for 3D Printing

The results obtained for fatigue life, as presented above, can help us obtain the optimal
3D printing parameter combination to ensure a better bending fatigue life within a certain
parameter range investigated in this research. These parameters are listed in Table 9. A
nozzle size of 0.8 mm and a layer thickness of 0.15 mm also had a significant impact on the
fatigue life as the use of these parameters led to a significant reduction in the manufacturing
time of the parts.

Table 9. Optimal printing parameter combination for a longer fatigue life.

Parameter Optimal Level for Greater Resistance to Fatigue

Building Orientation X
Nozzle Size 0.8 mm (The maximum nozzle provided by Ultimaker®)

Layer Thickness 0.15 mm

3.4. Fractography

Different pictures of the specimen fracture section were taken with a Dino-Lite digital
microscope (AnMo Electronics Corporation, Hsinchu, China) after the bending fatigue
tests. Figure 15 shows which surface is captured by the microscope. All the pictures in
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the following figures show the different levels of stress-whitening. Furthermore, it can
be seen that the mixture of ductile and brittle break occurs during the fracture for all the
specimens. The white area represents the ductile fracture, but the red area represents the
brittle fracture.

Figure 15. A schematic to show which cross-section was captured by the Dino-Lite digital microscope.

As a universal phenomenon in polymers, stress-whitening is caused by microvoids
and crazes [61]. The polymer chains reorganize during tension when the beam is vibrating.
The straightening, slipping, and shearing of the fillers and the polymer chains during
movement within the plastic’s microenvironment may lead to the formation of occlusions
or holes in some cases. When these occlusions are combined, microvoids are produced.
The transmitted light is scattered when the microvoids cluster to a size greater than or
equal to the wavelength of light (380–750 nm). The microvoids change the refractive index
of the plastic, causing the object to appear white.

In other words, the defects (voids) of the 3D printing ABS cause local stress concentra-
tion and these areas are more likely to induce crazes. Figures 16–18 show the specimens
with different nozzle sizes. Similarly, printing defects occur between each filament. How-
ever, the distance between each void, representing the nozzle size, varies in the horizontal
direction. As can be seen from the aforementioned figures, all the pictures show some
bright white lines extending from the printing voids along the direction of crack growth,
confirming that the crack propagates along the microvoids and crazes. Then, the void
numbers in the cross-section of specimens were calculated approximately. For the 0.15 mm
layer thickness specimen, the 0.4 mm nozzle printed a total 500 air voids. This was more
than the 333 voids of 0.6 mm and 250 voids of 0.4 mm. This can also be visually observed
from the Figures 16–18. Because the number of voids within the same area cross-section of
a 0.4-mm nozzle (61) is more than that of a 0.6 (40) and 0.8 mm nozzle (31), consequently,
the number of stress whitening areas is also greater in the former. This results in a higher
fatigue crack growth rate and short fatigue life.
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Figure 16. Specimen with a nozzle size of 0.4 mm, X building orientation, and layer thickness of
0.15 mm.

Figure 17. Specimen with a nozzle size of 0.6 mm, X building orientation, and layer thickness of
0.15 mm.

112



Polymers 2021, 13, 2362

Figure 18. Specimen with a nozzle size of 0.8 mm, X building orientation, and a layer thickness of
0.15 mm.

Furthermore, from the figures mentioned above, it can be observed that all the pictures
show that the crack growth rate is time dependent. The white and red areas alternately
appear along the crack propagation direction. This means the crack growth dominated
by the ductile break and brittle break alternately occur. The layer-by-layer 3D-printed
structure may lead to the phenomenon. Furthermore, the brittle break rate in the red area
is higher than the ductile break in the white area. It is also reflected on the global colour
distribution along the crack propagation direction on the section. Colour near the beam
surface is significantly whiter than the bottom area. The ductile break gradually changes to
a brittle break during crack propagation. This implies that the initial crack growth rate is
less than the latter because the crack tip’s stress may increase along with the depth of the
crack. The greater the stress, the faster and easier the brittle fracture.

Figure 19 show the cross-sectional area for the XY building orientation. Compared to
Figure 16, Figure 19 shows a larger area of voids. Furthermore, the larger stress whitening
area connects the voids. These larger area voids decreased the strength of a structure which
led to the decreased fatigue life than X building orientation. However, from Figure 20,
which presents the fracture section of the Y printing orientation, we can see that there is
almost no stress whitening in this section. This is because this section has the weakest
bonds between the two filaments. Therefore, the brittle fracture continues along this section.
The voids between each filament and layer, represented by dark red, occupy a large area of
the fracture surface, thereby speeding up the crack growth rate.
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Figure 19. Specimen with nozzle sizes of 0.4 mm, XY building orientation and layer thickness of
0.15 mm.

Figure 20. Specimen with a nozzle size of 0.4 mm, Y building orientation, and layer thickness of
0.15 mm.

The inter-filament bonding strength along the crack path in the specimen with a Y
building orientation is also extremely weak. As can be seen from Figures 20 and 21, some
loose filaments are peeled off the fractured surface.
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Figure 21. Specimen with a nozzle size of 0.8 mm, Y building orientation, and layer thickness of
0.15 mm.

For the layer thickness effect, when Figures 22 and 23 are compared, we can see that
the section with a 0.15 mm layer thickness has fewer defects (dark red area) between the
layers in the unit section. This may be the reason why it has a longer fatigue life.

Figure 22. Specimen with a nozzle size of 0.6 mm, Y building orientation, and layer thickness of
0.1 mm.
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Figure 23. Specimen with a nozzle size of 0.6 mm, Y building orientation, and layer thickness of
0.15 mm.

4. Conclusions

The influence of printing parameters (building orientation, nozzle size, and layer
thickness) and environmental temperature on the bending fatigue life of a FDM ABS beam
was investigated. The following conclusions were drawn:

1. The environmental temperature has the greatest influence on the fatigue performance,
followed by the building orientation and nozzle size, whereas the layer thickness
does not show a significant influence with a 0.164 p-value of ANOVA;

2. A combination of the following parameters provides the longest fatigue life among
the tested values: X building orientation, 0.8 mm nozzle size, and 0.15 mm-thick layer;

3. Higher temperature reduces the fatigue life possibly due to more active molecular
movement. The mean fatigue life of beams under 70 ◦C is approximate 32,000 cycles.
It is only one third of that under 50 ◦C.

4. Parts with a Y building orientation have the lowest mean fatigue life (around 41,000 num-
ber of cycles), compared with 86,000 number of cycles of X building orientation. The
reason is that the micro air voids in a Y building orientation beam have the same direc-
tion as the initial-seeded transverse crack. This reduces the strength of the potential
fracture surface.

5. Both a larger nozzle size and thicker layer height decrease the beams’ micro void
space and quantity per unit area in the potential crack path and lead to a higher
fatigue resistance.

It was found that printing void defects fundamentally affect the fatigue life of the FDM
structure. Future work will extend the analytical modelling of the relationship between
these printing parameters and the bending fatigue life of the ABS beam.
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Abstract: Fused filament fabrication (FFF) has numerous process parameters that influence the
mechanical strength of parts. Hence, many optimization studies are performed using conventional
tools and algorithms. Although studies have also been performed using advanced algorithms,
limited research has been reported in which variants of the naked mole-rat algorithm (NMRA)
are implemented for solving the optimization issues of manufacturing processes. This study was
performed to scrutinize optimum parameters and their levels to attain maximum impact strength,
flexural strength and tensile strength based on five different FFF process parameters. The algorithm
yielded better results than other studies and successfully achieved a maximum response, which may
be helpful to enhance the mechanical strength of FFF parts. The study opens a plethora of research
prospects for implementing NMRA in manufacturing. Moreover, the findings may help identify
critical parametric levels for the fabrication of customized products at the commercial level and help
to attain the objectives of Industry 4.0.

Keywords: fused-filament fabrication; mechanical strength; naked mole-rat algorithm; optimization;
process parameters

1. Introduction

In the last few decades, the manufacturing sector has witnessed a paradigm shift from
conventional to advanced manufacturing techniques in both developed and developing
nations. Another breakthrough was achieved by researchers after developing additive
manufacturing (AM) technologies, which is gradually taking the present industry into
the era of Industry 4.0 [1]. The ever-increasing demand for good quality and customized
products at lower cost has brought additive manufacturing technologies into the limelight.
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AM primarily solves the problem of long delay periods between customer demands and
product development. During new product development, conventionally, it must pass
through many stages, which are eliminated in AM, even for complex parts [2]. This
technology used digital fabrication methods where the computer-generated design of the
required product is created through a layer-by-layer manufacturing technique. There is
no requirement for jigs, fixtures, dies and other tools for processing. Researchers have
even successfully developed multiple valve attachments for ventilators during emergency
conditions, such as pandemic occurred in 2020 [3]. Thus, the rapid delivery of high-quality
customized products while maintaining minimum cost is the reason for the supremacy of
these techniques.

Fused-filament fabrication (FFF) is the most popular AM technology, which works on
the principle of layer-by-layer manufacturing as designated by ASTM [4]. This technology
can transfer conceptual digital drawing into an actual product within a few hours using a
wide range of polymers and polymer composite filaments as raw material. The fiber and
particle-reinforced composites find vast applications in the areas of medicine, aerospace,
automobile and electronics [5,6]. Moreover, carbon-reinforced composites fabricated using
FFF are more cost-efficient than powdered alloys used in metal printers [7]. Due to
its material flexibility, easy transportation, minimal environmental degradation, lower
installation and material cost [8], researchers have used it extensively while developing
smart materials, metamaterials, implants, and other biomaterials for medical applications.
Medical 3D printing is gaining popularity as customized anatomical models are prepared
with higher accuracy and minimum lead time [9]. The inclusion of materials with sensing
capabilities in 3D printing has realized the dream of producing smart materials [10]. FFF
uses two-dimensional motion (X- and Y-direction) of heated extrusion nozzle, moved by
stepper motors and controlled by a microprocessor. The feedstock filament is passed by
rotating rollers into the extrusion nozzle, which heats it slightly lower than the melting
point, as shown in Figure 1. This semi-molten polymer bead is deposited on the build
platform; after one layer is deposited, the build platform moves downward (Z-direction),
and the next layer of materials is deposited. The motion of the nozzle and build platform
are synchronized by the microprocessor according to the product design [11]. The part
is immediately cooled and cleaned after completion, after which it can be used for the
desired application.

 

Figure 1. Schematic of the Fused Filament Fabrication (FFF) process.

Despite advantages, FFF has certain process limitations like poor surface finish and
mechanical strength than injection molding [12]. The surface finish can be enhanced by
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postprocessing methods, including mechanical finishing, chemical finishing and vapor
smoothing. However, there is no method available, which can improve the mechanical
strength of FFF parts. This aspect limits the usability of these components for certain
applications where flexural strength, compressive strength and tensile strength are manda-
tory [13]. On the contrary to postprocessing, the FFF part shows significant variation
in mechanical stability while manufactured at different conditions. There are numerous
studies, which have found that process parameters like layer thickness, raster angle, build
temperature, orientation angle, infill density, infill pattern and layer gap have a significant
impact on the mechanical stability of FFF parts [14,15]. As a general notion, the filament
layers deposited in the direction of tensile force and compressive force results in higher
mechanical strength [11]. Honeycomb structure with 100% infill density has yielded max-
imum tensile strength, as reported by Fernandez-Vicente et al. [16]. However, complex
issues arise when estimating strength is done for intricate designs manufactured using
different build strategies. In addition to conventional optimization techniques, researchers
have utilized advanced algorithms to identify optimum parameter settings to attain higher
mechanical stability. Section 2 presents different optimization algorithms used for mechan-
ical strength enhancement of FFF parts. Afterward, in Sections 3 and 4, the novel naked
mole-rat algorithm (NMRA) and its variants are discussed. Section 5 elaborates the case
study performed to test the performance of advanced algorithms followed by simulation
results and discussion in Section 6.

2. Literature Review

Most of the studies, which reported using advanced algorithms for the FFF process
were performed to enhance surface finish and mechanical strength of parts by optimizing
various process parameters. Initially, conventional techniques were used for optimizing
tensile strength based on orientation angle. At the same time, results were compared with
finite element analysis (FEA) data. The simulated results were in strong correlation with
experimental data, thus validating the FEA model. The maximum tensile strength has
occurred at a 45◦ orientation angle [17]. Panda et al. [18] studied the impact of several
process parameters of FFF-like layer thickness, raster width, raster angle, orientation,
and air gap on tensile strength, flexural strength and impact strength of standard test
samples. Experiments were carried out, and bacterial foraging technique was implemented
after ANOVA tests. This advanced optimization technique was robust enough to predict
the response for parameters outside the range of mathematical models formulated by
experimental data.

Rayegani and Onwubolu [19] proposed a relation between input parameters of FFF
with tensile strength using the hybrid group method of data handling. The raster angle,
air gap, orientation angle, and raster width varied during experimentation. Results were
compared with modeled data, which showed a strong correlation between experimental
and predicted tensile strength. Goudswaard et al. [20] tested and compared the efficacy
of evolutionary algorithm, particle swarm optimization and Simulated Annealing during
optimizing tensile strength of FFF parts. It was clear that particle swarm optimization
outclassed both evolutionary and simulated annealing algorithms in quality and consis-
tency. Liu et al. [13] solved the problems of the anisotropic behavior of FFF materials using
hybrid deposition path planning and topology optimization technique. The anisotropy is
induced by tool paths generated during the slicing of part, which results in the variation of
mechanical properties in different loading directions. The hybrid tool path was developed
using the techniques above, which performed better than regular infill strategies, such
as crisscross and contour offset. The simulated results were compared with actual parts
fabricated using a new algorithm, which validated its efficacy.

Genetic programming technique [1] was used for optimizing fatigue behavior of FFF
parts considering six input parameters with three levels of each. Contour number was
found to be a significant parameter than the other five. At the same time, genetic program-
ming outperformed response surface methodology during the prediction of fatigue.
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The artificial neural networks technique was successfully implemented to enhance the
creep behaviors of FFF parts after investigating the impact of five input parameters [21].
The best creep compliance occurred at 0.127 mm layer thickness, zero raster angle and
air gap, 17.188◦ deposition angle, 0.4572 mm width with 10 contours. ANN emerged
as the most popular optimization tool for manufacturing processes. It can be applied to
nonlinear and multitudinous cases, which was validated by this study. Raju et al. [22]
utilized hybrid particle swarm and bacterial foraging techniques for four FFF process
parameter optimization while studying their impact on hardness, mechanical strength and
surface finish of test samples. Compared to conventional optimization tools, the hybrid
tool yielded a 7.44% higher response in all the output parameters. Moreover, this tool
also performed better than the other algorithms like conventional particle swarm and
bacterial foraging. Rao and Rai [23] solved the single and multiobjective optimization
issues of FFF using simple and non-dominated TLBO techniques, respectively. Five case
studies were discussed with different objective functions and parameter bounds. The
response parameters, such as compressive strength, sliding wear, flexural strength, impact
strength and tensile strength, were investigated using advanced optimization tools. All
the mathematical models were created by previous researchers during experimentations,
which were employed as input to study and compare the performance of the optimization
tools, which proves highly efficient than previous results.

Malviya and Desai [24] coupled two techniques, i.e., artificial neural networks and
Bayesian algorithm, to optimize orientation angle. A significant impact on tensile strength
parameters was experienced. The proposed methodology has successfully achieved desired
goals despite the anisotropic behavior of FFF parts. Yadav et al. [25] discussed the impact
of infill density, material density and nozzle temperature on the tensile strength of FFF
parts manufactured by different materials. They used a hybrid genetic algorithm-artificial
neural network technique for the optimization. The experimental data showed strong
similarity with predicted results with an error of less than 3%, thus validating the efficiency
of the hybrid algorithm. Natarajan et al. [26] used a Non-dominated sorting modified
TLBO for conventional machining processes. The impact of four input parameters was
studied during the machining of polytetrafluoroethylene with a cemented carbide tool.
This algorithm performed better than the other six algorithms by yielding more uniform
results and non-dominated solutions. While comparing predicted and experimental results,
only 3.7% error was observed while validating the efficacy of this tool. Some researchers
also used different algorithms to solve a single objective function to compare and identify
the most efficient algorithm. Saad et al. [27] tested four different algorithms for minimizing
the surface roughness of FFF parts. The symbiotic organism search algorithms were most
effective as minimum surface roughness was predicted at optimum parameter settings,
further validated by experimental results.

Another research reported using the firefly algorithm to optimize the wear rate of
copper-plated FFF parts. The mathematical model was designed based on the raster angle,
air gap, voltage and time to predict the wear rate [28]. A Multicriteria genetic algorithm
was utilized by Pandey et al. [2] to predict optimum orientation angle against two objective
functions, i.e., build time and surface roughness. The algorithm was robust enough to
predict the surface roughness and build time for parts of any geometry.

The research, development and testing of the efficacy of new algorithms is a never-
ending process as advanced versions of algorithms are rapidly developed by researchers.
This study focuses on optimizing process parameters of FFF to attain maximum mechanical
strength using NMRA [29] and its variants, which are discussed in the next section.

3. Naked Mole-Rat Algorithm Variants

Researchers are motivated by the behavioral characteristics of naked mole rats (NMRs)
to design an optimization technique termed NMRA [29]. The algorithm reproduces the
natural mating patterns of NMRs for designing algorithms. NMRs are classified into two
types, i.e., breeders and worker NMRs. The breeders are the most efficient NMRs in the
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group, and these are only intended for mating with the queen. Workers are doing the
additional tasks, and the best performing workers will move on to the breeding group. The
best executor of the breeder’s pool will be the queen’s mating partner.

There are three steps to the algorithm. The NMR group is initially created, and the
NMR group is then divided into employees and breeders. The group of breeders is selected
based on the probability of breeding. The NMRA steps are as follows:

3.1. Initialization

Initially, n NMRs are generated at random. The D-dimensional vector space is repre-
sented by each NMR in the range of [1, 2, . . . . . . , n]. Each NMR shall be initialized as

NMRi,j = NMRmin,j + U(0, 1)×
(

NMRmin,j − NMRmax,j
)

(1)

where i ∈ [1, 2, . . . . . . , n], j ∈ [1, 2, . . . . . . , D], and U(0, 1) is a uniform random number.
After initialization, the objective function and fitness values are determined, and breeders
(B) and workers (W) based on their fitness function and the best solution d is selected.

3.2. Worker Phase

To switch to the breeder group and to get a chance to mate with the queen, each
worker tries to improve his fitness. The new fitness value of NMR is calculated, and the
updated solution is selected and recorded if the fitness is better than the previous one. The
previous solution will otherwise be chosen.

The equation used to generate the updated solution is as follows:

wt+1
i = wt

i + λ
(

wt
j − wt

k

)

(2)

where ith worker is represented by wt
i in the tth iteration. The random solution (jth and

kth worker) chosen from the worker’s group is wt
j and wt

k. wt+1
i represents a new fitness

solution. A uniform distribution ranges from [0, 1] provides the value of λ.

3.3. Breeder Phase

The breeder needs to update the NMRs to be chosen as their partner or to remain a
breeder. The breeder’s NMRs are updated with the best d overall reproductive probability
(bp). This bp is a random [0, 1] number. If breeders do not update fitness, they may be
removed from the worker’s pool:

bt+1
i = (1 − λ)bt

i + λ
(

d − bt
i

)

(3)

where in tth iteration bt
i represents ith breeder, λ controls the mating frequency and assists

in the next iteration in identifying a new breeder bt+1
i . At first, bp is set to 0.5 for breeders.

The entire search process is repeated iteratively until the termination criteria is satisfied.
Consequently, the best breeder chosen from the whole population is the possible solution
to the problem under study.

Because of its linear nature, NMRA has recently gained interest among researchers.
The revised NMRA improves performance by improving both its basic exploitation and
exploration capabilities. The elite opposition-based learning (EOBL) strategy [30] improves
the exploration of basic NMRA. Exploitation is improved by local neighborhood search
(LNS) with information on the best solution to date in the small neighborhood of the
solution [25]. The following are the main changes:

3.3.1. NMRA Version 1.0

NMRV 1.0 has improved NMRA’s exploration capabilities through implementing the
EOBL Strategy [30]. The opposition-based NMRA, also called NMRV 1.0, Algorithm 2
detailed the pseudocode of NMRV 1.0.
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Algorithm 1 Pseudocode of NMRA

Input: Define objective function f (NMR), NMR = (NMR1, NMR2, . . ., NMRD)

Output: Identify current best solution d;

Initialization: Initialize NMRs: n, breeders B: n/5, workers W: B − n

Describe breeding probability: bp

while iterations < itmax

for i = 1: w

wt+1
i = wt

i + λ

(

wt
j − wt

k

)

evaluate wt+1
i

end for

for i = 1: B

if rand > bp

bt+1
i = (1 − λ)bt

i + λ
(

d − bt
i

)

end if

evaluate bt+1
i

end for

combine the updated breeder and worker population

estimate the NMRs

update the overall best d

update iteration count

end while

update final best d

end

Algorithm 2 Pseudocode of NMRV 1.0

Input: Define objective function f (NMR), NMR = (NMR1, NMR2, . . ., NMRD)

Output: Identify current best solution d;

Initialization: Initialize NMRs: n, breeders B: n/5, workers W: B − n

Describe breeding probability: bp

Update the current population with EOBL;

while iterations < itmax

for i = 1: w

wt+1
i = wt

i + λ

(

wt
j − wt

k

)

evaluate wt+1
i

end for

for i = 1: B

if rand > bp

bt+1
i = (1 − λ)bt

i + λ
(

d − bt
i

)

end if

evaluate bt+1
i

end for

combine the updated breeder and worker population

estimate the NMRs

update the overall best d

update iteration count

end while

update final best d

end

3.3.2. NMRA Version 2.0

The local neighborhood search (LNS) model has been employed [30] to enhance the
exploitation capacity of NMRA. In the basic NMRA, workers change their position during
the employee phase according to local information and their past experience. The new
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best solution is restructured with LNS in the upgraded NMRA version 2.0, and the worker
phase is updated as a solution:

Lt
i = wt

i + u ∗
(

wn_opt − wt
i

)

+ v ∗
(

wt
p − wt

q

)

(4)

where wn_opt is the best solution in the neighborhood of wt
i and u, v ∈ rand() are the scaling

factors, and p, q ∈ [i − r, i + r] (p 6= q 6= i) neighborhood. The updated solution using LNS
in the worker phase is given by:

wt+1
i = Lt

i + λ
(

wt
j − wt

k

)

(5)

where λ ∈ rand( ) is a scaling factor, Lt
i is the LNS updated best solution. The pseudocode

of NMRV 2.0, i.e., LNS-based NMRA, is shown in Algorithm 3.

Algorithm 3 Pseudocode of NMRV 2.0

Input: Define objective function f (NMR), NMR = (NMR1, NMR2, . . ., NMRD)

Output: Identify current best solution d;

Initialization: Initialize NMRs: n, breeders B: n/5, workers W: B − n

Describe breeding probability: bp

while iterations < itmax

for i = 1: w

Lt
i = wt

i + u ∗
(

wn_opt − wt
i

)

+ v ∗
(

wt
p − wt

q

)

wt+1
i = Lt

i + λ

(

wt
j − wt

k

)

evaluate wt+1
i

end for

for i = 1: B

if rand > bp

bt+1
i = (1 − λ)bt

i + λ
(

d − bt
i

)

end if

evaluate bt+1
i

end for

combine the updated breeder and worker population

estimate the NMRs

update the overall best d

update iteration count

end while

update final best d

end

3.3.3. NMRA Version 3.0

NMRA version 3.0 has two modifications in basic NMRA to balance the exploitation
and exploration capacity [30]. First, the exploration tendency is improved by the EOBL
strategy. Second, the exploitation capability is improved by LNS. The pseudocode of
NMRV 3.0 is given in Algorithm 4.
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Algorithm 4 Pseudocode of NMRV 3.0

Input: Define objective function f (NMR), NMR = (NMR1, NMR2, . . ., NMRD)

Output: Identify current best solution d;

Initialization: Initialize NMRs: n, breeders B: n/5, workers W: B − n

Describe breeding probability: bp

Update the current population with EOBL;

while iterations < itmax

for i = 1: w

Lt
i = wt

i + u ∗
(

wn_opt − wt
i

)

+ v ∗
(

wt
p − wt

q

)

wt+1
i = Lt

i + λ

(

wt
j − wt

k

)

evaluate] wt+1
i

end for

for i = 1: B

if rand > bp

bt+1
i = (1 − λ)bt

i + λ
(

d − bt
i

)

end if

evaluate bt+1
i

end for

combine the updated breeder and worker population

estimate the NMRs

update the overall best d

update iteration count

end while

update final best d

end

4. Case Study

The simulation results were compared with the optimization study carried out by
Panda et al. [18], where the influence of five FFF parameters was optimized to improve the
mechanical properties. The process parameters utilized for this study are:

x1 Layer thickness (in mm)
x2 Building orientation (in degree)

x3 Raster angle (in degree)
x4 Raster width (in mm)

x5 Air gap (in mm)

The primary motivation for selecting the above-mentioned input parameters is the
literature review, which has found a good correlation between abovesaid parameters
with mechanical properties of FFF components [2,19]. The output variables used for this
case study are impact strength (IS) in MJ/m2, flexural strength (FS) in MPa and Tensile
Strength (TS) in MPa. The main reason for selecting these output parameters is that
these components undergo different types of loading conditions for medical, aerospace
and automobile applications. Therefore, it is mandatory to evaluate all these mechanical
properties utilizing an advanced optimization algorithm. These response parameters are
considered as an objective function for the present case study.

The objective function is shown in Equations (6)–(8):

TS = 13.5625 + 0.7156x1 − 1.3123x2 + 0.9760x3 + 0.5183x5 + 1.1671x2
1 − 1.3014x2

2 − 0.4363x1x3 + 0.4364x1x4
−0.4364x1x5 + 0.4364x2x3 + 0.4898x2x5 − 0.5389x3x4 + 0.5389x3x5 − 0.5389x4x5

(6)

FS = 29.9178 + 0.8719x1 − 4.8741x2 + 2.4251x3 − 0.9096x4 + 1.6626x5 − 1.7199x1x3 + 1.7412x1x4 − 1.1275x1x5
+1.0621x2x5 + 1.0621x3x5 + 1.0408x4x5

(7)

IS = 0.401992 + 0.034198x1 + 0.008356x2 + 0.013673x3 + 0.021383x2
1 + 0.008077x2x4 (8)
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It is required to maximize each type of strength; thus, maximization of objective
functions is performed.

The lower and upper bounds of process parameters are identified based on constraints
as most commercially available FFF machines can manufacture components within the
following parameter bounds. The parameter bounds for objective function are expressed
in Table 1 as follows:

Table 1. Parameter bounds for the objective function.

Parameter Lower Bound Upper Bound

x1 Layer thickness (in mm) 0.127 0.254
x2 Building orientation (in degree) 0 30
x3 Raster angle (in degree) 0 60
x4 Raster width (in mm) 0.4064 0.5064
x5 Air gap (in mm) 0 0.008

5. Simulation Results and Discussion

In the FFF process, to resolve this optimization problem, the NMRA variants are
utilized. Since heuristic algorithms are stochastic optimization methods, these must be exe-
cuted at least 10 times to generate meaningful statistics. For this purpose, the simulations
are performed 30 times. Population sizes vary from 20 to 40, and the number of iterations
varies from 100 to 500. The NMRA variants have been selected for efficiency check by
the FFA [31], FPA [32], NBA [33], SCA [34] and SSA [35] algorithms. Table 2 details the
parameter settings used to compare the results.

Table 2. Parameter values.

Algorithm Parameters

FFA NP = 20 − 40, dim = 5, itmax = 100 − 500; β0 = 1; βmin = 0.2; ∝= 0.5; γ = 1
FPA NP = 20 − 40, dim = 5, itmax = 100 − 500; p = 0.7

NBA
NP = 20 − 40, dim = 5, itmax = 100 − 500; A=0.5; r = 0.5; α = γ = 0.9; fmin = 0;
fmax = 1.5

SCA NP = 20 − 40, dim = 5, itmax = 100 − 500; a = [2 − 0]
SSA NP = 20 − 40, dim = 5, itmax = 100 − 500; c1 = [2 − 0]
NMRA NP = 20 − 40, dim = 5, itmax = 100 − 500; bp = 0.5
NMRV
1.0

NP = 20 − 40, dim = 5, itmax = 100 − 500; bp = 0.5

NMRV
2.0

NP = 20 − 40, dim = 5, itmax = 100 − 500; bp = 0.5

NMRV
3.0

NP = 20 − 40, dim = 5, itmax = 100 − 500; bp = 0.5

Here, NP is the population size, dim is the dimension of the problem, itmax is the
number of iterations

The optimum results attained by simulated algorithms with population size 40 and
maximum amount of iterations, i.e., 500, are shown in Tables 3–5 for TS, FS and IS, re-
spectively. It is clear from the results that the NMRV 2.0 and 3.0 algorithm’s fitness values
are slightly better than others for TS and FS fitness functions, respectively. Outcomes
of all competitive algorithm’s fitness values are nearly similar to competitive algorithms
for IS fitness function. The convergence rate for TS, FS and IS are drawn in Figures 2–4,
respectively, which is also better than others. The performance of simulated algorithms
for FFF for TS, FS and IS are specified in Tables 3–5, respectively. This demonstrates that
NMRV 3.0 algorithm’s standard deviation is better than others that demonstrates improved
exploitation and exploration capabilities of NMRV 3.0 for process parameters optimization
of FFF as confirmed by box-plots shown in Figures 5–7.
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Table 3. Statistics of simulated algorithms with population size 40 over 30 independent runs for
500 iterations for Tensile Strength (TS) estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 174.8324 174.9215 174.9123 174.9215 0.021354
FPA 174.9215 174.9215 174.9215 174.9215 1.20 × 10−10

NBA 174.9215 174.9215 174.9215 174.9215 1.17 × 10−11

SCA 174.61 174.9215 174.7647 174.757 0.143845
SSA 174.71 174.9215 174.897 174.9215 0.057414

NMRA 174.9215 174.9215 174.9215 174.9215 8.26 × 10−14

NMRV 1.0 174.9215 174.9215 174.9215 174.9215 8.67 × 10−14

NMRV 2.0 174.9215 174.9215 174.9215 174.9215 7.97 × 10−14

NMRV 3.0 174.9215 174.9215 174.9215 174.9215 8.24 × 10−14

Table 4. Statistics of simulated algorithms with population size 40 over 30 independent runs for
500 iterations for Flexural Strength (FS) estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 162.6744 162.6744 162.6744 162.6744 5.78 × 10−14

FPA 162.6744 162.6744 162.6744 162.6744 5.78 × 10−14

NBA 162.1491 162.6744 162.6569 162.6744 0.095915
SCA 162.6744 162.6744 162.6744 162.6744 5.78 × 10−14

SSA 162.6744 162.6744 162.6744 162.6744 5.78 × 10−14

NMRA 162.6744 162.6744 162.6744 162.6744 5.78 × 10−14

NMRV 1.0 162.6744 162.6744 162.6744 162.6744 5.78 × 10−14

NMRV 2.0 162.6744 162.6744 162.6744 162.6744 5.78 × 10−14

NMRV 3.0 162.6744 162.6744 162.6744 162.6744 5.71 × 10−14

Table 5. Statistics of simulated algorithms with population size 40 over 30 independent runs for
500 iterations for Impact Strength (IS) estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

FPA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

NBA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

SCA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

SSA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

NMRA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

NMRV 1.0 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

NMRV 2.0 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

NMRV 3.0 1.605824 1.605824 1.605824 1.605824 2.26 × 10−16

Be
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Figure 2. Convergence graph of simulated algorithms with population size 40 over 30 runs for 500 iterations for Tensile
Strength (TS) estimation.
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Figure 3. Convergence graph of simulated algorithms with population size 40 over 30 runs for 500 iterations for Flexural
Strength (FS) estimation.
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Figure 4. Convergence graph of simulated algorithms with population size 40 over 30 runs for 500 iterations for Impact
Strength (IS) estimation.

Figure 5. Box plot of simulated algorithms with population size 40 over 30 runs for 500 iterations for TS estimation.

The performance evaluation of simulated algorithms with population size 40 and
maximum amount of iterations, i.e., 100, are specified in Tables 6–8 for TS, FS and IS,
respectively. It is clear from the statistics that NMRV 3.0 algorithm’s fitness values are
slightly better than others for TS, FS and IS fitness functions.

To further check the effectiveness of proposed variants, the simulations were carried
out for different numbers of iterations and population sizes [36]. The performance evalua-
tion of simulated algorithms with population size 20 and maximum amount of iterations,
i.e., 100, are given in Tables 9–11. It is clear from the results that NMRV 3.0 algorithm’s
fitness values are slightly better than others for TS, FS and IS fitness functions.
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Figure 6. Box plot of simulated algorithms with population size 40 over 30 independent runs for 500 iterations for
FS estimation.

 

Figure 7. Box plot of simulated algorithms with population size 40 over 30 independent runs for 500 iterations for
IS estimation.

Table 6. Statistics of simulated algorithms with population size 40 over 30 runs for 100 iterations for
TS estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 174.1897 174.9215 174.731 174.7742 0.194092
FPA 174.6641 174.9215 174.8728 174.9107 0.0739
NBA 174.6234 174.9215 174.8686 174.9215 0.112
SCA 174.4651 174.9213 174.6961 174.6229 0.140252
SSA 174.6239 174.9215 174.8157 174.877 0.117193

NMRA 174.9215 174.9215 174.9215 174.9215 4.31 × 10−6

NMRV 1.0 174.9215 174.9215 174.9215 174.9215 3.02 × 10−7

NMRV 2.0 174.9215 174.9215 174.9215 174.9215 5.48 × 10−7

NMRV 3.0 174.9215 174.9215 174.9215 174.9215 4.21 × 10−8

Table 7. Performance of simulated algorithms with population size 40 over 30 runs for 100 iterations
for FS estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 162.5976 162.6744 162.6555 162.6574 0.0187
FPA 162.615 162.6744 162.6697 162.6744 0.0152
NBA 162.1491 162.6744 162.6044 162.6744 0.181637
SCA 162.6744 162.6744 162.6744 162.6744 5.78 × 10−7

SSA 162.6744 162.6744 162.6744 162.6744 5.78 × 10−7

NMRA 162.6744 162.6744 162.6744 162.6744 6.65 × 10−6

NMRV 1.0 162.6744 162.6744 162.6744 162.6744 6.25 × 10−7

NMRV 2.0 162.6744 162.6744 162.6744 162.6744 2.25 × 10−6

NMRV 3.0 162.6744 162.6744 162.6744 162.6744 4.11 × 10−7
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Table 8. Performance of simulated algorithms with population size 40 over 30 runs for 100 iterations
for IS estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 1.604239 1.605824 1.605749 1.605824 3.02 × 10−4

FPA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−10

NBA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−10

SCA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−10

SSA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−10

NMRA 1.605824 1.605824 1.605824 1.605824 2.52 × 10−10

NMRV 1.0 1.605824 1.605824 1.605824 1.605824 1.14 × 10−10

NMRV 2.0 1.605824 1.605824 1.605824 1.605824 9.56 × 10−10

NMRV 3.0 1.605824 1.605824 1.605824 1.605824 8.12 × 10−11

Table 9. Performance of simulated algorithms with population size 20 over 30 independent runs for
100 iterations for TS estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 174.1762 174.9215 174.724 174.7416 0.189432
FPA 174.6634 174.9215 174.8716 174.9093 0.0727
NBA 174.6231 174.9209 174.8679 174.9128 0.159
SCA 174.4648 174.9213 174.6948 174.6218 0.150682
SSA 174.6236 174.9214 174.8149 174.8637 0.127843

NMRA 174.9214 174.9215 174.9215 174.9215 4.38 × 10−5

NMRV 1.0 174.9215 174.9215 174.9215 174.9215 3.13 × 10−7

NMRV 2.0 174.9215 174.9215 174.9215 174.9215 5.53 × 10−7

NMRV 3.0 174.9215 174.9215 174.9215 174.9215 4.52 × 10−8

Table 10. Performance of simulated algorithms with population size 20 over 30 independent runs for
100 iterations for FS estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 162.218 162.6709 162.5367 162.5618 0.119
FPA 155.0595 162.6744 162.3814 162.3684 1.39
NBA 162.1491 162.6744 162.6219 162.6172 0.160298
SCA 162.1491 162.6744 162.6044 162.6059 0.182
SSA 162.6744 162.6744 162.6744 162.6744 5.78 × 10−4

NMRA 162.6744 162.6744 162.6744 162.6744 2.38 × 10−5

NMRV 1.0 162.6744 162.6744 162.6744 162.6744 1.02 × 10−5

NMRV 2.0 162.6743 162.6744 162.6743 162.6743 9.03 × 10−5

NMRV 3.0 162.6744 162.6744 162.6744 162.6744 1.72 × 10−6

Table 11. Performance of simulated algorithms with population size 20 over 30 independent runs for
100 iterations for IS estimation.

Algorithm Worst Best Average Median Std. Dev.

FFA 1.602716 1.605824 1.605407 1.605812 7.42 × 10−4

FPA 1.599358 1.605824 1.605184 1.605806 1.74 × 10−3

NBA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−9

SCA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−9

SSA 1.605824 1.605824 1.605824 1.605824 2.26 × 10−9

NMRA 1.605823 1.605824 1.605824 1.605824 4.68 × 10−8

NMRV 1.0 1.605824 1.605824 1.605824 1.605824 2.22 × 10−9

NMRV 2.0 1.605824 1.605824 1.605824 1.605824 3.08 × 10−9

NMRV 3.0 1.605824 1.605824 1.605824 1.605824 1.71 × 10−9
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6. Confirmatory Experiments

To validate the findings of NMRA, the confirmatory experiments were planned to
fabricate sample parts at optimized parameters followed by mechanical testing. Five
samples were manufactured using the FFF process at predefined conditions as suggested
by NMRA. The samples are prepared for confirmation of TS and FS of parts fabricated at
optimum parameter settings. The samples for TS and FS are prepared as per ASTM D638
and ASTM D790 standards. The dimensions of TS and FS samples are shown in Figure 8.
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Figure 8. Dimensions of test parts for (a) TS (b) FS.

Acrylonitrile butadiene styrene (ABS) has been extensively used for automobile and
electronic components and hence it is most popular raw material used in FFF printers.
The filament material selected for the fabrication of test samples in the present study is
ABS P400 with a 1.75 mm diameter supplied by Robokits, India. Table 12 displays the FFF
process parameters selected during the fabrication of test samples.

Table 12. Process parameters selected for the fabrication of test parts.

Parameter Details

Layer height 0.12 mm
Building orientation 0◦

Raster angle 60◦

Raster width 0.4064 mm
Air gap 0.008 mm

Infill pattern Cubic
Infill density 50%

Printing speed 50 mm/s

The FFF machine used for the fabrication of test parts was Model I3 supplied by Prusa
Research, Prague, Czech Republic and Universal testing machine (UTM) was supplied by
Shanta Engineering Pvt. Ltd., Pune, India, as shown in Figure 9. The UTM was operated at
50 mm/min strain rate with gradual bending load subjected at three points during flexural
tests (see Figure 9d). During tensile testing, the samples were held in two jaws with 52 mm
grip separation. The tensile force was exerted gradually at 50 mm/min until the samples
were fractured. Afterward, the fracture points of both tensile and flexural test samples
were studied using scanning electron microscope (SEM) images which were generated by
Model IT500HR supplied by Jeol Ltd. Tokyo, Japan.
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Figure 9. (a) FFF printer (b) FS sample during the fabrication (c) Universal Testing Machine (UTM)
used for testing (d) FS sample during testing.

The mechanical strength of parts was measured and compared with simulated results,
as shown in Figure 10. The experimental results were compared with predictions made by
the NMRA algorithm at suggested parametric settings. Notably, experimental results were
in significant agreement with the modeled data when experiments were performed at opti-
mum parameter settings. The output of NMRA yielded significant and promising results,
which may be beneficial for deciding 3D printing and part manufacturing conditions at the
commercial level. During mass production and part production, the optimized parametric
settings would be utilized to attain desired mechanical properties in products.

In addition, the SEM images retrieved after mechanical testing reveal the conditions
at the location of breakage. Figure 11a shows the SEM micrographs of tensile test parts,
indicating higher flexibility in the layers at the point of failure. A higher elongation was
experienced for these parts as an optimized combination of parameters was used. In
Figure 9b, the flexural test sample was photographed. It can be confirmed that failure
occurs after extreme elongation due to flexibility induced in parts. The mechanical strength
and flexibility attained at this location reveal the strategic selection of parametric levels.
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Figure 10. Comparison of experiments and simulated results of mechanical strength.

 

(a) (b) 

Figure 11. SEM images of point of failure of parts during (a) tensile test (b) flexural test.

7. Conclusions and Future Scope

The mechanical strength of FFF parts is significantly lower than conventionally prepare
thermoplastics components, which hinders their applicability for certain applications. Thus,
we must identify optimum process parameters to enhance TS, FS and IS of FFF parts. The
performance of advanced naked mole-rat algorithm variants was tested to solve FFF issues
of poor mechanical strength. The results indicated a significant enhancement of tensile,
flexural and impact strength than previous studies using NMRV 3.0. The study could be
further extended to identify optimum parameter settings to achieve maximum dimensional
accuracy and surface finish of FFF components. Moreover, the efficacy of the enhanced
versions of NMRA algorithms could be further tested for optimizing parameters of the
other additive manufacturing techniques, such as stereolithography, electron beam melting
and selective laser melting.
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Abstract: In the determination of the bioavailability of drugs administered orally, the drugs’ sol-
ubility and permeability play a crucial role. For absorption of drug molecules and production of
a pharmacological response, solubility is an important parameter that defines the concentration
of the drug in systemic circulation. It is a challenging task to improve the oral bioavailability of
drugs that have poor water solubility. Most drug molecules are either poorly soluble or insoluble in
aqueous environments. Polymer nanocomposites are combinations of two or more different materials
that possess unique characteristics and are fused together with sufficient energy in such a manner
that the resultant material will have the best properties of both materials. These polymeric mate-
rials (biodegradable and other naturally bioactive polymers) are comprised of nanosized particles
in a composition of other materials. A systematic search was carried out on Web of Science and
SCOPUS using different keywords, and 485 records were found. After the screening and eligibility
process, 88 journal articles were found to be eligible, and hence selected to be reviewed and analyzed.
Biocompatible and biodegradable materials have emerged in the manufacture of therapeutic and
pharmacologic devices, such as impermanent implantation and 3D scaffolds for tissue regeneration
and biomedical applications. Substantial effort has been made in the usage of bio-based polymers for
potential pharmacologic and biomedical purposes, including targeted deliveries and drug carriers for
regulated drug release. These implementations necessitate unique physicochemical and pharmacoki-
netic, microbiological, metabolic, and degradation characteristics of the materials in order to provide
prolific therapeutic treatments. As a result, a broadly diverse spectrum of natural or artificially
synthesized polymers capable of enzymatic hydrolysis, hydrolyzing, or enzyme decomposition
are being explored for biomedical purposes. This summary examines the contemporary status of
biodegradable naturally and synthetically derived polymers for biomedical fields, such as tissue engi-
neering, regenerative medicine, bioengineering, targeted drug discovery and delivery, implantation,
and wound repair and healing. This review presents an insight into a number of the commonly used
tissue engineering applications, including drug delivery carrier systems, demonstrated in the recent
findings. Due to the inherent remarkable properties of biodegradable and bioactive polymers, such
as their antimicrobial, antitumor, anti-inflammatory, and anticancer activities, certain materials have
gained significant interest in recent years. These systems are also actively being researched to improve
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therapeutic activity and mitigate adverse consequences. In this article, we also present the main
drug delivery systems reported in the literature and the main methods available to impregnate the
polymeric scaffolds with drugs, their properties, and their respective benefits for tissue engineering.

Keywords: drug delivery; biodegradable polymers; polymeric scaffolds; natural bioactive polymers;
antimicrobial properties; anticancer activity; tissue engineering

1. Introduction

Bone tissue reconstruction represents one of the biggest challenges for medicine due to
the existence of serious global health problems, such as diseases, defects, trauma, the rise of
obesity, and sedentary lifestyles [1–4]. Bone tissue engineering is a recent field of research
associated with regenerative medicine, and applies the principles of engineering and the
life sciences toward the development of biological substitutes that restore, maintain, or
improve tissue function [5–7]. Until recently, bone tissue reconstruction was represented by
bone grafts, which present several limitations, such as disease transfer and cost. At present,
a new generation of development is required in medicine that comprises not only physical
support for bone formation, but also the presence of biochemical agents to promote the
formation of the bone. One of the biggest advantages of this system is the fact that it
enables controlled delivery of the drugs to the affected tissue [1,8,9].

To date, numerous porous nanocomposite scaffold materials have been investigated.
However, these materials still present challenges due to their capability for regeneration
and remodeling, and for mimicking the complicated physiochemical attributes of bone.
In addition, the functionality of the scaffolds has been studied by loading biomolecules
(drugs, growth factors (GFs)) onto the scaffolds to treat bone disorders or to act on the
surrounding tissues [10–12].

Three-dimensional bone bioactive nanocomposite scaffolds can be fabricated from a
wide variety of bulk biomaterials, such as bioceramic tricalciumphosphate (TCP), hydrox-
yapatite (HA), and bioglass (BG); or biodegradable polymer—collagen, chitosan, alginate,
fibrin, polyesters, and polyethylene glycol (PEG) [13–18]. It was demonstrated that their
composites represent a suitable alternative because they combine the advantages of both
bioactive ceramics and biodegradable polymers for bone tissue engineering. The rea-
son for this is simple: ceramics present weak mechanical properties due to brittleness
(hard material with small elongation to failure) and the polymers present a deficiency in
their compressive modulus compared with native bone tissue (polymers are typically too
soft) [8]. Thus, these systems can reduce the disadvantages and offer new advantages in the
case of bone tissue reconstruction. The Word-Cloud info-graphic plugin’s aim should be to
provide succinct visually graphics representations of these kind of contextual features for
better accessibility throughout intrusion-network mapping analysis of the existing-review
as exhibits in the Figure 1. A word-cloud visualization of the keywords examined in this
article is shown in Figure 1.

In tissue regeneration, the use of individual component scaffolds is widespread. Nev-
ertheless, in certain circumstances, a single polymer is not able to fulfil all of the necessary
criteria in several tissue regeneration applications. The bone matrix is a collagenous and
apatite-based organic or inorganic composite. In addition to bone-tissue engineering,
biocompatible composite scaffolds with an apatite element have been formed [19,20]. The
most prevalently utilized material is perhaps hydroxy-apatite (HAP), which vaguely re-
sembles the natural ingredients of bone. In addition, calcium phosphate (CaP) variants
and bioglass have also been employed due to their excellent biocompatibility [21,22]. For
instance, a PLGA/HAP-based nanofibrous composite scaffold was previously developed
by polymer coating hydroxyapatite on to the PLGA scaffolds using a variety of meth-
ods [23,24]. Hydroxyapatite in composite scaffolds dramatically enhances proteinous
adsorption capabilities, represses apoptosis cell death, and tends to create a more desirable
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microenvironment for bone tissue regeneration [25]. Nanohydroxyapatite polymeric com-
posite scaffolds have been produced to imitate the nanosized characteristics of an organic
mineral, in addition to emulating the inorganic–organic essence of natural bone [26–28].
Numerous inorganic elements have also been used to develop biotic and abiotic compos-
ite scaffolds. Lei et al. [29], for instance, utilized the temperature-dependent mediated
phase-separation (TMPS) method to produce nanofibrous gelatinous silica hybrid scaffolds.

Figure 1. Infographic word-cloud visualization of the semantic clustering network of the keywords for physicomechan-
ical, thermostability, and in vitro drug release studies of bioactive/biodegradable polymeric materials with remarkable
biocompatibility in biomedical research.

Due to their ability to mimic both the nanometer-scale architectural design and chem-
ical content of innate organic bone extracellular matrices, mineralized nanofibrous scaf-
folds have been recommended due to their potential for scaffold material restoration.
Macroporous nanofiber scaffolds for bone-like apatite deposition have been developed
by incubating them in simulated body fluid (SBF) with an ionic electrolyte concentration
and a pH closely comparable to that of human blood plasma [30,31]. After an acceptable
period of incubation in SBF, it was found that CaP could be deposited immediately upon
the substratum, and a homogeneous, fibrous, compact and dense layer of nano-apatite was
developed to portray an intrinsic interlayer of a porous wall surface without clogging the
macropores [32–36].

An electro-deposition methodology was previously proposed to reduce the min-
eralization period to below 1 hour [32]. In terms of the dissolution rate, the chemical
composition, and the microstructure of CaP developed on electrospinning-based PLLA-
fiber skinny-matrices, a previous study [33] recently contrasted a novel electro-deposition
technique with a well-known SBF incubation approach. Based on the mineralization of a
fibrillar matrix, electro-deposition appears to have been two–three orders of magnitude
quicker than the SBF technique. The aim of the study was to reduce the mineralization
period from fourteen days to one hour while achieving the same degree of mineralization
(Figure 2). Steadily increasing the fiber diameter led to faster mineral deposition in the
electro-deposition technique compared to the relatively slower mineralization of the SBF
incubation approach. The chemical structure and morphological characteristics of CaP can
be obtained by altering the electric-deposition prospective and electrolyte temperatures to
tune the blend of brushite and hydroxyapatite. The SBF technique can only generate a min-
imal HAP. Mineralized electrospinning-based PLLA fibrous scaffolds acquired by either

141



Polymers 2021, 13, 2623

technique strengthen the proliferative and osteogenesis differentiation of pre-osteoblastic
MC3T3-E1 cells to a level comparable with that of the neat PLLA matrix.

Figure 2. Microstructure of mineralized PLLA matrices: (a) electro-deposition at 3 V, 60 ◦C for 1 h; (b) high-magnification
picture of (a,c) mineralized in 1.5 SBF for 12 days; (d) magnified image of (c,e) mineralized in 1.5 SBF for one month; and
(f) magnified picture of (e). Reproduced with permission from [33].

Mamidi and Delgadillo [34] adopted an ionic gelation strategy to develop chitosan
(CS) nanocomposite hydrogel nanoparticles (CNPs). The authors observed disassembling
of the CNPs’ structure at 55 ◦C. In addition, the CNPs showed good cell viability against
human fibroblast cells, as exhibited in Figure 3.

 

Figure 3. Cell viability of chitosan (CS) nanocomposite hydrogel nanoparticles (CNPs). Reproduced
with permission from [34].
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Therefore, CNPs provide a better pH and temperature-triggered drug delivery plat-
form for the GI tract and colon-targeted drug delivery, in addition to the highest drug
release under specific pH and temperature values, as displayed in Figure 4.

 

Figure 4. Diclofenac-embedded pure CS-NPs, CNPs1, and CNPs2 in vitro release of drugs studied at 37 ◦C in varying acid
levels and environmental conditions: (a) pH 2, (b) pH 6, (c) pH 7.4, and (d) pH 9. The results are presented as an average
deviation of ±3. Reproduced with permission from [34].

In another study, Mamidi et al. [35] developed PAPMA-CNOs and AN-PEEK biopoly-
mer matrix composites. The authors observed that interactions between CNO and DOX
played a vital role in controlling the drug release from the thin film. This film possessed
a tensile strength of 891 MPa, an elastic modulus of 43.2 GPa, and a toughness value of
164.5 J/g. This thin film is used in numerous medical applications. To examine the fracture
deformation phenomenon during the tensile test, the researchers analyzed the delamina-
tion zone under tensile loading. The sheets had a relatively uniform homogeneous and
compact morphology, as illustrated in Figure 5.

Polymeric materials, among other materials, have been formed as tissue engineering
scaffolds. These materials have relatively higher processing and handling versatility,
processability, adaptability, degradability, and biocompatibility, which can be augmented
via structural design analysis [36]. Polymeric materials (such as natural polymers, natural
polymeric-derived composites, and synthetic polymeric materials, in addition to synthetic
polymeric materials made of natural monomeric units and amended to natural moieties)
are therefore the primary scaffold materials used in tissue engineering [37]. This descriptive
analysis summary is not intended to be a rigorous exhaustive analysis of all of the polymeric
materials used in biomedical applications, bioengineering, regenerative medicine, bone
regeneration, or tissue regeneration.
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Figure 5. Physicomechanical analysis of biopolymer composite films employing quantitative techniques: (a) load displace-
ment; (b) ultimate strength elastic moduli; and (c) impact–strength–strain graphs from uni-axial tensile nanocomposite thin
films. (d) SEM micrographs of the fractography of biopolymeric nanocomposites comprising 5% of f-CNOs, produced by
tear testing on perforated grooved specimens. Reproduced with permission from [35].

1.1. Advances in Biodegradable Polymers for Biomedical Applications

The biodegradable polymers can be classified as natural polymers or synthetic poly-
mers based on their origin. Natural polymers are further classified as polysaccharides,
polypeptides, and polyesters, depending on their repeating units. The polysaccharide
contains d-glucopyranoside repeating units, e.g., starch, cellulose, chitin, and chitosan.
Naturally occurring polypeptides contain amino acid repeating units. Among the naturally
occurring polypeptides, gelatin is extensively used in pharmaceutical and biomedical
applications. Naturally occurring polyesters, for example, polyhydroxybutyrate (PHB) and
polyhydroxyvalerate (PHV), are potential candidates for biomedical applications [38]. Nat-
ural materials are generally biocompatible, and exhibit mechanical properties comparable
to those of native tissues. However, these materials also suffer from disadvantages, such as
limited control over physicochemical properties and difficulties in modifying degradation
rates. Purification and sterilization of these biomaterials after isolation from different
sources is relatively cumbersome [39].

In oral drug delivery, cellulose derivatives, for example, cellulose ethers such as ethyl
cellulose, methyl cellulose, hydroxypropyl methylcellulose (HPMC), and hydroxypropyl
cellulose, have been used in the form of coatings. Similarly, synthetic polymers such
as poly(acrylates), poly(methacrylates), poly(methyl methacrylates), poly(hydroxyethyl
methacrylates), and copolymers thereof have been extensively used [40].

Stimuli-sensitive polymers are another class of polymers that interact and respond to
the environmental conditions, such as temperature, light, salt concentration, and pH [41].
pH-sensitive polymers are used to develop smart delivery systems due to the variation
in the physiological pH in different parts of the body. However, although these polymers
are biocompatible, they are not biodegradable. The use of polymeric carriers in injectable
drug delivery systems requires biodegradable polymers that degrade into nontoxic and
safe products.
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PLGA and PLLA are used to encapsulate drugs in the form of microparticles or
nanoparticles to increase the circulation time and the bioavailability of the drug [42]. New
drug delivery systems have been developed for chronic diseases and/or conditions that
require sustained drug delivery.

The sustained release of drugs was achieved initially by drug diffusion from polymeric
microspheres followed by polymer degradation [43].

The development of injectable in situ semisolid drug depots has been explored as
an alternative delivery system. Biodegradable polymers can be used in the form of an
injectable matrix or a depot for drug delivery, and as injectable scaffolds in tissue engineer-
ing [44]. Atrix laboratories developed ATRIGEL® technology, in which sustained release of
Leuprorelin acetate was achieved through a PLGA depot formed in situ.

The literature indicates that polymer-based scaffolds have been developed that can
be used in tissue engineering as supports for cell attachment and proliferation [45–50].
These biodegradable scaffolds can be simultaneously used as cell support and for con-
trolled delivery of biologically active proteins, such as growth factors and cytokines [51].
In addition to biodegradability, the polymer should satisfy the following requirements
for processability:

i. It must be liquid so that it can appropriately fill the cavities and replicate the
patterns present on mold with high fidelity.

ii. It must contain functional groups to enable cross-linking during processing.

PEG and PLA block macromers containing terminal (meth) acrylate groups were
photopolymerized to yield highly cross-linked biodegradable materials [52]. In another
effort to incorporate vinyl functionality in biodegradable aliphatic polyesters, di- and
triblock copolymers of ε-caprolactone (CL), glycolide (GA), and lactide (LA) with ethy-
lene oxide (EO) bearing terminal vinyl groups were developed. These polymers were
further processed by UV-micro-embossing to fabricate biodegradable scaffolds. How-
ever, these polymers must be processed at 65 ◦C because they are not liquids at room
temperature [53,54].

Photo-patternable biodegradable 2-hydroxylethyl methacrylate (HEMA) conjugated
poly(ε-caprolactone-Co-RS-β-malic-acid) (PCLMAc) copolymers were synthesized to fabri-
cate biodegradable scaffolds. However quantitative conjugation of carboxylic acid groups
to HEMA ester is difficult and its synthesis involves multiple steps. Furthermore, the result-
ing polymers are not liquids at room temperature and need to be processed at 60 ◦C [55].

Liquid photo-patternable polyurethane diacrylates were developed to fabricate bio-
compatible scaffolds by UV-micro-embossing. The fabricated scaffolds exhibited cytotoxic-
ity due to the presence of unreacted monomers and the photo initiator used during polymer
synthesis. The polymers were rendered biocompatible after the residues were leached
out by repeated extractions with methanol, which is not a highly desirable solvent [56].
Other examples of photopolymerizable and degradable polymers developed to date in-
clude poly(propylene fumarate) (PPF), photo-cross-linkable poly(anhydride), polyethylene
glycol, and cross-linkable poly(saccharide). However, synthesis of these polymers involves
multiple reactions and purification steps [57].

Thus, biodegradable polymers are extensively used in numerous biomedical applica-
tions, including as drug carriers, tissue regeneration, regenerative medication, gene therapy,
temporary implantable devices, and coatings on implants. The basic criteria for choos-
ing a polymer to be used as a degradable biomaterial are: (i) the mechanical properties
and degradation rate should match the needs of an application so that adequate strength
remains until the surrounding tissue has been cured; (ii) biocompatibility; (iii) non-toxic
degradation products; (iv) shelf life or stability; (v) processability and cost. For drug
delivery applications, the time of release governs the type of polymer, and the shape and
size of the device. For example, lactide and glycolide polymers are clinically approved
polymers that can be used in any application [58,59].

Biodegradable plastics are also widely used in agricultural areas. The main motive for
using biopolymers in agricultural sectors is the rising utilization of polymers in agriculture,
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which has enabled farmers to enhance their crop production. Some of the plastics employed
in agriculture are recyclable, such as silage films, greenhouse sheet layers, fertilizer satchels,
tubing pipelines, and other polymer materials, whereas others are difficult to recycle, such
as thin mulching films, thin low tunnel films, and direct covering films. These covering
layer sheets are very slender and flimsy, and are often heavily degraded with dust, dirt,
and unwanted substances. Thus, an attractive alternative for nonrecyclable plastic waste
is biodegradation. Consequently, the utilization of biodegradable plastics is increasing in
agricultural applications. These applications primarily include mulching films, plant pots,
and compost bags [60,61].

Although biodegradable polymers can be used in different applications, such as
the packaging, medical, and agricultural fields, the commercialization of biodegradable
polymers is often hampered due to competition with commodity plastics, which are cheap
and familiar to the customer. In addition, the infrastructure needs to be developed for
the disposal of biodegradable polymers in bioactive environments, which requires capital
investment [62]. Moreover, the biodegradable polymers currently available possess inferior
physical properties, such as poor strength and dimensional stability, and their processing
is technically difficult [63].

Synthetic biodegradable polymerics are regarded as being biodegradable, biocom-
patible, and highly safe. As a result, they are widely used in biomedical applications,
and particularly in the areas of controlled drug carrier systems and tissue regeneration.
Due to the degradable nature of polymeric implants, there is no requirement of surgical
intervention to remove the implant at the end of its functional life [64]. In tissue engineer-
ing applications, synthetic polymers are mainly used in scaffolds, which provide suitable
mechanical support and show favorable surface properties, such as adhesion, proliferation,
and differentiation of cells [65].

Polylactic acid is produced either through the fermentation process of carbohydrate
crops (such as corn, sugar beets, tapioca roots, wheat, barley, and sugarcane) or chemical
synthesis [66]. The fermentation process is preferred over the synthetic route because the
latter is unable to produce the desirable L-isomer, in addition to its high manufacturing
cost. In contrast, the fermentation process produces the L-isomer with a high purity (99.5%).
In general, PLA is produced from the pure L-isomer.

PLA is principally produced via different processes: condensation polymerization of
lactic acid (LA), condensation reaction in an azeotropic solution, and ring opening poly-
merization of an intermediate called lactide. The first method (polycondensation) involves
the esterification of monomers in the presence of suitable solvents, and water (byproduct)
is removed azeotropically under reduced pressure (vacuum) and high temperature. Tin (II)
chloride is the most commonly used catalyst in this method and can be recovered at the end
of the reaction. This method is the least expensive route but cannot produce solvent-free
high molecular weight PLA having superior mechanical properties. The second method
involves the condensation reaction of lactic acid in an azeotropic solution. The third method
appears to be the most commonly employed procedure for producing higher molecular
weight PLA. This approach involves three steps: (i) condensation of lactic acid monomeric
subunits; (ii) depolymerization of the PLA to the lactic acid; and (iii) the cyclization ring
opening polymerization of the lactide unit in the presence of metal catalysts, resulting in
PLA with a high molecular weight [67].

Furthermore, PLA exists in three stereoforms: PLLA, PDLA, and PDLLA. Of these,
PLLA and PDLA are semicrystalline polymers that show a high tensile strength and
low elongation, whereas PDLLA is a more amorphous polymer and shows a random
distribution of both of the isomers [68]. The ROP of the L-lactide unit can be performed via
melting or a suspension solution using stannous octoate (SnOct2) as the initiator, which
avoids racemization at high temperature and transesterification.

Polylactic acid has a vast range of applications. However, it cannot be used in flex-
ible films due to poor ductility, and poor thermal and barrier properties [69]. PLA is
also extensively used in medical applications due to its unique characteristics, such as
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biodegradability, biocompatibility, ecofriendliness, and thermoplastic processability. More-
over, PLA works very well and offers outstanding properties at a low price. It is used for
preparing various devices, such as degradable sutures, nanoparticles, and drug-releasing
microparticles. The use of biodegradable polymers rather than nondegradable polymers in
medical applications has the advantage that it eliminates the need to remove implants; the
biodegradable polymers remain temporarily in the body and disappear on degradation [70].
The physical properties of PLA (such as transparency or the mechanical properties) are com-
parable to those of polystyrene and poly(ethylene-terephthalate), but due to its high cost
(compared to PP, PE, PS, etc.), brittleness, low viscosity, medium gas barrier properties, and
high moisture sensitivity, its use is restricted to specific applications. Thus, efforts are being
made to improve the properties of PLA by blending. Investigations have been conducted
on blends of PLA with other polymers, such as poly(ε-caprolactone), poly(hydroxyl bu-
tyrate), polyethylene glycol, and poly(hexamethylene succinate). However, the produced
blends were immiscible and resulted in poor mechanical properties [71–73].

Polycaprolactone (PCL) is a synthetic linear polyester derived from crude oil. It is
resistant to water, oil, solvents, and chlorine. The average molecular weight of PCL ranges
from 3000 to 90,000 g/mol. With an increase in molecular weight, the crystallinity of PCL
tends to decrease. It is fully biodegradable under composting conditions and mainly used
in the biomedical field. It acts as a stiffening material for shoes and orthopedic splints,
and in completely biodegradable compostable bags, fibers, and sutures. It is also used
in thermoplastic polyurethanes, adhesives, resins, etc. [74,75]. PCL is also used in tissue
engineering [76].

PCL is readily biodegradable in diverse environments, such as marine water, soil,
sewage sludge, and compost ecosystems; hence, it is widely used in drug delivery systems.
The biodegradation of PCL occurs through either enzymes, simple hydrolysis, or both.

There are several parameters that influence the biodegradation of PCL, such as the
molecular weight, crystallinity, thickness of the films, and degradation parameters. The
microorganisms secrete extracellular depolymerases that degrade the polymer.

The enzymatic degradation of polycaprolactone has been studied mainly in the pres-
ence of lipase enzymes, which help in accelerating the biodegradation of PCL [77], for
example, Rhizopus delemer lipase [78], Rhizopus arrhizus lipase [79], and Pseudomonas
lipase [80,81].

Studies have been performed on the biodegradation of PCL [82]. Chen et al. (2000)
observed that the enzyme lipase can accelerate the degradation of polycaprolactone mi-
croparticles, and the degradation rate of PCL is not significantly influenced by its surface
area [83]. Murphy et al. (1996) revealed that the depolymerized enzyme produced by
Fusarium moniliforme is cutinase [84]. Oda et al. (1995) isolated five fungal strains having
the capability to degrade two polymers: PHB and PCL [85]. One of the fungal strains was
identified as Paecilomyces lilacinus. The degradation of polycaprolactone was also studied
using the bacteria Alcaligenes faecalis [82,85,86]. Abdel-Motaal et al. (2014) found that
Pseudomonas japonica-Y7-09 (yeast) produced the extracellular enzyme cutinase, which
degraded PCL by 93.33% in 15 days [87]. The mechanism of biodegradation of PCL has
also been studied in detail. It is believed that PCL depolymerases preferentially attack the
amorphous areas of polymers and degradation occurs due to endo- and exo-cleavage [82].

The various physicochemical and physicomechanical characteristics of polycaprolac-
tone appear to be modified by either copolymerization or by efficiently blending with
other polymers. The copolymerization helps to alter the chemical property of PCL, which
further affects numerous properties, such as crystallinity and solubility, resulting in a mod-
ified polymer that has the desired attributes for drug delivery. By comparison, blending
helps to change the physical properties and biodegradation, in addition to the mechanical
properties, resulting in polymers that are preferred for tissue engineering. PCL has been
found to be compatible with natural polymers (starch, hydroxyl apatite, and chitosan),
polyethylene oxide (PEO), and polylactic acid and polylactic co-glycolic acid (PLGA). These
modifications are useful in formulations for drug delivery [88].
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Polyglycolic acid is produced by the polycondensation reaction between glycol and
aliphatic dicarboxylic acids. The constituents are derived from renewable resources, such
as glycol obtained from glycerol, and organic acids are obtained via fermentation. PGA is a
soft and biodegradable material, and possesses good sensitivity and a high melting point
(approximately 200 ◦C). It has excellent material properties similar to those of aromatic
PET. PGA is commercially produced by Dupont, either in the form of an aliphatic-aromatic
copolymer (Biomax®) or as aramid fibers (Kevlar®) [89].

PGA and its copolymers are both widely utilized in medical applications for degrad-
able and absorbable sutures. They can easily degrade in aqueous surroundings, such as
body fluids, via hydrolysis of the ester backbone. Furthermore, the degraded products of
PGA are metabolized to CO2 and water [90,91].

Microbial polymers/polyhydroxyalkanoates (PHAs) are biodegradable biopolyesters
that are completely synthesized by microorganisms, such as bacteria and fungi, in addition
to some plants. There are many bacteria that can synthesize PHA, such as those found
in activated sludge, oceans, or extreme environments. More than 30% of soil-inhabiting
bacteria are capable of synthesizing PHA [83,92]. Some examples of PHA-producing
bacteria are Alcaligenes latus, Pseudomonas oleovorans, and Azotobacter vinelandii [93].
Microorganisms such as Ralstonia eutropha and recombinant Escherichia coli are capable
of accumulating PHA in quantities of as much as 90% (w/w) of their dry cell mass in a
nutrient-limited media, i.e., media that is deprived of essential nutrients such as nitrogen,
phosphorus, or oxygen, but in which an excess of carbon is present. The most general
limitation is observed with nitrogen (Azotobacter spp.), but the most efficient limitation is
that of oxygen. Due to the insolubility of PHA in water, it accumulates as carbon or an
energy source within the intracellular granules [83,92,94].

Poly3-hydroxy-butyrate (PHB) is the most common and well-studied polymer of the
polyhydroxyalkanoate family. It has been reported that this bacterium can accumulate PHB
intracellularly. It is a homopolymer made up of 3-hydroxybutyric (3HB) acid molecules.
The molecules are joined by ester bonds formed between the 3-hydroxyl group of one
monomer and the carboxylic group of another. Numerous other bacteria have been iden-
tified as accumulating PHB in their cells, both aerobically and anaerobically. However,
PHB possesses poor physical properties, and is too stiff and brittle to be used in most
commodity products. It was subsequently found that PHA in activated sludge contains
monomers other than 3-hydroxybutyric acid (3HB), such as 3-hydroxyvalerate (3HV). The
incorporation of a few percent of 3HV units in the polymer helps to improve the flexibility
and also reduces the brittleness. Numerous companies, such as ICI and, subsequently,
Zeneca and Monsanto, started production of PHBV at an industrial scale [95–98]. Their
production capacity has increased to 900 million tons per year. The commercial PHA
produced by Tianan contains about 5% ester of valeric acid, although some experimental
grades contain up to 15% valerate. Valerate improves the flexibility of the polymer.

PHAs are thermoplastic and/or elastomeric, biocompatible, non-toxic, enantiomeri-
cally pure, optically active (i.e., possess only the R-configuration), piezoelectric (i.e., assist
in wound repair and healing), and also induce bone regeneration and formation. They
show better resistance to UV degradation than polypropylene (PP) but are less solvent
resistant. The most important characteristic is that they are completely biodegradable. Due
to these properties, PHAs are widely used in biomedical applications, such as orthopedy
(screws, bone graft substitutes, and scaffolds for cartilage engineering), cardiovascular
system devices, wound management (sutures, dressings, and dusting powders), urological
stents, and controlled drug delivery (tablets, micro-carriers, and implants). Like PVC and
PET, PHAs also exhibit good barrier properties, so they are also used in packaging appli-
cations, such as shampoo bottles, cosmetic containers, milk cartons and films, cover for
cardboard and paper, pens, combs, bullets, and moisture barriers in nappies and sanitary
towels. PHA may help to address the problems of environmental pollution caused by
nondegradable synthetic polymers [99–102].
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There are some drawbacks of using these polymers: (i) the cost of producing PHAs is
very high compared to conventional petroleum-based plastics; (ii) the processing of PHAs is
more difficult than conventional petroleum-based plastics due to their slow crystallization
process; (iii) their mechanical and thermal characteristics are not consistent compared to
those of petrochemical plastics; (iv) they are further required to be developed for a wider
range of applications and large-scale production; (v) the quality and uniformity of PHA
must be optimized.

The two polyesters, namely, PLA and PHA, have their own advantages and disad-
vantages. Typically, polylactic acid (PLA) is cheaper than PHA. Therefore, the application
research of PLA is more advanced than that of PHA [83,92].

Roy et al. (2008) examined the biodegradation of PE containing a pro-oxidant (cobalt
stearate) using a consortium of three bacteria, namely, Bacillus cereus, Bacillus pumilus,
and Bacillus halodenitrificans [103]. The films were UV irradiated (λmax at 313 nm) and
subsequently incubated with the bacteria. The degradation was monitored based on the
FTIR, mechanical properties, GC-MS, DSC, TGA, SEM, melt flow index, weight loss, and
cfu count. It was observed that there was decrease in the carbonyl index (by FTIR analysis);
the formation of low molecular weight compounds (by GC-MS studies); an increase in
initial decomposition temperature (TGA); the formation of biofilm on the polymer surface
(by SEM analysis); a weight loss of polymer of 8.4%; and an increase in the bacterial count
(by cfu count).

Reddy et al. (2008) developed the blends of PLA/PP to create fibers and characterized
them via their mechanical properties, and SEM, XRD, and DSC techniques [104]. The
blends showed partial compatibility between PLA and PP, and their mechanical properties
were inferior to those of the pure polymers. However, the blends showed better resistance
to hydrolysis and biodegradation, in addition to better dyeability, than pure PLA. Nishida
et al. (2009) prepared blends of PLLA and PP with and without the catalyst MgO, and
characterized them using SEC, NMR, FTIR, SEM, and TGA techniques [105]. TGA analysis
showed that the addition of MgO to the blend selectively accelerated the depolymerization
of the PLLA component in the blend, leading to the generation of L, L-lactide as a main
volatile product. Hamad et al. (2011b) blended PLA with PP in different ratios and studied
their rheological and mechanical properties [106]. The rheological results of blends revealed
that the true viscosity was between that of the pure polymers, whereas the flow activation
energy was less than that of the pure polymers. The mechanical tests showed that there
was incompatibility between the two polymers. Choudhary et al. (2011) blended PLA with
PP in various ratios with and without compatibilizers, i.e., maleic anhydride grafted PP
(MAPP) and glycidyl methacrylate [107]. The blends were characterized by mechanical
tests, and DSC, TGA, FTIR and SEM techniques. The results revealed that a blend of
PLA/PP in the ratio of 90:10 had optimum mechanical properties, which led to improved
melt processability of PLA. The interaction between these two polymeric materials can be
improved by the addition of a suitable compatibilizer, such as MAPP. MAPP is an effective
compatibilizer that mediates the polarity at the interface of two polymers.

1.2. Developments in Bioactive/Biodegradable Polymers with Interfacial Activity-Assisted Surface
Functionalization for Drug Delivery

Polymers are macromolecules formed from the combined repetitive monomer units.
Many of these polymers excel in transporting the drug to the diseased site and releasing it
in a controlled manner [108]. Their structures help protect the drug and thereby increase
its bioavailability. Polymers are broadly classified as biodegradable and nonbiodegrad-
able. The latter have some advantages and are also employed in drug delivery [109].
Occasionally, after the drug is released, nonbiodegradable polymers need to be retrieved
using invasive methods. In contrast, biodegradable polymers do not require retrieval
because they degrade/erode into smaller molecules that are eliminated through different
metabolic pathways.

Biopolymers are mainly classified as natural (chitosan and cellulose) and synthetic
(PLGA, polyanhydrides), as illustrated in Table 1. Synthetic biopolymers have greater
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significance because they can be altered to suit specific requirements. The drug release
rates can be controlled, and drugs of different physiochemical properties can be accommo-
dated [110] without altering their therapeutic efficacy, thereby making them one of the most
researched polymers in the field of drug delivery. Many biopolymers have transitioned
from academic curiosities to real-world applications, and many water-soluble polymers
(Table 2) play an essential role as drug delivery agents [111].

Table 1. Biodegradable polymers, with their structure and possible applications [110,112].

Biodegradable Polymers Structure Uses

Polylactic acid, poly(L-lactide), and
poly(DL-lactide) family (PLA)

 

Sutures, prosthetics, drug delivery.

Polyglycolic acid (PGA) Drug carriers, sutures.

PolyL-lactide-co-glycolide family

 

Drug delivery vehicle, sutures.

Poly(ortho esters)

 

Ointments, drug delivery devices.

Polyanhydrides (e.g., polysebacic
anhydride) (highly hydrophilic)

 

Drug delivery devices.

Polycarbonates
Drug delivery with some

modifications, bone repair.

Phosphorus-containing polymers Implantable biomaterials.

Polydioxonone
Plastic surgery, drug delivery, and

tissue engineering.
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Table 2. Water-soluble polymers [110].

Polymer Structure Uses

Saccharides (cellulose, dextran, chitin)

 

Cosmetics and health care products.

Acrylates and acrylamides (HEMA)
PHEMA

 

Contact lenses, catheters.

Polyethylene glycol (PEG) Drug delivery and as a stealth polymer.

Nonbiodegradable polymers, by comparison, have been employed extensively in
biomedical devices, such as catheters, heart valves, prostheses, and dialysis membranes,
for a substantial period. All of these polymers are hydrophobic, and their usage in the field
of drug delivery has been limited due to their degradability issues. Hence, they mainly
act as reservoirs for the drugs, and need to be retrieved surgically or after depletion of
the drug.

Synthetic degradable polymers, such as polyesters, mainly display bulk erosion [113].
The polymer matrix becomes porous as time progresses, leading to the release of the
drug into its environment due to the matrix’s sudden collapse. Polymers, such as polyan-
hydrides, predominantly experience surface erosion as they undergo hydrolytic bond
cleavage to form products that dissolve slowly in water [113,114]. Most of the biodegrad-
able polymers display a combination of bulk and surface erosion, leading to varying drug
release profiles. Polymers that predominantly degrade via bulk erosion initially show
a first-order release, followed by a slow, constant release phase. Slower degradation of
polymers such as PLGA is possible by employing higher molecular weight, leading to a
slower, controlled drug release. Some of the well-known water-soluble polymers, such
as polyethylene glycol (PEG), are either employed as standalone drug carriers [115] or
conjugated to other polymers to provide properties of stealth [116]. They also help increase
the stability of the drug.

Among all of these available prospects, PLGA, PEG, and PLA are a few of the FDA- ap-
proved polymers [117] and, thus, are most widely incorporated in the field of drug delivery.

For polymers in drug delivery, PLGA is the gold standard as a drug delivery vehicle.
It is one of the most extensively employed biodegradable polymers for delivering drugs,
proteins, DNA, and other bioactive agents [118]. PLGA is a copolymer produced by the
combination of PLA and PGA, and is commercially available as 50:50, 65:35, and 75:25
PLGA, among other variants. The value 75 (in 75:25) denotes the percentage quantity of
PLA, and the remainder (25) is that of PGA. Varying the concentration of PLA and PGA
helps obtain the desired properties in the copolymer. The higher the concentration of PLA,
the slower the degradation rate, with some exceptions [119]. The properties of the polymer
can be tuned for the drug by varying the molecular weight, the ratio of PLA and PGA, the
amount of the polymer, and the drug, to obtain the desired protection and release profile.

151



Polymers 2021, 13, 2623

PLGA microparticles loaded with triptorelin were synthesized by Mahboubian et al.
using the double emulsion solvent evaporation technique. The effect of various parameters,
such as the emulsifying agent, volume of the water phase, and addition of NaCl, was
studied [118,119].

Xie and colleagues formulated PLGA NPs to deliver Paclitaxel (PTX) [120]. To evaluate
the formulation’s effectiveness in passing the blood–brain barrier (BBB) and attaining the
desired tissue, they used MDCK/C6 cell lines and varied the additives and coatings. The
uptake results indicated that PLGA NPs with additives showed a higher uptake than those
with surface coatings. Cell viability was also low when the cells were treated with PLGA
NPs compared to the control (no treatment) [120]. Similarly, Averineni et al. encapsulated
the drug in PLGA NPs (50:50) and assessed its antitumor activity on BT-549 cell lines.
The optimized formulations released the drug for 15 days and had an inhibitory effect for
around 7 days with a lower clearance rate [121].

Sengel-Turk et al. synthesized and characterized Meloxicam-loaded PLGA NPs and
later studied their efficacy on HT-29 cells. NPs increased the stability of meloxicam and also
helped in a sustained release. The formulations showed a higher uptake and had a higher
cytotoxic effect on the cells [122]. Schleich and group incorporated dual agents (Paclitaxel
and superparamagnetic iron oxide) in PLGA NPs. High cytotoxicity was observed when
PTX-encapsulated PLGA NPs were used, but no such toxicity was noticed in iron oxide-
loaded NPs. Both NPs showed a high uptake in CT 26 cell lines. In vivo studies showed
delayed regrowth of CT26 tumors [123].

Cooper et al. synthesized and optimized Diclofenac-loaded PLGA NPs by employing
varying stabilizers and other parameters. The formulated particles showed a low size
(<200 nm), high drug entrapment (80%), and high stability [124].

Rafiei et al. developed docetaxel-encapsulated PLGA NPs for intravenous applications.
Surface-modified PLGA NPs (PLGA-PEG) were synthesized, and animal model studies
showed that both NPs increased the circulation time and concentration of the drug in the
blood [125].

Afrooz et al. co-encapsulated PTX and verapamil (VIR) in PLGA NPs and character-
ized the formulations for drug loading, zeta, and size. The co-encapsulated NPs showed
higher cytotoxicity on MCF-7 cell lines after three days than the free drug [126]. Similarly,
Ahmadi et al. co-encapsulated Doxorubicin (DOX) and VIR, which resulted in a similar
effect on the MCF-7 cell line [127]. Vakilinezhad et al. co-encapsulated methotrexate and
curcumin in PLGA NPs and optimized the formulations. The NPs showed higher cyto-
toxicity on SK-Br-3 cell lines when compared to the free drug, and in vivo studies also
indicated the inhibition of breast cancer [128].

Surface functionalization in polymer-based NPs is the process of altering the ex-
isting polymer surface’s physicochemical properties by introducing different materials
(hydrophilic polymers) or molecules to enhance its efficacy or to help provide functional
groups for further ligand attachments. Surface functionalization methods mainly depend
on the surface chemistry and type of ligand, and the NP preparation technique. These are
broadly classified under three essential categories, with the interaction between the NP
surface and ligand forming the categorization basis.

In the chemical conjugation method (coupling), the ligand and polymer undergo
chemical modifications to attach active groups [129,130] with the help of coupling reagents
such as EDC, DCC, and NHS.

The noncovalent methods employ the affinity between the ligand and the NP surface
to achieve the desired results. Proteins such as streptavidin, having a high affinity to
biotin, are incorporated in the NP to noncovalently attach the ligand to the NP [131,132].
Electrostatic interaction or the physical adsorption method are achieved by selecting the
appropriate ligand and NP polymer to promote hydrophobic interactions or hydrogen
bonding. The NP can also be coated with surface polymers to mediate the interaction
between the ligand and the NP [133–135].
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Various polymers, such as PEG, PVA, dextran, and chitosan, have been utilized for
surface functionalization. PEG is a hydrophilic polymer that has extensively been used
due to its ability to protect NPs (via stealth) from rapid renal clearance. Simultaneously,
PEG’s presence hinders the interaction that is necessary for uptake in the cells [136]. For
this reason, noncovalently bonded PEG (cleavable) on the surface of polymer nanocarriers
is preferred, because it not only increases circulation time, but also does not hinder drug
release and uptake.

The process of attaching PEG, covalently or otherwise, onto polymer molecules, drugs,
and macrostructures is known as PEGylation. PEGylation is a standard method employed
to increase the stability of different polymer carriers, drugs, and proteins. The addition of
PEG has been shown to improve the efficacy of the carriers and drugs.

Ruan et al. employed triblock copolymers of PLA and PEG to load the hydrophobic
drug PTX in microspheres of PLA-PEG-PLA. Their work showed that the release of the
drug was faster in PEGylated NPs than regular PLGA NPs. Overall, about 50% of drug
release was possible in a sustained manner for a period of one month [137]. Similarly,
Danafar et al. encapsulated both hydrophobic and hydrophilic drugs into NPs of PLA-PEG-
PLA and obtained high encapsulation efficiencies. The drug release profile was biphasic
for the hydrophobic drug and triphasic for the hydrophilic drug [138]. Similarly, Dong et al.
formulated, characterized, and optimized PTX-loaded MPEG-PLA NPs that took on the
core-shell structure and released the drug in a biphasic manner [139].

Danhier et al. studied the effect of PTX encapsulated in PEGlylated PLGA NPs on
HeLa cell lines compared to other commercial formulations, such as Taxol and Cremophor
EL. The results showed that treatment with PTX-loaded NPs leads to lower viability when
compared to the other formulations. In vivo studies also indicated more significant growth
inhibition of tumors with the PTX-loaded NPs [140].

Rafiei et al. synthesized, characterized, and optimized Docetaxel-loaded NPs of PLGA
and PEGylated PLGA, and found that the drug’s release was higher in PEGylated NPs.
The higher encapsulation also enhanced the blood concentration of the drug during in vivo
studies [141].

Sims et al. used PEGylated PLGA NPs, in addition to other surface-functionalized
PLGA NPs, and studied the internalization efficiencies on HeLa cell lines. They found that
coating with PEG reduced cellular internalization but increased tissue penetration [142].
In vivo studies of PEGylated PLGA NPs encapsulating curcumin synthesized by Khalil
et al. showed that curcumin release was slower in non-PEGylated NPs. Nonetheless, the
bioavailability of the drug was significantly higher when delivered through PEGylated
NPs. Both NPs were able to increase the mean half-life of the drug [143].

Interfacial activity assists in the surface functionalization of polymer-based NPs, and
molecules such as PEG increase the circulation time of the NPs. However, this process is
accompanied by a number of drawbacks [144]. Receptor-mediated targeted drug delivery
helps overcome most of these issues and is also beneficial, because normal cells/tissues
are left unaffected. Attaching ligands onto the NPs requires functional groups that are
lacking in polymers such as PLGA. However, PEG can be modified to possess homo-
or hetero-bifunctional groups [145]. This process provides the opportunity to attach the
desired/possible ligands onto the PEGylated NPs, drugs, or other macromolecules.

Attaching ligands to polymer-based carriers is often performed through chemical conju-
gation, which requires in-depth knowledge and proper control of all of the variables (ligand,
polymer, drug, process variables), which is an expensive and time-consuming [145–147]
process. The interfacial activity-assisted surface functionalization technique utilizes the in-
terfacial activity of amphiphilic polymers to incorporate the ligand into the polymer carrier,
such as PLGA. The process of functionalization is based on the principle of self-assembly.
The hydrophobic part (PLA) of a block copolymer (PLA-PEG) is inserted into the PLGA
NP. At the same time, the hydrophilic PEG chain with the ligand remains on the outer
surface of the PLGA NP during the solvent evaporation step of NP synthesis. Patil et al.
simultaneously functionalized PTX-loaded PLGA NPs with folic acid (FA) and biotin
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through the PEG-PLA block copolymers. The drug-loaded NPs showed better efficacy on
numerous cancer cell lines, and studies also indicated an enhanced accumulation of these
NPs during in vivo studies [147].

Similarly, Toti et al. utilized the maleimide end group in their block copolymer of
PLA-PEG to conjugate the cRGD peptide, which was then attached to the coumarin 6-
loaded PLGA NPs. A significant and high cellular uptake was observed on numerous
cell lines. Their study showed a two-fold increase in conjugate-NP accumulation during
in vivo studies compared to NPs without the ligand [148].

Roger et al. also employed the same method to conjugate the FA moiety to PTX- loaded
PLGA NPs. Cell line studies on Caco-2 showed a five-fold increase in the apparent perme-
ability of PTX when encapsulated in the PLGA polymer carrier. The FA-functionalized NPs
underwent an eight-fold rise in transport compared to the free drug, thereby increasing the
drug’s oral bioavailability [149].

The IAASF technique was also used by Dhoke et al. to conjugate Lactosaminated-
Human Serum Albumin peptide on PLGA NPs, loaded with the drug lamivudine. In vivo
studies also exhibited the benefits of ligand-based targeting [150].

The targeting of diseased sites/tissues through the ligand–receptor route has gained
significant attention in recent decades. Drug delivery by this method not only protects
healthy cells, but also helps in increasing the therapeutic effect. The effective use of
polymers to carry the drug adds to the efficacy, because sustained drug delivery is possible.
Studies have shown that cancer cells overexpress specific receptors and thus can be utilized
to deliver the drug. Similarly, activated macrophages also overexpress numerous receptors,
including folate (FRβ) [151].

Folate receptors (FRα and FRβ) are among the many receptors known to be over-
expressed on cancer cells. Folic acid, a synthetic version of vitamin B9, is known to show
affinity towards these receptors. Many researchers have utilized this ligand–receptor route
to target and deliver the associated drug [152]. Vortherms et al. conjugated folic acid to PEG,
which was later coupled to 3′-azido-3′-deoxythymidine (AZT). In vitro cytotoxicity studies
on the A2780/AD cell line that overexpressed folate receptors showed a 20-fold increase
in potency compared to free AZT [153]. Xiong et al. synthesized FA-PEG-PLA block
copolymers for targeted delivery of PTX on KB cell lines. Cytotoxicity studies indicated
that the folic acid conjugated micelle toxicity on the cells continued to increase with the
folate content. Cells treated with the free drug displayed lower toxicity than PTX-loaded
FA-PEG-PLA micelles [154].

Similarly, Hami et al. synthesized and characterized folate-functionalized PLA- PEG
block copolymer micelles and later conjugated DOX to these micelles. Cytotoxicity studies
on SKOV3 human ovarian cancer cell lines showed significantly higher toxicity compared
to non-targeting micelles [129]. Goren et al., in early research, demonstrated that folic
acid conjugated liposomes loaded with DOX showed 10-fold higher toxicity on M109R
cells compared to unconjugated liposomes. Inhibitory effects in vivo also indicated a
significantly higher effect compared to free DOX [155].

Chandrasekar et al. synthesized folate-dendrimer conjugates to deliver indomethacin
to inflammatory regions. The study showed that drug encapsulation increased with an
increase in folate content. The drug’s half-life increased, and drug exposure to the site was
also significantly higher for folic acid-conjugated PAMAM dendrimers compared to the un-
conjugated formulation [156]. Zhang et al. and Pan et al. conjugated FA to D-α-Tocopherol
polyethylene glycol succinate (TPGS). They compared it with other polymer carriers loaded
with drugs, such as PTX and DOX. The cytotoxic effects of FA-conjugated carriers on C6 cell
lines showed significantly higher inhibition and increased uptake in MCF-7 cells, thereby
highlighting the benefits of receptor-mediated targeted drug delivery [157,158].

GCs are steroid hormones released in the body when stimulated by stress. They
primarily function as an anti-inflammatory agent and also as an immunosuppressant. They
cause severe side effects when deployed in large doses. Some of the most prominent
synthetic GCs are DEX, cortisol, and prednisolone. GCs are predominantly used to treat
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inflammatory conditions, such as asthma and rheumatoid arthritis. They have also been
used as a supplementary drug to reduce edema in cancer tumors. Recent studies have
indicated the cytotoxic effects on glioma and other cancers [159].

Morita et al. investigated the effect of DEX on C6 cells and found that serum depriva-
tion led to cell death, but DEX’s presence further enhanced necrotic death in the glioma
cells [160].

Shapiro et al. and Grasso et al. studied the effect of various GCs, such as cortisol
and DEX. They concluded that GCs primarily inhibited glioma cell growth [161–163] but
sometimes displayed transient inhibition [164]. Gurcay et al. presented the initial studies on
prednisolone’s effect on primary brain tumor and identified growth inhibitory effects [164].

Kaup et al. studied the inhibitory effects of DEX on different glioma cell lines, such
as A172, T98G, and 86HG39, to elucidate the effects of GCs on tumors. The cell lines
were subjected to acute (continuous), pre, and combination (pre and acute) treatments.
A time-delayed inhibitory effect was noted in all cell lines when subjected to DEX pre-
treatment. A172 and T98G cell lines displayed significant inhibitory effects when subjected
to combination treatment. Acute treatment of DEX had potent inhibitory effects on A172,
whereas the effect was negligible on T98G and 86HG39 cell lines [165].

Fan et al. reported a concentration-dependent inhibitory effect of DEX on murine and
rodent glioma tumor growth. It was also reported that primary astrocytes (human) and
primary neurons (rodent) were not affected by DEX [166].

1.3. Physicomechanical, Thermostability, and Morphological Characteristics of Biodegradable
Polymeric Materials

Polyolefins such as polypropylene (PP) and PE are resistant to biodegradation. It has
been observed by numerous authors [167–169] that these polymers are not significantly
affected by soil burial, whereas Darby [170] and Griffin [171] found that PE is successively
degraded in compost. Moreover, they established a relationship between the decrease in
the tensile strength and the extent of biodegradability. However, molecular weight was the
critical factor in this assessment. Studies with polyethylene samples indicated that bacterial
growth decreased with the increase in molecular weight [172]. Potts et al. [173–176] con-
ducted studies on the biodegradation of synthetic polymers, such as polyester, PE, and PS.
They found that, among these high molecular weight synthetic polymers, only the aliphatic
polyesters and oligomers of PE showed biodegradability, whereas PS did not. Weiland [177]
and Khabhaz et al. [178] reported degradation of thermally oxidized PE. It is well known
that the low molecular weight polymers and straight chain polymers are more affected
by microbial degradation [177,179,180]. Further branching and crystallinity [181,182] have
also been observed to reduce the rate of biodegradation.

For biodegradation to take place, some simple organic substances should be added to
polymers for rapid decomposition. Photolabile chemical groups (e.g., carbonyl moieties
and benzophenone) have been introduced into polymers to accelerate their UV light cat-
alyzed depolymerization in the environment via the free radical process [183,184]. Products
containing photosensitizers are affected by light and become biodegradable thereafter. For
certain applications and disposal routes, this may be a viable option. However, in many
cases the materials will not be exposed to sunlight when discarded or buried, and coatings
may obscure the direct exposure to the light that is necessary to initiate the degradation
process. Hence the aforesaid approach remains questionable.

In addition to the already-cited polymers, acrylonitrile-butadiene-styrene tercopolymer
(ABS), aromatic polyesters (including PET, polyether-urethanes, and most acrylates except
poly(alkyl alpha-cyanoacrylate)) are also considered to be resistant to biodegradation.

Although polyethylene (PE) is considered to be resistant to biodegradation, Lee et al. [185]
reported biodegradation of PE by phanerochaete and streptomyces species in blends con-
taining 6% starch and oxidants. They reported a decreased molecular weight and changes
in mechanical properties due to biodegradation. However, only low molecular weight frag-
ments appeared to be responsible for the observed biodegradation. A degradable PE–starch
complex has also been prepared using a transition metal and an antioxidant [186,187].

155



Polymers 2021, 13, 2623

Blown films containing up to 40% starch have been developed by extrusion and the
biodegradability was assessed by measuring the changes in weight loss and chemical
composition by FTIR [188–196]. However, Psomiadou et al. [197] reported that more than
30% starch had deleterious implications for the mechanical characteristics of LDPE/starch
films used for food packaging [198].

A number of degradable blends of starch and PE have been previously synthe-
sized [199–201], and their environmental weathering [202] and biodegradation has been
studied in a compost environment [203], soil [204], and by microbial culture [205,206].
Thermoplastic PE/starch compositions were reported to have the required strength and
biodegradability [207,208], and those developed by Chiquet [209] were found to decompose
during heating, exposure to UV light or sunlight, and composting.

Chandra and Rustgi [210] investigated the biodegradation of maleated LLDPE and
starch blends. They observed that the tensile strength and moduli escalated and per-
cent elongation-at-break reduced as the starch concentration in the mixtures increased.
Poly(ethylene-co-acrylic acid) has been frequently used as a compatibilizer in starch com-
posites with LDPE [211,212], HDPE [213], and blown films [214–216] of PE, which have
been applied in agricultural mulch and in packaging. Li et al. [217] conducted studies on a
starch graft copolymer as a compatibilizer for LLDPE/starch. Many commercial products
containing LDPE and starch have appeared in recent years [169,218–220].

A number of reports are available in the literature in which starch modified by various
methods was used for the development of biodegradable products. Japanese patents have
been filed [221–225] on the production of biodegradable polymeric thin films with superior
physicomechanical characteristics utilizing starch derivative compounds. Favis et al. [226]
obtained a patent for a composition containing LDPE, alkyl ethers of starch, and a vinyl or
acryl polymer as a compatibilizing agent that showed good biodegradability, as exhibited
in Figure 6.

 
Figure 6. Systematic mapping summary of scientific advances in physicomechanics and thermostability in in vitro drug
release studies of biopolymeric materials/biocomposites for biomedical applications.
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Shah et al. [227] investigated the initial degrading process of starch-filled LDPE strips
compounded with commercially available, well-dried, modified, granular starch (CATO-
32). Numerous ecological situations have been reported to have combinatorial synergism
impacts on the decomposition rate and processes. Various new technologies have been
developed for the manufacture of biodegradable starch PE blends. Muller et al. [228]
carried out oil-philicity treatment of starch with a coupling agent, which promoted uni-
form dispersion of starch in PE and improved the mechanical properties of the blends.
Pierre et al. [229] devised a method for combining the blends containing thermoplastic
starch (gelatinized starch plasticized with glycerol) in a continuous manner in a co-rotating
dual-screw-based extrusion process.

The biodegradation of PE films containing 40% gelatinized corn starch and 15%
EAA were investigated in a diverse spectrum of aquatic conditions [230]. The loss-of-
starch on degradation was preceded or followed by reduction in the tensile strength, and
enabling of the films to disintegrate to test their susceptibility to mechanical strain. By
comparison, Shogren et al. [231] reported that films with the same composition exhibited a
heterogeneous microstructure with a non-uniform distribution of starch. The compatibil-
ity, physicomechanical characteristics, and morphology of LDPE-starch/modified-starch
blends used in agricultural mulch and packaging films were studied by Tian et al. [232]
for the films. Similar starch-PE agricultural mulch was prepared using a graft copolymer
of starch and MMA [233]. The manufactured films showed better biodegradability but a
higher production cost than conventional PE [234].

A detailed study on the characteristics of various fatty acid esters of starches and
their mixtures with LDPE was carried out by Bikiaris et al. [235] and Thiebaud et al. [236].
The latter observed that the thermal stability and elongation increased, but the tensile
strength and water absorption decreased on esterification. Aburto et al. [237] examined
the characteristics of octanoated starch and its mixtures with PE. Its blends with LDPE
showed better mechanical properties and thermostability, and lower water absorption
in comparison with the mixtures of LDPE with plasticized starches. Starch modified by
various fatty adds, such as lauric acid, palmetic acid, and stearic acid, has been used to
develop bio- and photodegradable PE films [238].

Evangelista et al. [187] investigated the impact of compound blending and starch
alteration on the characteristics of starch-filled LDPE. They observed that the cast films
of LLDPE comprising starch-octenyl-succinate revealed high tensile strength and percent
elongation, but a lower rate of biodegradation than those containing native corn starch.
Kshirsagar et al. [239] synthesized starch acetate with varying acetyl content. They investi-
gated the rheology and permeability characteristics of blends of starch and starch acetate
with LDPE.

The other synthetic polymers used for blending with starch are polypropylene (PP),
polyvinyl alcohol (PVA), polyvinyl acetate (PVAc), some modified polymers, and copoly-
mers [240–244].

The effect of operating factors on physical characteristics of blends of starches with
ethylene-vinyl-acetate (EVA) and polyethylene modified with maleic-anhydride (EMA) was
observed by Ramkumar et al. [245]. Rheological and morphological analysis of corn-starch
and SMA/EPMA mixtures containing 60–70% by weight of the starches was undertaken
by Sethamraju et al. [246].

Otey et al. [247] formulated starch-based PE films comprising up to 40% starch using
urea and ammonia. Fanta et al. [248] also discussed the effect of urea in the presence
of water or aqueous ammonia on the composites. Reis et al. [249] reported the in vitro
decomposition of starches/ethylene-vinyl-alcohol polymeric-blends and observed a dis-
tinct rheological behavior and mechanical properties. The same authors also carried out a
detailed investigation on starch–EM composite films.

Polymer compositions that yield films with good strength [250] and migration-resistant
plasticizer [251] are obtained from starch/poly(ethylene-co-vinyl alcohol) [252–254]. Starch-
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PVA blends [255–259] are useful as moisture-resistant biodegradable polymers for agricul-
tural mulch, shock absorbing foams, and articles with good dimensional stability.

Starch-based biodegradable packing materials have been developed by extrusion of
starch with polyethylene glycol [260] or PVA [261]. Such films have been prepared by
mixing starch with poly(vinyl alcohol) [262], vinyl acetate and its copolymers [263–276],
and EM. The films also exhibited excellent mechanical strength and flexibility.

Polymer compositions containing starch have also been formulated using bacteri-
ally produced poly-3-hydroxybutyrate (PHB) and poly-3-hydroxyvalarate (PHV). Roller
and Owen carried out studies on the structural and physicomechanical characteristics of
melt-pressed sheets of PHB and PHV filled with various amounts of particulated maize
starch granules.

Processing and mechanical properties, and biodegradation, in municipal activated
sludge of starch-poly(p-hydroxyl butyrate–covalerate) composites have been extensively
studied. The change in composition after biodegradation was quantified by FTIR, and
increased starch content was observed to result in more extensive degradation. Lactic acid
copolymer-starch compositions useful for films, filaments, and packing materials were
found to be biodegradable. It was observed that the film was broken into pieces after two
weeks and disappeared after two months.

PP-based biodegradable plastics and blends have been prepared by mixing starch with
maleated PP. Some ternary blends of starch and PP with polylactide and ethylene-vinyl
acetate copolymer have been reported for disposable diapers, and with PE for the marine
environment [276].

Bennett et al. [277] developed a rigid urethane foam formulation containing 10 to 40%
starches. These investigations revealed that foams prepared from starch-derived products
show better flame resistance but are readily attacked by soil microorganisms.

The incorporation of surface-altered starches to plastics has been shown to be a
commercially feasible means of producing conventional biodegradable polymeric ma-
terials [278]. Starch in various forms, such as starch xanthate, gelatinized starch, and
dried starch, has been incorporated in large amounts as a filler in disposable PVC-based
plastics [279,280].

Several modified forms of starch, such as silyl isocyanate modified starch dialde-
hyde [281], acid hydrolyzed starch [282], and starch derivatives [283,284], have been used
to develop thermoplastic mixtures by blending with other plastics. Jeremic et al. [285]
developed blends of thermoplastic starch and thermoplastic polymers, such as EM and
EVAc, in a twin-screw extruder [286].

Biodegradable plastics with high tensile strength have been obtained from PE, PP, PS,
and PVC with 6 to 50% of octenyl succinate starch metal ion complexes [287]. Similarly,
biodegradable starches containing polymer compositions with good mechanical properties
were developed by Osada et al. [288].

Huang et al. [289] carried out an in-depth study of the development of the technol-
ogy and product application of the biodegradable plastics based on graft copolymers of
starch. Imam et al. [290] studied the morphological and thermo-behavior of poly3-hydroxy-
butyrate hydroxy-valerate/starch valerate mixtures, and reported that no phase separation
was observed.

Several patents based on the use of modified starch for blending with synthetic
polymers are available. Biodegradable foams useful as packing material were patented
by Jaffs [291]. Bastioli et al. [292–294] developed a composition for biodegradable plastic
moldings based on destructured-starch and blends of starch with plastics for strong films,
sheets, and fibers. The preparation and use of a biodegradable starch derivative and
polymer mixture are discussed in a European patent [295]. Berruezo [296] developed
photo/biodegradable high impact polystyrene (HIPS) sheets by mixing modified starch,
HIPS, and photo-degrading agents.
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1.4. Comparative Analysis of Physicomechanical, Thermostability, Rheological, and Morphological
Characteristics of Biopolymeric Materials with Other Materials

In another study, Mamidi et al. [297] presented a new class of PCL/f-CNOs composite.
Newly developed composites were characterized using SEM and FTIR techniques. The
DOX releasing ability was analyzed under various pH conditions. The authors reported
that force spinning provides regular and bead-free nanofibers in the range of 210–596 nm.
Results indicated a good control over the DOX release in forcefully spun PCL/f-CNOs
fibers, in addition to better tensile strength (3.16 MPa). These results reflect the stability,
viability, and cell adhesion characteristics of the reinforcement in the matrix material, as
depicted in Figure 7. The newly fabricated composite is used in numerous applications in
the biomedical field.

 

Figure 7. (a) Tensile graphs; (b–e) contact angles of neat PCL, PD, PDC (0.5 wt.%), and PDC (1.0 wt.%); and (f,g) poros-
ity/permeability of PDC (0.5 wt.%) and PDC (1.0 wt.%) composite filaments. Reproduced with permission from [297].

Mamidi et al. [298] prepared PHPMA-CNOs = f-CNOs reinforced BSA nanocomposite
fibers using the force-spinning technique with DOX as a drug. The DOX-releasing ability
was measured in terms of the concentration of DOX, the incubation temperature, and the
pH value. The authors observed 72–95% drug release at the temperature limits of 37–43 ◦C
in fifteen days of study. The mechanical strength of the BSA increased to 18.2 MPa with the
addition of f-CNOs, in addition to the water absorption angle and thermal characteristics
revealed in Figure 8.

Mamidi et al. [299] prepared PHPMA-based composites that were reinforced with
SWCNT. The composites were primed using force spinning followed by the thermal
pressure approach. The newly developed composites possessed a tensile strength of
13.7 GPa, an elastic modulus of 243.3 GPa, and a toughness of 1421 J/g. The authors
reported that the newly developed composites were the strongest and stiffest composites
among all of the nanocomposites available in the literature.
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Figure 8. (a) Tensile strength; (b) degradation; (c) water contact angle for virgin BSA, BSA/f-CNOs-1, and BSA/f-CNOs-2
filaments; (d) porosity/permeability of biomimetic or biocompatible BSA/f-CNOs-2 nanocomposite fibrils. Reproduced
with permission from [298].

Mamidi et al. [300] adopted the force-spinning approach to develop 3D scaffolds of
gelatin and zein protein. The authors reported that one unit of gelatin and four units of
zein provided better tensile strength and hydrophobic behavior at a water angle of 115◦.

Mamidi et al. [301] developed PAPMA-CNOs and (GelMA)/f-CNOs/CD supramolec-
ular hydrogel interfaces using the photo cross-linking approach. The morphology and
properties were evaluated. The authors observed that the maximum drug release occurred
under acidic conditions over 18 days. In addition, (GelMA)/f-CNOs/CD composites
exhibited better properties than the alternative composite. The physical and chemical
behaviors, microstructure, biodegradation, and swelling characteristics of hydrogels have
been studied. Over an 18 day period, the composite hydrogels exhibited improved con-
trolled release of the drug under acidic environments (pH 4.5 = 99% and pH 6 = 82%).
GelMA/f-CNOs/CD supramolecular hydrogels possessed significantly enhanced tensile
strength (ultimate strength = 356.1 ± 3.4 MPa), impact strength (K = 51.5 ± 0.24 Jg−1),
and elastic moduli (E = 41.8 ± 1.4 GPa) with the addition of f-CNOs. The framework of
GelMA/f-CNOs/CD hydrogel augmentation reveals an excellent distribution and extent
of polymeric envelopment of f-CNOs throughout GelMA matrices, as displayed in Figure 9.
Additionally, the produced hydrogels were found to have significant cell viability when
evaluated against human fibroblast cell cultures. Nonetheless, the primed supramolecular
hydrogels will form the basis of future targeted drug carrier systems utilizing regulated
delivery methods.
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′ ″
Figure 9. Graphs demonstrating hydrogel physicomechanical characteristics: (a) tensile stress; (b) tensile strain versus
elastic moduli; (c) impact strength; and (d) storage and loss modulus (G′ G”). Reproduced with permission from [301].

Cole et al. [302] evaluated the mechanical properties of the exopolysaccharide biopoly-
mers by developing methods to obtain biopolymer bonding among the grains of natural
occurring materials. The authors examined two treatments in their experiments. The
first treatment refers to one week of incubation at 28 ◦C in yeast extract mannitol media.
The purpose of this treatment was to determine cohesive and adhesive properties of the
polymer. The second treatment related to the precipitation and resolubilization of the
Rhizobium EPS from the media supernatant. The authors observed an increased bond
stiffness with an increase in curing time. The modulus was varied within the limits of 0.2
to 3.2 MPa, and cohesive strength was varied from 16 to 62 MPa. In addition, the cohesive
strength of the precipitated exopolysaccharide biopolymer was more than that of natural
exopolysaccharide.

Nam et al. [303] developed PBS biodegradable composites that were embedded with
coir fibers. The influence of alkali treatment on the properties and morphology was
analyzed. The highest shear strength was observed in a sample that was soaked in 5%
NAOH solution for 72 h at room temperature. In addition, the mechanical properties
were improved significantly with the alkali treatment. The composite containing 25%
coir fibers resulted in increases of around 55, 142, 46, and 97% in tensile strength, tensile
modulus, flexural strength, and flexure modulus, respectively, as shown in Figure 10. The
morphology results indicated better interfacial bonding in alkali-treated composites than
untreated composites.
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Figure 10. (i) Tensile strength; (ii) tensile moduli; (iii) fracture strain; (IV) moduli of rupture/bending strength; (V) bending
modulus of unprocessed and 5N-72-treated coir-fiber/PBS biodegradable composites; and tensile fracturing surfaces of PBS
biodegradable composite strengthened with 20% weight concentration of: (a) unprocessed coir fibers, (b) 5N-72 processed
coir-fibers. Reproduced with permission from [303].

Treated natural fiber materials have the capability to replace synthetic fiber materials
because they are more easily available, less expensive, ecofriendly, renewable, and light
weight. Among the available natural fibers, kenaf possesses excellent properties, and jute
fiber exhibits high strength and compatibility with biopolymers [303].

Gallo et al. [304] fabricated kenaf fiber-reinforced biopolymer composites using com-
pression molding. The influence of core thickness of the fibers on the properties of polyhy-
droxyalkanoates was evaluated. Kenaf-reinforced material prevents the combustion of the
material and kenaf performs as a carbonizing compound, which provides an insulating
layer on the material’s surface. Results revealed that monofiber-reinforced composites
possess better mechanical properties than double-layered composites. The regular disper-
sion of the kenaf material in the matrix ensures improved properties of the composite, as
shown in Figure 11. The dense microstructure obtained from fire residues indicates that
the reinforcing material acts as a carbonizing agent.
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Figure 11. Microstructure of layered 2 (a–c) and Lam 1:6 (d–f) under numerous varied magnification scales. Reproduced
with permission from [304].

Motru et al. [305] developed flax-reinforced PLA polymer matrix composites. During
fabrication, flax fibers were varied by weight, in the values of 7.9, 13.6, and 17.6%. The
authors observed that mechanical properties were increased with an increase in the fiber
content. In contrast, for treated PMCs, the opposite results were observed. The flexural
strength remained the same for all of the composites, whereas the maximum UTS was
observed in a composite containing 13.6% flax fibers. The impact energy of the newly
developed composites was varied within the limits of 25–30 joules, as exhibited in Figure 12.
The authors also observed a regular dispersion of the flax fibers within the PLA matrix in
all composites.
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Figure 12. Loading versus displacement graphs from: (a) tensile test; (b) compression test; and (c) bending test. Reproduced
with permission from [305].

Russo et al. [306] fabricated kenaf-reinforced polymer matrix composites with PHBV,
LDPE, and PBAT as matrices using melt compounding. Kenaf fibers were treated chem-
ically before being added to the matrix to enhance interfacial bonding among the con-
stituents. Cast composites were alkalized and silanized to improve their performance.
Thermal properties of the PHBV were not altered due to the addition of kenaf; however,
a negative effect was observed in the case of PBAT. In addition, PHBV-based composites
possessed better flexural, modulus, and impact strength, irrespective of the type of treat-
ment performed. However, the existence of stiff cellulose fibers reduced these properties in
PBAT- and LDPE-based composites.

Alvarez et al. [307] prepared sisal fiber-reinforced polymer matrix composites. The
composition of the reinforced fibers was varied from 5 to 15% by weight. The water
sorption ability of the sisal, starch, and their composites was evaluated by varying the
reinforcement compositions. The authors reported that sisal fiber absorbed less moisture
than the base matrix; however, the diffusion coefficient value was approximately same
for all fibers. In addition, the fibers possessed a higher diffusion coefficient than the base
matrix. The diffusion coefficient was marginally increased with increasing fiber content,
and the moisture content had a harmful effect on the mechanical behavior of the composites.
The flexural modulus was reduced with an increase in fiber content.

Liang et al. [308] developed kenaf-reinforced PBS polymer matrix composites using a
mixing process. The mechanical behavior, morphology, and crystallization behavior were
evaluated. The composition of kenaf was varied from zero to 30% by weight in steps of
10%. The authors reported that the moduli and crystallization rate were increased with the
addition of kenaf material to the base matrix. The authors also observed that the tensile
strength and storage modulus of the newly developed composite were increased by 53
and 154%, respectively, with the addition of 30% kenaf to the base matrix and the increase
in the crystallization temperature from 76.3 to 87.7 ◦C. SEM result illustrates that further
improvement at the PBS and kenaf interface is required to increase the interfacial bonding.
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Zhu et al. [309] blended sisal fiber-reinforced PLA composites. Initially, hybrid sisal
fibers were prepared by mixing treated and untreated sisal fibers and then introduced into
the PLA matrix. The authors reported an enhancement in the crystallinity and the impact
strength of the base matrix with the addition of sisal fibers due to β crystals, as observed in
XRD patterns. It was also reported that properties of the hybrid sisal reinforced composites
were significantly improved, with the treated and untreated sisal-reinforced composite
and PLA/HSFs composites possessing 47.1% and 30.8% higher strength and crystallinity,
respectively, than the other samples.

Jung et al. [310] investigated the effect of chemical bonding on the mechanical behavior
of biopolymer composites. The behavior of these bonds under mechanical deformation
was also evaluated. The authors observed that hydrogen bonds enabled high deformation
and changed the structure under low loading conditions. In addition, mutation caused a
change in the stable structure of the biopolymers.

Bahrami et al. [311] reviewed the mechanical behavior of hybrid biocomposites. The
properties reviewed by the authors included the strength, water absorption, and flamma-
bility of the biocomposites. It was found that the use of hybrid fibers and the treatment
of the fibers, among other factors, have a significant effect on the mechanical behavior of
the biocomposites. The authors reported that biocomposites will be superior to numerous
alternative engineering materials in the future.

Kremensas et al. [312] developed wood fiber-reinforced biopolymer matrix composites
boards. The authors used corn starch and hemp shiv treatment during the production of
biocomposites. The results revealed that compressive, tensile, and bending stresses of 3,
0.45, and 6.3 MPa, respectively, were obtained at 10% hemp shiv by weight. In addition,
the composite containing 10% corn starch by weight exhibited better a contact zone and
increased the product strength.

Aslam Khan et al. [313] presented a review article on the recent progress of bio-
composites for tissue engineering and regenerative medicines. Biopolymers are used in
numerous applications in wound healing and other medical areas, as reported in Figure 13.
Biopolymers are the best alternate among petroleum-based synthetic polymers because
they are ecofriendly, environmentally sustainable, and readily available. Biopolymers
lack strength and stability, which can be overcome with the use of ceramic-reinforced
biopolymer composites. Further study on these materials is required to increase their
industrial applications.

β

 

Figure 13. A graphical description highlighting the numerous promising functionalities of biodegradable polymerics with
numerous filler particles. Reproduced with permission from [313].
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Baldino et al. [314] proposed a new process that improves ESPR atomization due to a
mixture of SC-CO2 in which polymers can dissolve. This occurs due to the reduction of
surface tension and viscosity, which enables the production of micro- and nanoparticles of
controlled dimensions.

The above summary provides insights into synthesized biodegradable and bioac-
tive polymeric composites with biological functionality and remarkable compatibility for
biomedical application domains, as shown in Figure 14.

 

Figure 14. Visualization summarizing the numerous potentially attractive characteristics of biodegradable/bioactive
polymerics for biomedical applications.

Considerable work has been carried out on polymeric-blend materials and copoly-
mers to control crucial aspects of biocompatible polymers, such as degradation rates and
physicomechanical characteristics. Moreover, cellular films, implantable biomaterials,
three-dimension-printed scaffolds, and nano-structured biomaterials have been produced
that acquire the benefits of the biopolymeric stimuli-responsive properties of certain poly-
merics to improve modulation of biologically active molecule delivery, tissue regeneration,
regenerative medicine, and wound healing. Consequently, the current review underlines
the critical factors that must be considered in biocompatible hydrogels throughout tissue
regeneration and drug carrier delivery; discusses the numerous frequently researched natu-
ral and synthetic biomimetic polymeric materials; and provides insight into the developed
production and manufacturing methods that employ biodegradable polymeric materials
for biomedical applications.

Therefore, this summary examines the contemporary status of biodegradable natu-
rally and synthetically derived polymers for biomedical fields, such as tissue engineering,
regenerative medicine, bioengineering, targeted drug delivery, implantation, and wound
repair and healing. Furthermore, this review presents insights into a small number of
the commonly used tissue engineering applications, including drug delivery carrier sys-
tems, demonstrated in the recent findings. Due to the inherent remarkable properties of
the biodegradable and bioactive polymers, such as their antimicrobial, antitumor, anti-
inflammatory, and anticancer activities, certain materials have gained significant interest in
recent years. These systems are being actively researched to improve therapeutic activity
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and to mitigate adverse consequences. This article also presents the main drug delivery
systems reported in the literature and the primary methods for impregnating polymeric
scaffolds with drugs, their properties, and the respective benefits for tissue engineering.

2. Methodology

The systematic literature review is the most well-known form of literature review and
presents a clear picture to the researchers in a more transparent manner. The phases of a
systematic review are the identification of articles; screening of the articles according to
the established criteria; assessing eligibility according to the content of the articles; and
inclusion of the final articles for the analysis.

2.1. Identification

The identification of articles is undertaken in such a manner that it can be reproduced
if the search database is given to other researchers. It also allows the review study to be
transparent. In this review, we examined the articles related to biodegradable and bioac-
tive polymers, for antimicrobial, antitumor, anti-inflammatory, and anticancer purposes,
published during the past 21 years i.e., from 2000 to 2021, using the advanced search
option of the Web of Science (WoS) and SCOPUS databases. The searches used for identify-
ing the relevant articles were: “Biodegradable Polymer Nanocomposites for Biomedical
applications”, “Natural polymeric biomaterials for tissue-engineering and drug-carrier”,
and “Bioactive polymers for biomedical applications”. These specific document searches
identified 485 papers that were sent to the screening process.

2.2. Screening and Eligibility According to the Relevancy of the Articles

The identification process was followed by the screening process to select the relevant
articles according to the theme.

During the process of screening, duplicate articles were removed. Furthermore, some
records were also excluded based on article titles that are not relevant to the theme. Finally,
the remaining 88 full-text journal papers were further assessed for eligibility based on the
content according to the criteria. All of the articles were thoroughly read to determine if
they focused on any one of the biomedical applications of the biodegradable polymers or
other natural polymeric biomaterials.

2.3. Inclusions

The research articles selected for the review were focused on the performance char-
acteristics of biodegradable and natural polymeric materials for biomedical applications.
All of the articles focusing on the performance of biodegradable and bioactive polymers,
for antimicrobial, antitumor, anti-inflammatory, and anticancer purposes, were included.
Thus, 88 journal papers were finally included for analysis.

2.4. Analysis of the Articles

The data of the 88 journal articles selected for the analysis were tabulated using
Bibliometric Scientific mapping analysis and Microsoft Excel. The collected data included
the author’s affiliation, year of publication, journal name, and publisher’s name. Analysis
was then undertaken of the biodegradable polymer nanocomposites and other natural
polymeric biomaterials for tissue engineering and drug carrier applications.

3. Results and Discussions

3.1. Publication Trends

In this section, we discuss the publication of articles based on the articles’ year of publi-
cation, journal, publisher, geographic location of the conducted study, and author affiliation.
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3.1.1. Year of Publication

The articles related to biodegradable and natural polymers for biomedical applications
published between 2000 and 2021 were taken into consideration. Here, we consider only
the publication trend of the relevant publications that were finally included according to
the inclusion and exclusion criteria. The annual publication of the articles is shown in
Figure 15.

 

Figure 15. Number of articles published per year.

It can be noted that researchers increased the study of performance characteristics
of polymer carriers for drug delivery in tissue engineering, antimicrobial, antitumor,
anti-inflammatory, and anticancer applications in 2014. The lowest number of relevant
publications was found in the initial years, i.e., between 2000 and 2013. However, from
2014, a noticeable increase in the number of articles can be seen, with articles numbering
214, 199, 195, and 178 in 2018, 2017, 2016, and 2019 respectively. In 2020, 156 relevant
articles were published.

3.1.2. Journal and Publisher

This section shows the classification of relevant published journal articles (n = 88)
according to the journal and publisher. There are wide varieties of journals and publishers
with which researchers were associated for the publication of their studies. A total of
25 journals and 41 publishers were reported during the data processing of the 88 identified
articles, as shown in Figure 16a,b. From Figure 16a, it can be seen that Acta Biomaterialia was
the most popular journals for publishing articles related to the performance characteristics
of natural polymeric and biodegradable polymers for tissue engineering and drug delivery
applications, i.e., 56 of the total number of articles, followed by Materials (Basel, Switzerland)
with 35 articles, and the International Journal of Molecular Sciences, with 33 articles. Figure 16b
shows that Elsevier was the most frequent publisher, contributing to 21.1167%, of the
articles followed by Intech (13.86%) and Wiley (7.25%).
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(a) 

 

(b) 

Figure 16. (a) Number of relevant articles (n = 88) by journal. (b) Number of relevant journal articles (n = 88) by publisher.
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3.1.3. Author’s Affiliation

It was observed during data processing that authors from various countries were
interested in the field of biomimetic polymers for biomedical applications. The database
used for the present study only gathered the information relating to articles published in
the English language. This indicates that the majority of the analyzed articles originated
in countries where English language is primarily used for research and technical reports.
Thus, the majority of articles was found to come from the UK, followed by Portugal. The
distribution of authors, participating institutes, and countries may vary if articles of other
languages are considered. The most active institutions in the fields of study related to the
identified articles were the University of Minh, followed by Massachusetts Institute of
Technology and Polytechnic University of Turin, as illustrated in Figure 17a,b.

The data were tabulated to classify the articles according to the author’s affiliation, as
shown in Figure 18. It was found that authors from 50 different institutes or universities,
and a variety of countries, undertook the studies reported in these 88 articles. The maxi-
mum numbers of authors related to the published articles were affiliated with UK (17%),
followed by Portugal (11%) and USA (9.7%).

Following the categorization of the articles according to the author’s affiliation, we
report the distribution of articles according to the country in which the experiments were
carried out, as shown in Figure 18. In some cases, it was found that studies involved
as many as six or seven authors in a single research paper, and affiliations with two or
three countries. Figure 18 shows the distribution of the articles according to the country in
which the experiments were conducted. Experiments were also carried out in China, Spain,
Australia, Malaysia, USA, Mexico, Oman, China, Philippines, Colombia, Portugal, France,
and Indonesia.

 
(a) 

Figure 17. Cont.
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(b) 

Figure 17. (a) Number of papers published (n = 88) according to the author’s institute. (b) Number of papers published
(n = 88) according to the author’s institute and field of study.

 

Figure 18. Number of papers published (n = 88) according to the geographical location and country affiliation.
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The most prolific and dominant author, Rui L. Reis, has the maximum number of
articles published, contributing to 30% of the articles, followed by the João F. Mano (13%)
and Aldo R. Boccaccini (4.8%), as exhibited in Figure 19.

 

 
 
 
 
 
 
 
 

Figure 19. Number of papers published (n = 88) according to the most active authors.

3.2. Drug Delivery Systems of Biodegradable and Other Natural Polymeric Biomaterials in Hard
Tissue Engineering

In recent years, a new generation of system has appeared as an alternative solution
to many cases of trauma or diseases of bone tissue, in which a wide range of synthetic
bone substitutes and biomaterials are used as scaffolds (such as chitosan, alginate, collagen,
and hydroxyapatite) [315,316]. The following characteristics are required for the successful
implementation of a bone scaffold: It must be able to be sterilized;

a. It must provide mechanical support;
b. It must deliver bioactive molecules;
c. It must not cause inflammatory reactions;
d. It must have interconnected pores to facilitate the growth of a new bone;
e. It must to promote the osteogenic differentiation;
f. It must degrade as the new bone forms;
g. It must not create non-toxic degradation products;
h. It must sustain the bone cell migration [5].

Several methods have been reported for impregnating the scaffolds with drugs [1].
The first method is the simplest, and entails the immersion of the scaffold (with absorbing
properties) into the drug solution, as shown in Figure 20.
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Figure 20. The method in which the scaffold is immersed in the drug solution. Reproduced with
permission from [1].

The second method refers to building the system by dissolving the polymer and the
drug in solvent during fabrication, as show in Figure 21. It was reported in the literature
that, in the case of these two methods, the drug release profiles depend on the scaffold
features, such as degradation rate and porosity [1].

 

Figure 21. The formation of the system during fabrication. Reproduced with permission from [1].

One new method that has revolutionized medicine is 3D printing. The biggest advan-
tage of this method is the accurate control of the architecture, shape, size, location, and
dosage of drugs, as shown in Figure 22 [1].

 

Figure 22. The 3D printing method. Reproduced with permission from [1].
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Another widely used method to address the side effects of orthopedic implants is
layer-by-layer technology, as exhibited in Figure 23. This method involves covering certain
surfaces with different layers, between which the drugs (drugs A and B) are caught.
Subsequently, capsules can be formed by decomposition [1].

 

Figure 23. Layer-by-layer method. Reproduced with permission from [1].

One of the most common global diseases at present is osteoporosis. Most drugs used
to treat this disease have been shown to be ineffective due to their side effects. Thus, to
prevent these side effects, drug delivery technologies have been used with the effects of
enhancing the release profile, reducing toxicity, and improving the therapeutic effectiveness
of the drugs [317]. A number of drug delivery systems used in hard tissue engineering are
presented in Table 3. The main antibiotics used in hard tissue applications are gentamicin,
ampicillin, penicillin, oxacillin, kanamycin, and methicillin from bone cement. Currently,
for this application, the researchers are investigating a new type of scaffold that contains
antibiotic-loaded nanoparticles [318].

The bibliometric mapping analysis shows that the use of biodegradable polymers
in biomedical applications has undergone significant advances during the past 80 years,
as illustrated in Figure 24. Biodegradable materials have emerged for the development
of therapy devices, such as provisional implantable devices and 3D scaffolds for tissue
engineering. Additional progress has been made in the use of biodegradable polymers for
pharmaceutical applications, including drug delivery carriers with sustained delivery. To
ensure efficient treatment, these developments require that the materials have desirable
mechanical, biochemical, and decomposition characteristics. As a consequence, a wide
spectrum of polymeric materials that enable hydrolytic and enzymatic deterioration are
now being explored for biological applications, including tissue regeneration, regenerative
medicine, prostheses, temporary implants, tissue repair and regeneration, wound healing,
and drug carriers.

3.3. Polymer Nanocomposites and Natural Polymeric Carriers in Drug Delivery and
Biomedical Engineering

Jordi Puiggali et al. (2019) highlighted nanocomposites comprising novel materials.
Although nanocomposites have traditionally been developed from natural materials, in
this article, the author specifically describes novel materials in the formulation of nanocom-
posites. Nanocomposites composed of hydroxyapatite, bioactive glass, chitosan, collagen,
fibrin, gelatin, and silk were thoroughly investigated. The basic compositions of each of the
basic materials, in addition to their synthesis techniques and applications in different fields
were reported. Most of the polymers were found to be biodegradable and biocompatible,
and to have unique advantages in biomedical and pharmaceutical fields. Important areas
within the biomedical field include tissue regeneration and bone implants, whereas key
pharmaceutical applications include drug delivery and solubility enhancement, as indi-
cated in Figure 25. The mechanical properties of the above-mentioned polymers were also
found to be improved [319].
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Figure 24. Bibliometric analysis of the utilization of biodegradable and other natural polymeric biomaterials in hard tissue
engineering applications.

 

Figure 25. Schematic flow diagram indicating that hierarchical bone arrangement relies on the self-assembly of triple
helices of collagen and the accumulation on the surface by HAp-precipitated crystals. The formation of structured and
layered fibrous assemblies and osteons (i.e., concentric strands) corresponds to later measures. Reproduced with permission
from [319].

Alvarez G.S. et al. (2017) discussed the formulation of biomaterial nanocomposites.
Biomaterials are agents that are placed in contact with living tissue to improve or replace
the unique functioning of the tissue or a particular organ. Tissue engineering has been
found to be an important technology in the formulation of functional substitutes to help
regenerate and repair damaged tissues or organs. The study also described hydrogels,
which are polymers that have an open core structure and retain a large amount of water in
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their structure. Hydrogels were found to consist of two types, namely, from natural and
synthetic polymers. Due to their distinctive properties, such as biocompatibility, natural
polymers have wide applications in the biomedical field, and include polymers such as
chitosan, collagen, and gelatin. Synthetic nanocomposites composed of polylactic acid,
polyglycolic acid, polymethyl methacrylate, and polyvinyl alcohol were also discussed in
details [320].

Priscila Anadao et al. (2012) highlighted the concept and applications of polymer-clay
nanocomposites. In 1949, Bower conducted an experiment for DNA absorption using
montmorillonite clay. In 1963, Greenland highlighted the use of polyvinyl alcohol montmo-
rillonite nanocomposites. Subsequently, a large amount of research has been carried out on
polymer-clay nanocomposites. These are composites that have a polymer matrix, whose
dispersed phase is formed by silicate particles that have dimensions in the nanometer
range. Based on the interphase forces in clay and polymer, the authors highlighted different
thermodynamically accepted morphologies. Intercalated, exfoliated, and flocculated mor-
phologies are described for nanocomposites. In addition, methods of preparation of poly-
mer nanoclay nanocomposites were briefly discussed. Important methods include in situ
polymerizations, solution dispersions, and fusion intercalations. In in situ polymerization,
the clay particles are dispersed in monomer medium and, using suitable conditions, the
polymerization process is carried out. The use of a compatibilizing agent is also highlighted
in the literature. The name indicates that the agent is compatible with clay and the polymer.
An example is maleinanhydride, which is used as a compatibilizer for polypropylene and
polyethylene polymer. The widely used polymers for the preparation of nanocomposites
are polyethylene, polypropylene, polyvinyl chloride, polyamide, and polyethylene oxide.
The use of biodegradable polymer from natural and synthetic sources was also mentioned.
These sources include polyhydroxy butarate, chitosan, polycarbolactone, and polylactic
glycolic acid. The application of polymer nanoclay nanocomposites was also reported in
literature. These nanocomposites can be used in different areas, such as the biomedical
applications of artificial tissues, dental and bone surgery, and medicine and drug delivery.
Other applications include automatic energy, packaging, and construction [321].

S. Latha et al. (2013) formulated hydrogels of Captopril nanocomposites. Due to
their better diffusion, biocompatibility, and excellent water sorption, hydrogels have wide
applicability in the biomedical field. The authors developed hydrogels of nanocomposites
using a novel free radical reaction technique of polymerization based on nanoclays of
montmorillonite. The formulated hydrogels were evaluated in terms of their swelling
behavior, SEM, DSC, TGA, FTIR, drug loading, and in vitro drug release. It was observed
that the pH of the external media and the clay addition order had a profound effect on the
swelling characteristics of nanocomposite hydrogels, as shown in Figure 26. The targeted
release of Captopril was observed in the intestine [322].

Karak et al. (2019), highlighted the fundamental concept of nanocomposites of poly-
mers and nanomaterials. Nanomaterials are defined as materials whose dimensions are
less than 100 nm. They also highlighted how shape, surface structure, and size influence
the properties of nanocomposites. The developed nanocomposites have unique thermal,
biodegradability, and mechanical properties; in addition, their flame retardant ability was
found to be enhanced. The historical perspective, classifications, and raw materials re-
quired for the formulation of nanocomposites were discussed in the study. In addition,
the methods used to prepare polymer nanocomposites, including physical and chemi-
cal approaches, were discussed. The study also highlighted the significant properties of
nanocomposites, such as mechanical strength, optical activity, toughness, catalytic activity,
thermal stability, biological activity, and barrier properties. The improvement in the prop-
erties of nanocomposites with the use of a core polymer was also discussed in detail. The
various applications of nanocomposites were outlined in the study; these applications in-
clude use in the biomedical, pharmaceutical, industrial, agricultural, sports, and electronics
fields [323].
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Figure 26. Influence of concentration on the cumulative percentage of drug delivery at (a) 0.05%, (b) 0.1%, and (c) 0.15% of
capoten-loaded nanocomposite hydrogels. Reproduced with permission from [322].

Bhat. M. et al. (2015) reported that the Biopharmaceutical Classification System (BCS)
Class II drugs have poor aqueous solubility. This affects the drug’s release, which is
significantly influenced by the aqueous surrounding in the gastro-intestinal (GI) tract,
which particularly affects the drug’s bioavailability. Bio-nanocomposites are a hybrid form
of biopolymer in which two or more components are fused together. These have numerous
applications in different dosage forms. The review highlighted the simple and convenient
method of preparation of bio-nanocomposites using the microwave irradiation method
by means of carriers of natural origin, such as acacia, ghatti gum, cassia, and gelatin, to
enhance the solubility of BCS Class II drugs and improve the rate of dissolution for these
drug entities, thereby affecting their bioavailability. The reported fusion method (MW)
offers numerous advantages, such as its simplicity, time saving, and cost effectiveness.
The MW technique is a recent and advanced technology in materials processing and
chemical manufacturing, and presents promising advantages compared to the traditional
thermal treatments. The mixture was heated to form a molten mass which was cooled and
solidified. The final product was crushed and sieved. The developed nanocomposites can
be characterized by different analytical techniques, such as SEM, FTIR, DSC, and XRD. At
present, materials processed via the MW approach are extensively used in pharmaceutics
that are developed specifically to enhance the speed and efficiency of the extraction process
of polar solvents [324].

Paul D.R. et al. (2008) synthesized a polymer matrix nanocomposite and suggested
it may be used in targeted drug delivery applications. The addition of nanoparticles to
the drugs provided significant advantages, and resulted in a slower and steadier drug
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delivery process that enabled more control of the release, enhanced the mechanical in-
tegrity of the hydrogel-based nanocomposites, and reduced swelling. In the literature,
iron oxide nanoparticles have been examined for a wide range of applications, such as
immunoassays, cellular therapies, magnetic resonance imaging contrast enhancement,
and drug delivery. These experimentations usually deploy magnetic dispersal in a poly-
meric microsphere or microcapsule, involving biodegradable and/or natural polymers of
poly(L-lysine) microspheres containing magnetic nanoparticles. These were manufactured
through coacervation and were characterized for further potential use, such as in targeted
drug delivery systems. The Fe and Co nanoparticles encapsulated in polydimethylsiloxane
were tested for the treatment of retinal detachment disorder [325].

Kushare S. et al. (2013) synthesized bio-nanocomposites using microwaves to im-
prove the dissolution and solubility of the poorly water-soluble drug, Glipizide. However,
when the material was characterized, it was confirmed that there no interactions occurred
between the polymers and the drug. The researchers then concluded that Glipizide was
converted into nanocrystals in the composites, to which the improvement in solubility
was solely attributed. The use of microwave irradiation generated by a microwave oven
caused the breakage of the internal structure of the drug particles, resulting in the for-
mation of nanoparticles, and ultimately leading to an enhancement in solubility. The
in vitro and in vivo evaluations conducted for the optimized formulation reaffirmed the
use of BNCs to improve the dissolution and solubility using natural carriers. In stability
studies conducted by the researchers, the BNC-containing formulations were found to be
stable. The microwave irradiation method is a novel method for the improvement in drug
solubility [326].

Mukhija Umesh et al. (2012) emphasized the challenge of the poor aqueous solubil-
ity of drugs in their formulation. They also stressed that the drug must be eventuality
converted into a bio-nanocomposite using natural carriers. The attempts to enhance the
solubility rate of Meloxicam were reported because this drug has poor water solubility, and
its solubility–dissolution was improved using different solid dispersion techniques based
on Poloxamer 188. The solid dispersions of Meloxicam for in vitro dissolution were pre-
pared by two methods, namely, the microwave-assisted method and the hot melt method.
From the results obtained from the formulation, it was found that the model with the
best fit for the mechanism of dissolution was the Higuchi matrix release, which had the
highest release. When compared with the melting method, the microwave-assisted method
proved to be highly compatible for producing better solubility in the preparation of a solid
dispersion, as exhibited in Figure 27. Microwave irradiation is an effective and efficient
instrument in the generation of molecular dispersion [327].

D. Bikiaris et al. (2008) synthesized a solid dispersion of Tibolone from polyethylene
glycol to increase the dissolution rate of drugs with poor water solubility using microwave
irradiation. The researchers found that the time required for dissolution of Tibolone in
PEG melting under microwave irradiation was significantly less than that of the traditional
melting method using heat application (>15 min). Thus, they determined that microwave-
induced synthesis of solid drug dispersions is a simple and efficient process compared to
traditional methods of preparing solid dispersions, such as melt mixing or solvent evapo-
ration through heat application. The application of microwaves at the instance at which
Tibolone solid dispersions were synthesized in PEG resulted in the formation of various-
sized drug crystals in the dispersion, compared to the solid dispersions manufactured
using traditional methods. Furthermore, the researchers also noted and compared the
results obtained in terms of various drug properties. It was mentioned that the drug’s disso-
lution rate appeared to be higher when the dispersions were formulated using microwave
irradiation [328].
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Figure 27. Comparison of in vitro dissolution characteristics of Meloxicam/Poloxamer solid dispersions fabricated using
(a) the melting process and (b) the microwave method. Reproduced with permission from [327].

M. Moneghini et al. (2008) synthesized solid dispersions of ibuprofen using mi-
crowaves. For this purpose, the active system was prepared with PVP/VA/60/40, whereas
HP-Cyclodextrin was designated as the carrier. This significantly increased the dissolution
profile of ibuprofen, which is usually considered to be a poorly soluble drug. Furthermore,
the researchers analyzed the physical characteristics of the microwave-activated system.
They found that the drug was completely amorphized and no polymorphic forms were
found. This study deployed the microwave technique to prepare SD. The study results
indicated that this is a viable technique and a suitable alternative in the preparation of
solvent-free binary systems. In contrast to the conventional heating process, in which
heating is confined to the surface, heating produced by this technique is uniform across
the material. Unwanted side reactions are also mitigated (reaction quenching). In this
study, the active system was prepared with PVP/VA 60/40, whereas HP-Cyclodextrin was
designated as the carrier [329].

P. Bergese et al. (2003) synthesized nanocomposites using microwaves to increase the
solubility of drugs. Microwave irradiation is a widely used technique that offers numer-
ous advantages compared to traditional thermal processing. Ibuprofen, nimesulide, and
nifedipine were the model drugs utilized from BCS Class II, whereas polyvinyl pyrrolidone
and βCyclodextrin were the polymers used. When characterized, the materials confirmed
that there was no interaction between the polymer and the drug. The study concluded
that microwave processing has a positive and significant impact on the drug, i.e., trans-
formation from a microcrystal to a (matrix embedded) molecular cluster, as shown in
Figure 28 [330]. Such (thermally activated endothermic) transition, as confirmed by DSC &
Thermo-gravimetric analyses (Figure 3), seems to be a solid/solid shift transformation in
which the hydrates β-CD ends up losing the water of crystallisation (de-hydration).
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Figure 28. DSC thermogram. Solid line: Composite BI1; the 75 ◦C peak conforms to the melting
point of the microcrystalline ibuprofen stage, whereas the β-CD dehydration is correlated with the
highest point at 85 ◦C. Broken/dotted line: Composite PN1; the maximum point is correlated with
the melting of the microcrystalline nimesulide stage. Reproduced with permission from [330].

D. Maurya et al. (2010) synthesized poorly water-soluble atorvastatin calcium using
microwaves, which induced its solubility. Their solid dispersions of atorvastatin and PEG
6000, generated using the microwave-induced fusion method, notably enhanced the rate of
dissolution (p < 0.05). The researchers found that the reasons for the improved dissolution
rate were the solubilizing effect of PEG 6000, increased wetting, alteration of the drug
surface properties, and the molecular dispersion of the drug in solid dispersions. When the
material was characterized, the researchers confirmed that there was no interaction between
the polymers and the drug. They also concluded that the results of solid dispersions
prepared by the MIND method under in vivo conditions showed increased solubility [331].

Yuen M. et al. (2017) synthesized an advanced microcapsule that could be further
applied via bandages or socks to release antifungal drugs to treat fungal skin diseases in a
controller manner under pressure, as shown in Figure 29. Chitosan/miconazole nitrate
and chitosan/clotrimazole microcapsules were the two kinds of microcapsules prepared
for the study. The mean particle size was 2.6 µm for the chitosan/miconazole nitrate
microcapsules and 4.1 µm for the chitosan/clotrimazole microcapsules. High-performance
liquid chromatography (HPLC) was used to determine the drug loading and encapsulation
efficiency. The above-prepared microcapsules, loaded with the drug, can be directly applied
to socks or bandages that release antifungal drugs in a controlled manner under pressure.
Patients who suffer from tinea pedis or other fungal infections can administer this medical
treatment by wrapping a bandage around the body area or putting on socks [332].

Salomy M. et al. (2015) created a topical gel for application to the skin or specific mu-
cosal surfaces. The aim of the gel was to perform local actions or transdermal penetration
of the medicament, or for its emollient or protective actions. The study attempted topical
delivery of the drugs directly upon the hydrogel matrix, so that the drugs were effectively
delivered at the required site and, simultaneously, avoided first pass metabolism, enhanced
local action in pain management, and treated skin diseases. Hydrophilic polymers, such
as guar gum and Carbopol 940, of varying concentrations, were used to develop a topical
hydrogel formulation of the drugs, as exhibited in Figure 30a–e [333].
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Figure 29. Quantity of (a) chitosan/miconazole nitrate and (b) chitosan/clotrimazole micr
Figure 29. Quantity of (a) chitosan/miconazole nitrate and (b) chitosan/clotrimazole microspheres
released in vitro from the drug at diverse pressures at various concentrations. Reproduced with
permission from [332].

Akhilesh K. Gaharwar et al. (2014) specifically examined the updated information
on nanocomposite hydrogels, with a particular focus on biomedical and pharmaceutical
applications. These are hybrid hydrogels having a hydrated network of polymers that are
cross-linked with each other or nanostructures. The researchers highlighted the advances in
the field of nanocomposite hydrogels in terms of their physical properties and applications.
Two-phase and multi-phase systems were also discussed. Due to their porous and hydrated
molecular structure, the nanocomposite hydrogels usually stimulate the native tissue
microenvironment. The factors and challenges associated with the fabrication and design
of nanocomposite hydrogels were also discussed. This study provided a novel approach to
reinforcing polymeric hydrogels, including different functionalities that were focused on
the implementation of nanoparticles within the hydrogel network [334].
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Figure 30. (a,b) In vitro drug release of synthesized hydrophilic polymer–gel in various formulations; (c) in vitro drug
release of synthesized hydrophilic polymer–gel in the marketed product formulation; and (d,e) ex vivo drug release profile
of developed gels in different formulations. Reproduced with permission from [333].

Surendra G. Gattani et al. (2016) developed bio-nanocomposites using the microwave-
induced diffusion technique (MIND) to enhance the solubility of the drug ketoprofen. They
highlighted the importance of solubility in achieving the concentration of the drug in the
systemic circulation. Among all of the available drug molecules, only 8% have sufficient
solubility. Different formulations were developed using the microwave-induced diffusion
technique. The MIND process is an effective and simple technique for the enhancement of
the solubility of molecules. It is an advanced and current technology in materials processing
and the manufacture of chemicals, and presents promising advantages compared to the
traditional thermal treatments. Heating is a significant component in the energy exchange.
The solubility enhancement of bio-nanocomposites was investigated by dissolution and
an in vitro solubility study, as shown in Figure 31. The polymers were selected based
on the surfactant and the wetting properties. The solubility of ketoprofen was enhanced
using the microwave-induced diffusion technique. The microwave technique enables rapid
and uniform heating of materials with low heat conductivity because energy can easily
be converted into heat within the material and most of the materials comprise polymers.
The enhancement in solubility may be attributed to the drug dispersion at micro- and
nanoscales. The in vivo study of optimized bio-nanocomposites was also conducted using
the rat paw edema model [335].
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Figure 31. (a) Comparison of the solubility between the physical KEAC combination and KENC. (b) Correlations of
solubility in KEGG physical blend and KEGG bio-nanocomposite. The information is the average ± SD, n = 3. The results
are expressed in terms of the solubility percentage of virgin ketoprofen, where: KE–ketoprofen, AC–acacia, GG–ghatti gum,
SD–standard deviation. Reproduced with permission from [335].

Xiao H. et.al. (2000) analyzed the mechanisms and the important role of the burst
release in drug delivery systems under the control of the matrix. In this research, the authors
reviewed the burst release experiments on monolithic polymer-controlled drug delivery
systems. Furthermore, they reviewed the theories regarding the physical mechanisms that
cause bursting, and presented novel ideas to prevent bursting and to treat burst release
under controlled release models. This article also discussed the significance of burst release
and suggested that burst release may be applied in the treatment of wound and bacterial
bone infection, in which an initially high concentration of antibiotics is needed for effective
eradication of the infection, as illustrated in Figure 32. The burst release profile is also
useful in the case of targeted drug delivery and pulsatile drug delivery systems [336].

 

Figure 32. Schematic representing the bursting effect in a zero-ordered drug delivery system. Repro-
duced with permission from [336].
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Nanostructured polymers have attracted increased attention as a promising class
with functional materials, and in the design of biocompatible frameworks for biomedical
applications, as shown in the bibliometric mapping analysis in Figure 33. The combined
effect of multiple classes of nanomaterials enhances not only the inherent characteristics of
composite materials, but also their shape, and their stereochemical, biological, functional,
and compositional resemblance to organic and inorganic body parts. A broad spectrum of
formulations, mixtures, and nanofillers is comprehensively used in medical applications,
primarily in the role of a drug carrier. The key obstacle for polymeric nanocomposites is to
mimic (biologically, synthetically, and functionally) the extracellular matrices of numerous
body parts to facilitate tissue regeneration.

Figure 33. Bibliometric analysis of the utilization of natural polymeric biomaterials and nanopolymers in drug carriers and
tissue engineering applications.

3.4. Antimicrobial Drug Delivery of Biodegradable and Other Natural Polymeric Biomaterials in
Hard Tissue Engineering

Antibiotics are frequently used in the case of bone implants to prevent postsurgical
infection or in the case when an infection has been diagnosed [3]. For example, in the case
of osteomyelitis, the classic treatment entails the surgical removal of the diseased bone
followed by the administration of antibiotics. This method is complicated because it causes
weakening of the musculoskeletal support and the effectiveness of the antibiotics decreases.
Thus, this problem can be resolved using systems capable of local delivery of antimicrobial
agents [2]. Gomes D. and co-workers reported that composite nanostructures, such as
hydroxyapatite and PLGA, are used for the treatment of osteomyelitis and the delivery of
antibiotics to the infected bone [337]. Examples of drug delivery systems for osteomyelitis
are presented in Table 4.

Logith Kumar R and co-workers reported that the antimicrobial activity of chitosan
can be improved by modifying its structure, thereby increasing its suitability for use in hard
tissue engineering [338]. In addition, the team of researchers investigated the antimicrobial
activity of the incorporated vancomycin-loaded liposomes into a nano-hydroxyapatite-
chitosan-konjac glucomannan scaffold.
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It was reported that the scaffold was biocompatible and biodegradable, and enabled
modification of the release profile of the drug by adjusting the ratio between the chitosan
and konjac glucomannan. The study used a scaffold with a content of 60–70% nano-
hydroxyapatite, and the content of chitosan and konjac glucomannan was varied to allow
the differences to be observed. A slower release of the drug was observed at the largest
amounts of chitosan and konjac glucomannan used. The in vitro tests confirmed that
the system comprising vancomycin-loaded liposomes and scaffolds resulted in greater
inhibition of the formation of S. aureus biofilms than the drug-loaded scaffold [339].

In another study, Hornyák I and co-workers studied the antimicrobial activity of
human bone allografts incubated with antibiotic solution (vancomycin) and coated with
chitosan. Sustained release of the drug for 50 days was observed. It was reported that
the MIC for Enterococcus faecalis was 0.2 µg/mL of vancomycin, and for methicillin-
resistant S. aureus, was 2 µg/mL of vancomycin [340]. Another advantage is that the
alginate and allograft are biodegradable, which makes the development of the biofilm more
difficult [341]. Another study reported on a system formed from a chitosan scaffold with
bactericidal agents coated with a nano-hydroxyapatite-poly(amide). The study reported
the continued release of the bactericidal agents for over 150 h, the decrease in the extent
of bacterial growth, and cell adhesion. In addition, it was reported that scaffolds made of
chitosan/nano-hydroxyapatite/nano-silver particles showed good antimicrobial activity
against Gram-negative and Gram-positive bacterial strains. Furthermore, it was observed
that these scaffolds are not toxic to rat osteoprogenitor cells or human osteosarcoma cell
lines [342].

González-Sánchez MI and co-workers attempted to maximize the antimicrobial activ-
ity of osteoconductive acrylate hydrogels against Staphylococcus epidermidis and methicillin-
resistant Staphylococcus aureus by charging silver nanoparticles using three methods. The
first method encapsulated the silver nanoparticles during the synthesis. It was observed
that the hydrogels with different cross-linking degrees containing silver nanoparticles
showed no changes in antimicrobial activity compared with the control (Ag 0%) against
Staphylococcus epidermidis and methicillin-resistant Staphylococcus aureus. The second
method diffused the nanoparticles into the composite by diluting the sodium dihydrogen
phosphate in the silver nanoparticle suspension. A slightly higher antibacterial activity
was observed compared to the control, but it was reported that these results were not
statistically significant. The third method used the adsorption of silver nanoparticles into
the scaffold by placing the silver nanoparticle suspension in contact with the mineralized
hydrogel for a period of between 1 and 6 days. It was observed that the samples that
were in contact with the 1 mM silver nanoparticle suspension showed significantly higher
antimicrobial activity compared to the samples that were in contact with the 0.5 mM silver
nanoparticle suspension, against both Staphylococcus epidermidis and methicillin-resistant
Staphylococcus aureus. In addition, it was reported that the greatest antimicrobial activity of
the scaffolds was achieved for Staphylococcus epidermidis and, for the samples that were in
contact with silver nanoparticles for 2 days, the antimicrobial activity decreased thereafter.
It was reported that this method does not have a negative impact on osteoblasts. This is
one of the few studies performed on the acrylate hydrogel with antimicrobial activity using
a non-antibiotic-based antibacterial [343].

Polymeric biomaterials have had a substantial influence for a sustained period. Dur-
ing the past several centuries, biomimetic and biodegradable polymeric materials have
emerged, and have promised exceptional advances in a diverse variety of diagnostic and
therapeutic medical devices. Awareness of the interfacial interrelations of polymeric bio-
materials, and controlling these materials with biological components such as water, ions,
peptides, enzymes, microorganisms, microbes, and cell types, appears to be crucial for their
productive use in biomedical fields. This is shown in the bibliometric mapping analysis in
Figure 34.
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Figure 34. Bibliometric mapping of the antimicrobial drug delivery of biodegradable and natural polymeric biomaterials in
hard tissue engineering.

3.5. Antitumor Drug Delivery of Biodegradable and Other Natural Polymeric Biomaterials in
Hard Tissue Engineering

Gu W and co-workers reported that the skeleton is the organ that has the highest
mortality percentage and is most affected by metastatic cancer [344]. To overcome the
limitations of chemotherapy (nonspecific biodistribution and targeting) in the case of
cancer, research attention is rapidly focusing on drug delivery systems [345]. For example,
El-Kady and co-workers synthetized lithium-modified bioactive glass nanoparticles using
the sol-gel method, in which the nanoparticles were loaded with 5-fluorouracil. The release
profile of the drug was in two phases: rapid release in the first 24 h, followed by slow
release for 32 days. It was reported that the in vitro bioactivity assessment in SBF indicated
that this system can be used for bone engineering, and that the controlled release of lithium
ions accelerates bone regeneration [346]. In another study, mesoporous silica nanoparticles
were synthesized with a dimension of 40 nm, anchored by zoledronic acid, and loaded
with doxorubicin for bone cancer therapy. It was reported that the system had improved
bone-targeting ability compared with the mesoporous silica nanoparticles. Although the
mesoporous silica nanoparticles presented a maximum loading capacity of 1671 mg/g
and a loading efficiency of 83.56%, compared to the DOX@MSNs4ZOL system, which
presented a maximum loading capacity of 1547 mg/g and a loading efficiency of 77.34%,
it was reported that DOX@MSNs4ZOL offered better cytotoxicity against A549 cells and
decreased cell migration in vitro [347].

Nanotech advances have contributed to the emergence of novel polymeric composi-
tions that enable the modulation of the biotech and biomedical characteristic rates of com-
pounds. The unique physicochemical and technical attributes of polymeric nanocomposite-
based therapeutic agents have resulted in numerous promising therapeutic applications.
The utilization of polymer–nanomaterials as anti-cancer compound drug carriers, their
physical characteristics, and their ability to be effectively concentrated in particular tumors,
were portrayed in this review. The nano-encapsulation of antitumor productive substances
in biocompatible polymers is a viable strategy for increasing the effectiveness of numerous
tumor treatment options, as depicted in the bibliometric mapping analysis in Figure 35.
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Figure 35. Antitumor drug delivery of biodegradable and natural polymeric biomaterials in hard tissue engineering.

Yang L. and co-workers reported that selenium nanoparticles present biocompatibility
and anticancer activities, and, when grown on titanium, have the ability to inhibit the
growth of cancerous osteoblasts and increase the growth of healthy osteoblasts [348].
Another study investigated new drug delivery systems formed from calcium phosphate
cement, calcium phosphate cement containing caffeine or cisplatin, and solely caffeine and
cisplatin. The in vitro tests on SOSN2 cells demonstrated that the system formed from
calcium phosphate cement, caffeine, and cisplatin released a greater quantity of the drug.
In addition, in vivo tests on male Fischer 344/NSlc 7 week old rats demonstrated greater
tumor growth inhibition when the calcium phosphate cement, caffeine, and cisplatin
system was used. Based on these studies, the authors reported that this system possesses
suitable antitumor effects [349].

A new class that treats cancer bone metastasis is represented by the bisphosphonates,
which show an affinity for bone tissue and can be used to deliver other anticancer drugs.
Figure 36 presents a drug delivery system for bone cancer. The system involves mesoporous
silica nanoparticles loaded with anticancer drugs and coated with bisphosphonates. The
positive charge of the nanoparticles can be transported with siRNAs. At the moment of
administration, the nanoparticles remain attached to the bone cells, kill the cancer cells, and
release drugs or siRNAs. It was reported that poly-l-lysine grafted with beta-cyclodextrin
for RIS delivery warned of the induction of metastatic cancer in animal models [344].

Wang F and co-workers created a liposomal system conjugated with cyclic arginine-
glycine-aspartic acid-tyrosine-lysine peptide (cRGDyk)-loaded cisplatin. It was reported,
after in vivo tests, that this system presents low organ toxicity and high therapeutic efficacy,
and can be successfully used for therapy of bone metastases [350]. Another study developed
an anti-tumoral-loaded bone graft material for the treatment of bone cancer. The system
consisted of collagen, hydroxyapatite, and cisplatin, and was tested on the osteosarcoma
G292 cell line. It was observed that the cytotoxic, anti-proliferative, and anti-invasive
activities depend on the released concentration of cisplatin [351].
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Figure 36. Drug delivery system for bone cancer.

Hyperthermia can be used for the destruction of cancer cells. For this purpose,
magnetic nanoparticles are loaded onto the scaffold and exposed to alternating magnetic
fields, in combination with anticancer drugs. This method is widely used in hard tissue
engineering [1]. In addition, Zhang and co-workers created a scaffold consisting of Fe3O4
nanoparticles, mesoporous bioactive glass, and polycaprolactone produced using the 3D
printing technique. It was reported that this system presents excellent apatite-forming
bioactivity, good magnetic heating properties, and can be used for the treatment of bone
tumors [352].

3.6. Anti-Inflammatory Drug Delivery of Biodegradable and Other Natural Polymeric Biomaterials
in Hard Tissue Engineering

Conventional nanocarriers have been replaced by nanotherapeutics due to their ad-
vantages, such as simultaneous delivery of multiple drugs and the presence of the targeting
agents on the surface. These systems can be used to treat different pathologies, such as
inflammatory diseases, and can be adjusted depending on the patient. It was reported that
chitin dressings accelerate wound repair and can regulate the secretion of inflammatory
mediators, such as prostaglandin E, IL-8, and IL-1 β [353].

In the case of anti-inflammatory applications, steroids and non-steroids (ibuprofen)
are commonly used. For example, Paris and co-workers created a scaffold consisting of
apatite and agarose polymer loaded with two drugs (ibuprofen and zoledronic acid) during
the scaffold fabrication and after consolidation. In the first step, the agarose polymer was
introduced into deionized water and was subjected to magnetic stirring under heating
to 90 ◦C. Then, the temperature was gradually reduced to 45 ◦C, and the apatite and
drug 1 was added. The scaffold was then shaped and freeze dried, and drug 2 was
injected into the scaffold. It was observed that this system provides a very fast delivery of
ibuprofen (to reduce the inflammation after implantation) and zoledronic acid (to promote
bone regeneration). Due to its rapid release, the authors encapsulated the ibuprofen into
chitosan spheres. It was reported that, as a result of this change, a release profile was
obtained that is suitable for clinical application [354]. Another study developed an anti-
inflammatory delivery system for bone applications formed from porous β-TCP pellets
loaded with ibuprofen by physisorption. It was reported that the interaction between
porous β-TCP pellets and ibuprofen is weak. In vitro tests showed the complete release
(100%) of ibuprofen due to Van der Waals forces [355]. Xiao and co-workers reported
that an asymmetric coating formed from hydroxyapatite and gelatin on a Ti6Al4V alloy
implant released ibuprofen for a minimum of 30 days. In addition, it was reported that
in vitro studies in SBF led to the formation of apatite and the implant was fully covered after
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14 days [356]. By comparison, Lin and co-workers released aspirin from a composite formed
from PMMA and silica with various 3-(trimethoxysilyl) propyl methacrylate proportions
and silica contents. It was observed that the release of the drug in PBS decreased with
the increase in the 3-(trimethoxysilyl) propyl methacrylate content and increased with the
silica content in the composites [357].

Both non-enzymatic and enzymatic decomposition of biopolymers tend to produce
an innocuous, functionalized biomimetic co-product [358–360]. Within the framework
of bioactive novel genetic materials in specific targeted drug delivery applications, in
particular, biopolymeric materials place a considerable accent on science, as illustrated in
the bibliometric mapping analysis in Figure 37 [361–368]. Utilization with biocompatible
polymers minimizes a drug’s adverse effects and negative consequences. Biopolymers,
including biodegradable biopolymers, do not have a persistent inflammatory influence,
and are characterized by high porosity and permeability, and outstanding therapeutic
properties [369–371].

β

Figure 37. Scientometric bio-informatic mapping of anti-inflammatory drug delivery of biodegradable and natural polymeric
biomaterials in hard tissue engineering.

Table 3. Examples of systems used in hard tissue engineering [360].

Type Fabrication Method
Materials

Applications
Core Shell

Nanofiber

Co-axial
electrospinning

PLGA Collagen
Dual drug delivery

systems for hard tissue
engineering

Co-axial
electrospinning

PEO PCL-PEG
Drug delivery systems for

hard tissue engineering

Co-axial
electrospinning

PLLC Collagen
Dual drug delivery

systems for hard tissue
engineering
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Table 3. Cont.

Type Fabrication Method
Materials

Applications
Core Shell

Microfiber Co-concentric extrusion
Tricalcium

Phosphate and alginate
Alginate

Dual drug delivery
systems for bone

regeneration

Micropheres

Droplet coating Alginate Calcium silicate
Protein delivery control for

hard tissue engineering

Co-axial
electrodropping

PLGA Alginate

Dual drug delivery
systems for hard tissue

engineering
(Dexamethasone

and BMP2)

Biomimetic approach Gelatin Calcium phosphate
Drug delivery systems for

hard tissue engineering

Table 4. Examples of studies of drug delivery systems for osteomyelitis [337].

Class Material Antibiotic Tested on Microorganism Animal Model

Bioceramic
Calcium phosphate Gentamicin S. aureus Rabbits

Calcium sulphate Moxifloxacin
Methicillin resistant S.

aureus
Rabbits

Hydroxyapatite Vancomycin S. aureus Rabbits

Polymer
Collagen Gentamicin S. aureus Rabbits

PEG, PLGA Tobramycin, Cefazolin S. aureus Rabbits
Polylactide/polyglycolide Gentamicin S. aureus Dogs

Bioactive glass Borate Vancomycin
Methicillin resistant S.

aureus
Rabbits

Boro-silicate Ceftriaxone–sulbactam S. aureus Rabbits

Polymer composite Chitosan, borate glass Teicoplanin S. aureus Rabbits
PLGA, bioactive glass Ciprofloxacin S. aureus Rabbits

4. Concluding Remarks and Future Outlook

Biodegradable polymer nanocomposites and other natural polymeric biomaterials
(which are usually a combination of two or more materials) possess distinctive charac-
teristics fused with sufficient energy to ensure that the outcome benefits from the best
properties of both materials. In contrast to an individual material, a polymer nanocompos-
ite is composed of two materials, and thus combines two sets of properties. A polymer
bio-nanocomposite is the combination of a drug with a natural- or bio-carrier using nan-
otechnology. The parameters of bio-nanocomposites are evaluated via their drug release
profile determined in vivo and in vitro, and their bioavailability in a biological system.
Bio-nanocomposites are a class of materials comprised of nanosized particles within a
composition of other materials. Drug delivery systems represent an emerging area that
is essential for the treatment of numerous diseases. These systems can be synthesized
using various methods, depending on the applications for which they are required, such
as anticancer or anti-inflammatory applications. Research is currently underway to de-
velop controlled release systems loaded with natural products, such as medicinal plants or
phenolic compounds, to treat different pathologies. It has been reported that the biggest
challenge to the future development of nanotherapeutics is advancing the research on
systems based on natural products that are capable of enabling a targeted release. Another
research challenge is the design and testing of novel methods of controlling the interaction
of nanomaterials with the body. This paper also emphasized that current methods aim to
target the disadvantage of polymeric nanomaterials when applied to certain organs, such
as the spleen and the liver. The employment of biodegradable and biorelated co-polymeric
materials in the treatment of cancer, and particularly the utilization of these materials as
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processing methods and modes of delivery for efficacious anticancer medications, has
played a pioneering role. The consolidation of insights from synthetic and biological
domains indicates that a paradigm shift for the development of both biopolymeric drug
and genetic delivery systems is required. Substantial technological breakthroughs relating
to the fabrication of relatively new biopolymers, in addition to the comprehension of
biological processes, have laid the path for this barrier to be overcome. Targeted polymeric
drug delivery systems that rely on bacterial pathogens and viruses may have a virulent im-
munosuppressive effect on the body. In the near future, attempting to combine viewpoints
from synthetic and biological areas will offer a novel framework for the development of
biopolymeric targeted drug delivery applications.
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Abstract: An eco-friendly solution to produce new material for the material extrusion process is to
use quarry waste as filler for biopolymer composites. A quarry waste that is still studied little as a
filler for polymer composites is pozzolan. In this study, the optimization of the formulations and
processing parameters of composites produced with pozzolan and bio-based polyethylene for 3D
printing technology was performed. Furthermore, a precision irrigation system in the form of a drip
watering cup was designed, printed, and characterized. The results showed that the presence of the
pozzolan acted as a reinforcement for the composite material and improved the cohesion between
the layers of the 3D printed objects. Furthermore, the optimization of the process conditions made it
possible to print pieces of complex geometry and permeable parts for the control of the water flow
rates with an order of magnitude in the range from mL/h to mL/day.

Keywords: 3D printing; bio-based polyethylene composite; X-ray tomography

1. Introduction

The study and development of the material extrusion process as an additive manu-
facturing technique has never stopped since the first version presented by Scott Crump at
Stratasys Inc. in 1989 [1]. Due to its low cost, ease of use, and the possibility to produce very
complex customizable parts, the material extrusion process has consolidated its presence
in the manufacturing market [2].

There are many domains where additive manufacturing can be used, such as aeronau-
tics, automotive and medical applications. Among these domains, the field of agriculture
equipment has a lot of potential, and few studies have been conducted in relation to it.
In this field, precision irrigation (a subgroup of precision agriculture) creates and opti-
mizes systems to control the irrigation of the plants, depending on the environmental and
operational context, and to avoid water and energy waste [3–10].

In terms of 3D printing filament materials, acrylonitrile butadiene styrene (ABS) and
polylactic acid (PLA) are the polymers filaments that dominate the market of 3D printing
due to their availability and suitability from the point of view of adequate mechanical prop-
erties and dimensional accuracy of the final printed object [11,12]. Other common polymer
filaments used for 3D printing fabrication are polyamide (PA), high-impact polystyrene
(HIPS), polycarbonate (PC), and polyether ether ketone (PEEK), which are adopted for final
application where higher mechanical properties and thermal stability are needed [13–16].

Compared to common polymer filaments for 3D printing, a polymeric matrix with
competitive properties such as excellent impact properties, high chemical stability and
excellent electrical insulation is the polyethylene (PE) matrix [17].

While PE dominated the polymers market with a share of 25.7% in 2019, and despite
the great interest by both industries and researchers in improving the performance and
functionality of 3D printed objects, there is a lack of information about the 3D printing of
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polyethylene, with only a few studies conducted on polyethylene used as filaments for the
material extrusion process [18–23]. An interesting grade of PE that can be used as a 3D
printing polymer filament is bio-based polyethylene (BioPE). This type of polyethylene can
be synthesized from biomass (e.g., sugar cane, sugar beet and wheat grain). Its chemical
structure is identical to petroleum-based polyethylene. It is industrially available and has a
great chance to be used for eco-friendly future plastic products [24]. The characteristics
of polymer materials which are required for proper 3D printing can be summarized as
follows: sufficient stiffness of the filament to avoid Euler buckling, a melting temperature
below the upper limit of the 3D printing extruder, adequate thermorheological properties
to maintain the shape during cooling and having optimal cohesion between the layers
of the printed parts [25]. Concerning these aspects, polyethylene presents some issues
regarding suitability for the material extrusion process. For example, as a semi-crystalline
polymer, PE is characterized by a strong volume change during cooling, which can lead
to warpage of the final object and losing the correct shape with weak interlayer welding.
Moreover, this polymer has low adhesion with most of the materials that characterize the
printer beds, causing detachment of the object from the printer bed during printing [26–28].
Consequently, it is still a challenge to properly print a 3D final object with polyethylene,
and more knowledge on the optimal printing conditions is needed to obtain a comparable
final piece as a common 3D printing polymer filament. A possible way to improve the
dimensional accuracy and welding layers of printed parts is the use of inorganic fillers by
developing new composites. The presence of the fillers affects the viscoelastic behavior and
thermal expansion, reducing the mobility of the polymeric chains during cooling [29]. The
optimization of a polymer composite also has the objective of maximizing the filler content,
limiting the use of the polymeric matrix and therefore of plastic waste. However, the use
of a composite with a high filler content makes it challenging for the extrusion process to
obtain a uniform diameter filament and for the printing, since it is possible for the nozzle
to become clogged [30–32].

Pozzolan powder is an inorganic filler not commonly used for polymer composites. It
is a pyroclastic rock extensively used in different sectors such as construction, buildings and
roads, sanitation, and agriculture. In the agriculture field, pozzolan is used for drainage,
soil amendments, substrate crops, and the restoration of soil. This rock has a natural or
artificial origin, and the composition is rich in silicon dioxide and aluminum oxide. It has a
porous form and high thermal stability [33–37].

The pozzolan separation process generates a huge amount of a lateral fine fraction of
pozzolan. The generated quantity could achieve 50% of the total treated pozzolan mass.
Most generated fine fractions are considered by-products and have a very limited market.
Each year, there is an accumulation of many thousand tons in each carrier [38]. At the same
time, the directives of the quarries department specify that all the extracted pozzolan must
be destined for a specific use [39]. Currently, for environmental issues, the world is heading
toward zero-waste production in every field and zero or even a positive environmental
impact. Pozzolan is a nontoxic material, and it could be used as a fertilizer in soil [40].
Consequently, the valorization of this by-product as composite filler can be a solution to
developing new eco-friendly materials. In this domain, only a few studies have focused on
the valorization of natural inorganic material by-products as filler for bio-based polymers
intended for 3D printing [35,41–43].

In this work, a new composite based on high-density biopolyethylene and pozzolan
by-product is studied. Four formulations are produced in the form of 3D printing fila-
ments for the material extrusion process and analyzed through thermal and rheological
characterization. Subsequently, the obtained composite filaments are used for the print-
ing of mechanical specimens and the printing of a drip watering close system prototype.
The prototype is characterized by X-ray tomography for morphological analysis, and the
results are compared with the water flow measurements obtained by a simulation test in
real conditions.
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2. Materials and Methods

2.1. Raw Materials

Pozzolan waste was obtained from Pouzzolanes des domes S.A.S (Le Vauriat, St
Ours des Roches, France). It is an industrial by-product and, in accordance with the Total
Alkali Silica (TAS) classification, was placed at the lower limit of trachybasalts [39,40]. The
powder was red pozzolan and was part of storage on the quarry site. It was obtained by
process separation after heating for 15 min at a temperature of 600 ◦C. The De Brouckere
mean diameter of the powder was 56 µm, and the specific surface was 2939 cm2/g. The
bio-based bimodal high-density polyethylene (HDPE) SGE 7252 was used as a polymer
matrix and purchased by Braskem (São Paulo, Brazil). The density and melt flow index
(190 ◦C/2.16 kg) values were 0.952 g/cm3 and 2 g/10 min, respectively.

2.2. Preparation of Composite Pellets and the Filaments for 3D Printing

The preparation of composite pellets and 3D printing filaments was performed with a
Thermo Fisher Scientific Pharma 11 twin-screw extruder (7 heat/cool zones plus 1 heating
zone for the die; L/D ratio = 40:1) (Figure 1) (Waltham, MA, USA). The process conditions
are reported in Table 1. For production of the composites pellets, the feed for the pozzolan
was placed between Zones 6 and 7 of the extruder, and the mass flow rate was set up to
attain different mass ratios of pozzolan equal to 0%, 20%, 40%, and 60%. To produce a 3D
printing filament with a regular diameter of 1.75 mm, a second extrusion was performed
using the composite pellets obtained previously. A second extrusion was performed in
order to avoid a second feeding (powder feeding), which would lead to flow instability
and less regularity of the polymeric melt at the exit of the extrusion die. The sample code
was resin type-%PR, where %PR was the value of the pozzolan mass percentage.

 

Figure 1. Schematic illustration of the extruder zones.

Table 1. Extrusion conditions for production of the filaments.

Heating Zone Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8

Temperature (◦C) 180 220 220 220 230 240 240 220

Screw Rate (rpm) 200

Total Mass Flow (kg/h) 0.6

2.3. Thermal Characterization

To verify the amount of pozzolan and analyze the effect of the fillers on the thermal
stability, thermogravimetric analysis was carried out for all samples. For this purpose, a
PerkinElmer TGA 4000 (Waltham, MA, USA) in the range from 25 to 600 ◦C under an N2
atmosphere at a rate of 10 ◦C/min was utilized.
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The crystallinity and thermal behavior of the samples studied were investigated by a
METTLER TOLEDO DSC 3+ differential scanning calorimetry (Columbus, OH, USA) under
a nitrogen atmosphere. The DSC thermograms were obtained by using 8–10 mg of material
for each sample. A heat–cool–heat cycle experimental method was, used and the first and
second heating stages were set from room temperature to 180 ◦C at 10 ◦C/min, while the
cooling stage went from 180 ◦C to room temperature at 10 ◦C/min. The percentage of
crystallinity Xc of the samples was calculated using the following equation:

Xc = (∆Hm − ∆Hcc)/(∆Hm0 − (w/w)p) × 100 (1)

where ∆Hm, ∆Hcc, ∆Hm0, and (w/w)p are the melting enthalpy, the cold crystallization
enthalpy, the melting enthalpy of pure crystalline polymers, and the mass fraction of the
polymer in the matrix, respectively. The ∆Hm0 taken was 286.7 J/g for the HDPE [44].

In order to compare the crystallization kinetics of the composites as a function of the
pozzolan contents, Avrami analysis was performed, and the half-crystallization time (t1/2)
was measured for each sample. The thermal cycle was as follows: heating from 30 ◦C
to 180 ◦C at 40 ◦C/min, remaining for 3 min at 180 ◦C to uniform the temperature in the
sample, and then cooling down to 118 ◦C (crystallization temperature) at 40 ◦C/min [45].

2.4. Rheological Measurements

The loss viscosity (η′) and storage viscosity (η”) of the melted composites were mea-
sured using a shear dynamic experiment. The tests were carried out with an ARES rheome-
ter manufactured by TA Instruments/Waters Corporation (Milford, MA, USA). The fre-
quency sweeps method was chosen, using parallel plate geometry with a diameter of
8 mm and a gap height of 1 mm. The deformation value was chosen following the ver-
ification of the linear viscoelasticity range, which was performed with the strain sweep
method at a frequency of 10 rad/s. The temperatures used for the test were 140 ◦C, 150 ◦C,
170 ◦C, and 180 ◦C, while the strain and frequency range were set at 10% and between 0.1
and 100 rad/s, respectively. The Newtonian zero shear viscosity η0 could be determined
from the extrapolation of the arc of a circle plotted from the experimental data, which is
characteristic for a Cole–Cole distribution [46].

The effect of the pozzolan on the volumetric contraction stress of the composites
was analyzed with the force gap measurement as a function of the temperature and time
with a force gap test in a sequential configuration. The gap was fixed at 1 mm, and the
temperature profile was characterized by a series of steps of 5 ◦C each. The initial and final
temperatures were 200 ◦C and 100 ◦C, respectively, and a duration of 2 min was set for
each step [47].

2.5. 3D-Printed Specimens and Drip Watering Close System Prototype Preparation

The 3D printing filament composites were used for printing the specimens for the
mechanical tests and the prototypes of close watering systems. The printer used was the
Prusa i3 MK3S (Prague, Czech Republic), and the g-code files were elaborated through
PrusaSliser software. The geometry of the specimens was selected according to an ASTM
D638 for the tensile test and an ASTM D256 for the Charpy impact test. All the specimens
were printed on a polypropylene plate. The filling rate and the infill pattern used for the
mechanical test samples were set to 100% and linear at an angle of ±45◦ to the longitudinal
axis, respectively. The drip watering prototypes were printed starting from the models
developed with the 3D CAD software Autodesk Fusion 360 (Mill Valley, CA, USA). The
system was conceived as a bottle cap having a geometrical structure that facilitated insertion
into the soil, anchoring the system. Moreover, a permeable porous structure was obtained
by using a gyroid 3D printing infill pattern without walls. For the analysis of the porous
structure effect on the liquid water flow, three print sets with different infill densities (IDs)
of the infill pattern were used, which were equal to 50%, 60%, and 70%.

The printing temperature of the nozzle used in this work was identified to be in the
range of 250–270 ◦C. The used temperature value was set to ensure a suitable viscosity for
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the extrusion of the HDPE composites and to avoid the material clogging at the nozzle.
Polyethylene required particular attention due to the poor adhesion with the materials
used for the commercial printer plates and the evident shrinkage during cooling. An atactic
polypropylene film was used as a printer bed in order to ensure adhesion with the printed
HDPE through the interdiffusion of macromolecular chains, which occurs mainly in the
amorphous phase [48,49]. A 3D-printed specimen is shown in Figure 2a.

 

Figure 2. (a) Tensile specimen printed with the pozzolan composite. (b) 3D model of the prototype
for precision irrigation. (c) Longitudinal section of the sliced prototype. (d) Prototype sample 3D
printed with neat HDPE. (e) Prototype sample 3D printed with composite at 20% pozzolan.

Another aspect to consider was the cooling rate of the material for the solidification
control during printing. The printing of small parts is a critical point, since the added new
layers may not have sufficient time to solidify and retain their shape. In the case of HDPE
composites, due to the low glass transition temperature, to reach an adequate viscosity of
the deposited material, it is important to reach temperatures near crystallization rapidly;
otherwise, the geometry is not preserved. In terms of process conditions, the use of an air
fan can control the cooling of the material by setting a correct fan rotation speed. For the
samples produced in this work, a fan was set 0% of its maximum speed for the first 20
layers and 90% for the rest of the layers.
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The 3D model of the system is shown in Figure 2b, and the process conditions used
for printing are reported in Table 2.

Table 2. 3D printing process parameters.

Parameter Value

Nozzle diameter (mm) 0.6

Nozzle temperature (◦C) 265

Layer thickness (mm) 0.15

Bed temperature (◦C) 35

Printing speed for the first layer (mm/s) 20

Printing speed for the other layers (mm/s) 20

2.6. Mechanical Characterization

The tensile properties were evaluated according to an ASTM D638 IV (West Con-
shohocken, PA, USA), using a Lloyd EZ50 mechanical test machine (Bognor Regis, UK) at a
cross-head speed of 30 mm/min. Tests were carried out at room temperature, and at least
five specimens were tested for each sample. The size of the specimens was 115 ± 0.2 mm
in length, 10 ± 0.1 mm wide, and 4 ± 0.05 mm thick. The impact properties, according to
an ASTM D256 (West Conshohocken, PA, USA)) using Zwick/Roell HIT pendulum impact
testers (Ulma, Germany) with a pendulum of 50J in the Charpy configuration, were also
evaluated. The size of the impact specimens was 55 ± 0.1 mm in length, 10 ± 0.1 mm wide,
and 4 ± 0.06 mm thick. All the results were averaged to obtain a mean value.

2.7. Characterization of the Prototype System

2.7.1. X-ray Tomography

To analyze the morphological and lactic structure of the printed prototype, a Skycan
1174 (Edinburgh, UK) was used for X-ray radiography and tomography. Each sample was
placed on a rotating plate while the X-ray beam passed through. The images were recorded
by a CCD camera with a resolution of 1024 × 1024 pixels, which revealed the different
levels of X-ray absorption of the sample. The total exposure time for each sample was
450 s, and the pixel size was 29.7 µm. Two images were taken per angular position and
were averaged. After the reconstruction of the 3D structure part, CT analysis software
was used to measure the total porosity of the internal section of the permeable part of
the drip watering prototype. Furthermore, the isometric projections were obtained using
DataViewer software.

2.7.2. Measurement and Analysis of the Water Flow in Real Conditions
Water Flow Measurement System

The measurement of the water flow rate of the drip watering prototype was carried
out with the systems shown in Figure 3. The system ias characterized by the prototype of
a watering cap placed on a PET bottle filled with 0.5 L of water and a beaker containing
commercial soil. The adopted experimental method consisted of weighing the beaker/soil
system at different times, following the passage of water from the bottle to the soil through
the permeable volume of the prototype. The bottle/prototype system was maintained by
a fixed support, while the beaker/soil system was placed on a mobile support so as to
not manipulate the bottle and modify the internal pressure. Each measurement was made
using a volume of soil equal to 90 mL, and this was repeated three times. The saturation
point of the soil with a volume of 90 mL was equal to 30 ± 2 mL of water.
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Figure 3. Simplified diagram of the operating principle of the drip watering system.

Analysis of the Water Flow through the Prototype System

A mathematical model was developed to quantitatively compare the results obtained
by the water flow measurement. However, this paper goes beyond a detailed study of the
fluid dynamics of the considered prototype. For this reason, simplifying hypotheses were
considered, which will be explained in this paragraph.

The total flow of the water from the bottle to the soil was defined by considering a
mass conservation balance.

The mass balance was simplified by taking into account only the resistance to water
transport due to the permeable part of the prototype. The liquid water flow can be described
as [50]

d(ρ V)/d(t) = ρ QD (2)

where d(ρ V)/d(t) is the transitory term related to the accumulation of water in the volume
of the soil, ρ is the density of the water (kg/m3), V is the volume of water absorbed by the
soil (m3), and QD is the volumetric flow rates of water through the permeable part of the
prototype.

In particular, considering the laminar flow condition and the hypotheses on single-
phase fluid flow, the term QD can be described by Darcy’s law [51]:

QD = (ρ k A g ∆h)/(µ L) (3)

where k is the permeability of the permeable part (m2), A is the average cross-section area
of the permeable part (m2), g is the gravitational acceleration, ∆h is the hydrostatic gradient
of the water in the bottle which is considered constant over time (m), µ is the dynamic
viscosity of the water (Pa s), and L is the length of the permeable part (m).

For verification of the laminarity conditions, the Reynolds number was calculated
according to the following definition [52]:

Re = (ρ r v)/µ (4)

where r is the average radius of the permeable part (m) and v is the flow speed of the water
through the permeable part (m/s). All the Reynolds number values confirmed a condition
of laminarity (Table 5).

By substituting Equation (3) into Equation (2) and integrating the ordinary differential
equation, we obtain

V = (ρ k A g ∆h t)/(µ L) (5)

where t is the exposure time of the prototype in the soil. According to the simplifying
conditions, this equation can fit the data in the initial conditions of the experiment, but it
does not take into account the attenuation value due to soil saturation [53,54]. Equation
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(6) reports Equation (5), normalized with respect to the volume of water in saturated
soil conditions:

V/Vs = (ρ k A g ∆h t)/(Vs µ L). (6)

Equation (6) could be used for a linear fitting of the data at the origin of the axes from
which the hydraulic permeability k was extrapolated. The model parameters are reported
in Table 3.

Table 3. Constant parameters used in the model.

Parameters Values

ρ (kg/m3) 1000

µ (Pa s) 0.0001

r (mm) 5

L (mm) 7

∆h (cm) 18

Vs (cm3) 30

3. Results and Discussion

3.1. Thermal Properties

To investigate the effect of the pozzolan on the thermal properties of the studied
composites, thermogravimetric analysis (TGA) and differential scanning calorimetric (DSC)
analysis were performed. Figure 4a shows the TGA thermograms for all the composites as
a function of the different percentages of pozzolan content. As can be observed, the decom-
position kinetics were not perturbed significantly by the presence of fillers, maintaining
the corresponding temperature to 50% of the mass loss around 500 ◦C. In other words,
the thermal stability of the pure polymer used as a matrix was conserved. Figure 4b,d
shows the second heating and cooling DSC thermograms, respectively. The curves depict
insignificant differences in terms of the melting and cooling transitions having the same
shape. However, the presence of the pozzolan reduced the melting enthalpy (∆Hm) and
crystallization enthalpy (∆Hc) values. The numerical values are reported in Table 3. The
possibility of melting the composites using less thermal energy can be an advantage for the
extrusion of the material through the 3D printer nozzle, facilitating the phase transition of
the polymeric filament in relation to the residence time of the material in the extruder [55].
Concerning crystallization kinetics, as is well known, the high-density polyethylene has
fast crystallization kinetics [56]. Figure 4c shows the relative crystallization degree as a
function of the time obtained at a constant temperature of 118 ◦C. Fast crystallization
was observed for all the samples, and the half-crystallization time was in the range of
0.5–1.5 min. Meanwhile, there was a slight reduction in the degree of the crystallization
after the pozzolan was added (Table 4), which was linked to the decrease in polymer
chain mobility.

Table 4. Thermal properties obtained by differential scanning calorimetric analysis.

Pozzolan ∆Hm (J/g) Tm (◦C) ∆Hc (J/g) Tc (◦C) Xc (%)

0% 112 135 127 114 39

20% 74 133 89 115 33

40% 58 133 64 116 34

60% 36 134 43 116 34
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Δ Δ

Figure 4. (a) Thermogravimetric analysis thermogram. (b) Differential scanning calorimetric second heating thermogram.
(c) Relative crystallinity as a function of time. (d) Differential scanning calorimetric second cooling thermogram.

3.2. Rheological Properties

The rheological properties of the polymer composites were affected by the filler
presence that interacted with the polymer matrix. In the case of highly filled composites
for material extrusion process fabrication, the rheological behavior analysis had relevant
importance to understanding the suitability of the material for the considered process.
Figure 5a shows the evolution of the zero shear viscosity measured for samples at different
temperatures (140 ◦C, 150 ◦C, 170 ◦C, and 180 ◦C). The results show that the zero shear
viscosity increased by increasing the filler rate in the composites, leading to a reinforcing
effect on the materials [57]. In particular, there was a slight increase in the viscosity for the
composites at pozzolan rates of 20% and 40%, while a significant increase was observed
for a pozzolan rate of 60%. This increase in viscosity that occurred in the case of the 60%
pozzolan rate may indicate that the filler ratio was close to the higher maximum packing
fraction [58]. In the meantime, the viscosity decreased linearly with the temperature
(Figure 5a), except for the 60% composite, which had a faster reduction between 140 ◦C
and 150 ◦C.
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Figure 5. (a) Newtonian viscosity as a function of the rheological test temperature. (b) Normal force at a constant gap
measured at different temperatures.

The gap test at a constant gap was used to analyze the effect of the pozzolan fillers
on the volumetric contraction during the cooling of the composites. In particular, the test
was performed by measuring the normal force evolution due to the temperature variation.
The rheograms related to the normal force measurement are reported in Figure 5b, and the
plotted curves are relative to the five temperatures chosen to focus on as the most important
areas of the data results. The results show that the presence of the pozzolan slowed
down the increase in normal force evolution for all the studied samples. In particular, at
120 ◦C and 115 ◦C, the normal force of the composites was lower compared with the pure
polymer. A similar value of normal force was achieved for temperatures below 105 ◦C.
Consequently, the presence of the pozzolan reduced the macromolecular mobility, limiting
the phenomenon of volumetric shrinkage [59]. This behavior is interesting in light of the 3D
printing process. In fact, having a slower volumetric reduction allows for greater cohesion
between the deposited layers and greater geometric precision of the printed part, reducing
the residual stress [60]. This analysis is in agreement with what was observed during the
printing of the composite. Indeed, the composite materials showed a significant reduction
in the warpage phenomenon and therefore better conservation of the geometry of the
object compared with neat HDPE. Consequently, the detachment force from the printing
plate decreased significantly by decreasing the normal force, resulting from the volumetric
shrinkage, leading to the ease of printing pozzolan-based composites.

3.3. Mechanical Properties

Figure 6 shows the tensile properties and impact strength values measured for the
samples printed with a neat matrix and with the composites at 20%, 40%, and 60% pozzolan
content. As can be observed in Figure 6a, Young’s modulus increased with the increase of
the pozzolan content in the polymer matrix, highlighting a reinforcement of the matrix by
the fillers. The ultimate strength and ultimate strain are reported in Figure 6b,c, respectively,
and the results had the same value trends. In particular, the neat polymer samples and
the composites samples at 20% pozzolan content did not present significant differences.
However, by increasing the filler quantities, the elongation at break was reduced, and the
maximum reduction was observed for the 60% pozzolan-filled composites (Figure 6b). This
behavior is usually observed in polymeric composites, where the greater rigidity of the
filler compared with the polymer matrix and the additional stress at the filler–polymer
interface promote an increase in the elastic modulus of the composite. However, the
presence of the filler generates phase heterogeneity and the discontinuity of the polymer
matrix. Generally, this discontinuity translates into a lower ductility [61–63]. Concerning
the stress at break (Figure 6c), an improvement of this property for all the composites
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was observed, showing a maximum value for the composites at 20% pozzolan content.
The impact strength values measured for all the printed samples with different pozzolan
content are shown in Figure 6d. As can be seen from the data, the trend was similar to
the stress at break, where the maximum impact resistance value was read for the 20%
pozzolan composite. Instead, the samples printed with 40% and 60% pozzolan-filled
composites showed a reduction in impact resistance compared with the pure polymer.
This unexpected result can be explained by considering that the composite at a filling ratio
of 20% pozzolan mainly presented a reinforcing effect from the filler. However, with the
increase in the filling ratio (40% and 60%), the discontinuity in the matrix generated by the
pozzolan became important, reducing the stress at break and impact strength values [41,62].
Considering all the results, the optimal formulation was obtained for the composite with
20% pozzolan content.

Figure 6. Tensile test results of 3D-printed specimens: (a) Young’s modulus, (b) ultimate strain and
elongation at break, and (c) ultimate strength and stress at break. (d) Impact strength results from the
impact test for 3D-printed specimens.

These results are in accordance with the literature for the composites intended for
3D printing. For example, Kariz et al. (2018) [64] observed an improvement of 20% in
the elastic modulus of polylactic-acid (PLA) by adding 50% (w/w) wood flour. Wu et al.
(2017) [65] achieved, in a similar way, an improvement of 20% for polyhydroxyalcanoates
(PHAs) with 40% (w/w) palm fiber in addition to a chemical compatibilizer. Concerning the
literature studies on the BioPE-based composites, the maximum increase of the composites’
stiffness obtained by Tarrés et al. [24] was two times higher compared with neat BioPE. In
this work, the maximum increase of the elastic modulus for the composites was three times
higher than pure BioPE.

Another advantage in this work was the ability to print BioPE correctly with filler
mass ratios up to 60% without any chemical treatments performed on the filler. In fact, in
the majority of the cases, the maximum mass ratio added to (Bio)PE for 3D printing was
around 30% [24,26,66].

3.4. Drip Watering Prototype Characterization

In this section, a prototype for precision drip irrigation is studied. In particular, the
effect of the print fill density on the void morphology and water permeability are analyzed.
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For the printing of the prototypes, the optimal formulation obtained with the composite
material, having a ratio of 20% pozzolan, is used.

3.4.1. Morphological Analysis

The morphological analysis of the permeable part of the drip watering prototype was
carried out with X-ray tomography. Figure 7a shows the axonometric projection of the
samples printed with the filament composites at 0% and 20% pozzolan and with different
infill densities (50% and 70% ID). As can be seen from the images, the lattice structure had
less microvoids between layers for the samples printed using a lower ID. However, at 70%
ID, the 20% pozzolan composites demonstrated fewer microvoids between layers compared
with the sample printed with a pure polymer. This behavior suggests that the pozzolan
increases the adhesion between the layers of material deposited during printing. The total
porosity values are reported in Figure 7b, quantifying this observation and showing the
dependency of the porosity with respect to the height z of the permeable part. In particular,
for each analyzed sample, the porosity was reduced with an increasing z value. This
phenomenon was attributable to the greater cohesion of the material due to the reduction
of the diameter of the piece as the height increased with the conical geometry, therefore
leading to a smaller surface of the deposited layer. The smaller surface allowed a lower
heat exchange time and therefore a lower cooling rate of the composite, permitting greater
welding of the layers [47].

Figure 7. (a) Axonometric projection images analyzed with X-ray tomography. (b) Total porosity, measured along the
permeable part of the prototype.

3.4.2. Water Flow Measuring

The physical (working) principle of the system is described by a simplified example
in Figure 3. In particular, (1) when the bottle is rotated, the water flows out due to the
hydrostatic gradient of the liquid volume in the bottle. (2) However, the flow stops due to
the vacuum effect that occurs in the close volume of air present in the bottle. (3) At this
point, the bottle is placed in the soil, which will tend to absorb the water present in the
pores of the prototype. (4) When the volume of water in the pores is such that it allows
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the passage of air due to the pressure difference between the outside and the inside of the
bottle, the initial pressure of the gas phase in the bottle will be restored. Therefore, in the
absence of a plant, the cycle will continue until the soil is saturated. Furthermore, the flow
of water is strictly dependent on the quantity of microvoids distributed on the surface of
the permeable part, which is the contact surface between the soil and the water.

This operating system can allow for adjusting the supply of water according to the
needs of the plant by controlling the morphology of the prototype voids through the
printing parameters and the choice of the material (e.g., ID or fillers).

Figure 8 shows the normalized water volume absorbed by the soil in the beaker at
different times. A significant decrease in the water volume absorbed by the soil for the
samples printed at 70% ID could be observed. The reduction of the microvoids passing from
the lower to higher ID allowed lower water flow, with an order of magnitude in the range
from ml/h to ml/day. However, the composites filled with 20% pozzolan had a slower
watering rate compared with the pure HDPE. This result highlights that the pozzolan
improved the adhesion between the layers and consequently reduced the microvoids,
as was observed by X-ray tomography for the samples printed at 70% ID [41,67]. This
observation was confirmed by the hydraulic permeability values (Table 5) calculated
starting from the linear fitting of the kinetic model reported in Figure 8. The values showed
a reduction of the permeability as the 3D printing ID increased and for the samples printed
with filament composites.

 

Figure 8. The volume of water absorbed and normalized on the sutured volume of the simulating soil as a function of time.
The scatter curves show the data results, while the line curves show the model results.
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Table 5. Results of the Reynolds number and hydraulic permeability of the permeable part of
the prototype.

Samples Reynolds Number k (m2)

50%ID–0%PR 1.2 × 100 3.2 × 10−18

50%ID–20%PR 2.7 × 10−1 5.3 × 10−19

60%ID–0%PR 3.7 × 10−1 9.9 × 10−20

60%ID–20%PR 2.1 × 10−1 3.3 × 10−20

70%ID–0%PR 2.5 × 10−3 2.6 × 10−21

70%ID–20%PR 7.1 × 10−4 1.2 × 10−21

4. Conclusions

In this study, a new polymeric composite filament based on high-density biopolyethy-
lene and pozzolan by-product was produced and used for the material extrusion process.
In particular, four formulations at 0%, 20%, 40% and 60% pozzolan were obtained. The
composites did not present a difference in terms of thermal decomposition compared with
the neat matrix, showing good thermal stability. The presence of the pozzolan decreased
the melting enthalpy and the crystallinity degree. In terms of viscoelastic behavior, the
Newtonian viscosity increased significantly for the composite at a 60% pozzolan content,
reaching the maximum packing fraction. Concerning the normal force evolution, it was
observed that the presence of the pozzolan limited the volumetric shrinkage during the
cooling of the composites.

The printing of objects with complex geometries was successfully achieved. The
printed objects with the composite’s filaments showed an increase in the elastic modulus,
stress at break, and impact strength, but at the same time, the ultimate strain, elongation
at break, and ultimate strength were reduced compared with the neat polymer. In other
words, an improvement of the material rigidity with an optimal formulation at a 20%
pozzolan ratio was observed. Finally, a drip watering prototype was conceived and printed
with different infill densities to control the water flow of irrigation. As was shown by the
X-ray tomography images, the pozzolan improved the cohesion between the layers of the
final object, reducing the microvoids of the permeable part of the drip watering prototype.

From this study, it can be concluded that the huge amount of generated pozzolan
by-products from quarries can be valorized as a filler for polymeric matrices, leading to the
improvement of their properties. At the same time, it was demonstrated that the percentage
of the pozzolan filler could reach up to 60% (w/w) for HDPE 3D printing filaments without
any further treatment. Moreover, a decrease in the amount of the polymeric matrix used
in the composites can lead to an important economic impact on the elaboration of new
eco-friendly composites. Finally, some works are underway in our laboratory to develop
pozzolan-based composites with a polymeric matrix that is fully biodegradable in the soil.
An industrial application could be imagined as a seed pot directly implanted in the soil
without further transplanting. After the matrix’s biodegradation, the pozzolan remaining
in the soil can play a fertilizing role. This work will be a subject for future publication.
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Abstract: This study aims to investigate the effect of AgNPs on the mechanical, thermal and an-
timicrobial activity of kenaf/HDPE composites. AgNP material was prepared at different contents,
from 0, 2, 4, 6, 8 to 10 wt%, by an internal mixer and hot compression at a temperature of 150 ◦C.
Mechanical (tensile, modulus and elongation at break), thermal (TGA and DSC) and antimicrobial
tests were performed to analyze behavior and inhibitory effects. The obtained results indicate that
the effect of AgNP content displays improved tensile and modulus properties, as well as thermal
and antimicrobial properties. The highest tensile stress is 5.07 MPa and was obtained at 10wt, TGA
showed 10 wt% and had improved thermal stability and DSC showed improved stability with
increased AgNP content. The findings of this study show the potential of incorporating AgNP
concentrations as a secondary substitute to improve the performance in terms of mechanical, thermal
and antimicrobial properties without treatment. The addition of AgNP content in polymer composite
can be used as a secondary filler to improve the properties.

Keywords: silver nanopowder; kenaf; high-density polyethylene; antimicrobial

1. Introduction

Nowadays, nanotechnology is growing rapidly in the food and manufacturing indus-
tries for its effectiveness in terms of heat resistance and antimicrobial agents on products.
The use of nanoparticles on composites brings advantages, especially in the aspect of
dispersion. In addition, an increase in the nanoparticle content will reduce the hydrophobic
properties and increase the mechanical, physical and thermal properties [1]. Due to their
small size, these materials can interact with cellulose easily and disperse in composite
systems. As written by Theodore et al. [2], the supermolecular structure of biopolymers con-
tributes to the moisture absorption into cellulose, hemicelluloses and lignin. Nanoparticle
usage in order to modify the surface of the lignocellulose-based composite can contribute
to physical or chemical barriers to control the accumulation of moisture.

One of the nanomaterials used is silver nanopowders (AgNPs). AgNPs are increas-
ingly used to produce various products, such as aerospace parts, medical, packaging and
automotive because AgNPs have their uniqueness [3–5]. Due to the uniqueness of AgNP
properties, various products have been produced, such as antibacterial agents, furniture,
optical sensor health products, food industry products and anticancer agents [3,4,6]. Ag-
NPs have the nano-sized potential to transform various physical and chemical properties
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of a substance and be used for a variety of purposes depending on an application [7].
Nurani et al. [8] declared that silver nanopowder as a secondary filler will be very promis-
ing since it has a high aspect ratio, which can determine surface-related properties such
as solubility and stability. The high aspect ratio of silver nanoparticles exhibits microbial
resistance and improves resistant strains, which are reliable to the current research concerns
about optical, catalytic and microbial properties [8,9].

Natural fibers are known by industry and experts as elongated objects obtained from
animals or plants. Natural fibers are cost-effective, have low-density properties, have
low carbon sequestration, have good mechanical properties (high toughness and high
specific strength) and are highly biodegradable [10–13]. Furthermore, natural fibers pos-
sess little manufacturing vitality in comparison to synthetic fibers, which are commonly
used [10,14,15]. This would lead to producing polymer composites with very few produc-
tion costs. Natural fibers can also help to improve environmental sustainability since they
are eco-friendly composites [16–18]. The roughness and toughness of the fiber bundle
will be arise the limitations in processing of natural fibers. Therefore, suitable chemical
treatments have been proposed to overcome this problem [19]. The use of chemicals for
surface treatment on natural fibers has various limitations, such as an expensive price, the
surface fiber will shrink, and it requires high energy and processing time [20].

Kenaf (Hibiscus cannabinus L.) is an annual plant, which has historically been used
for rope, twine, sackcloth and canvas. Kenaf fibers have many beneficial aspects, such
as acceptable specific strength, economic viability, low density, reduced tool wear, cost-
effectiveness, renewability, good biodegradability, reduced dermal and respiratory irrita-
tions, and energy savings by reducing the manufacturing process compared to synthetic
fibers [21,22]. Based on Nishino et al. [23], it has been reported that kenaf composites have
higher mechanical strength and thermal properties compared to other kinds of natural
fiber polymer composites [24]. Kenaf is considered to be environmentally friendly due to
several reasons, such as kenaf absorbs carbon dioxide more than any crop, no chemical
pest control is needed, it removes toxic elements such as phosphorous from soil and it
contributes to soil remediation [25]. Azammi et al. [26] and Yahya et al. [27] claimed that
kenaf natural fiber-reinforced plastics are low weight and easy to fabricate; additionally,
they are cost-effective and completely recyclable.

However, the research regarding the relationship between kenaf and silver-powder-
reinforced HDPE and how to reduce surface treatment on fiber was never looked at.
Apart from that, information regarding the combination of both materials is less. In this
study, filler materials, such as organic or inorganic, in polymer systems can support main
fillers in the strengthening of composites [28,29]. Therefore, the selection of AgNPs as a
secondary filler was used to reduce fiber surface treatment [3] and improve the tensile,
thermal and antimicrobial properties of kenaf/HDPE composites. The addition of silver
nanopowder was suggested to improve the thermal stability of kenaf/HDPE compos-
ites. The antibacterial mechanism and silver nanopowder anti-biofilm may withstand the
development of microorganisms and are expected to improve the sustainability of the
kenaf/HDPE composites.

2. Materials and Methods

2.1. Materials

The main filler of the composites is kenaf with a size of 420 µm, which was obtained
from the National Kenaf and Tobacco Board, Malaysia (NKTB). The secondary filler used
in this research is a silver nanopowder (AgNP) with a size <100 nm. The matrix polymer
that was used is High-Density Polyethylene (HDPE) with a density of 0.95 × 103 kg/m3,
which was purchased from Lotte Chemical Titan Sdn. Bhd. (Pasir Gudang, Malaysia). All
materials in this study were used directly without any treatment or further refinement.
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2.2. Sample Preparation

The kenaf and AgNPs were prepared through a Brabender Plastograph internal mixer
as shown in Figure 1 to mix homogeneously at 150 ◦C for 50 min, and the speed was fixed
at 60 rpm. HDPE with a mass of 24 g was added into the chamber, and then kenaf with a
mass of 16 g [28] and AgNPs was varied to 0.82 g (2 wt%), 1.67 g (4 wt%), 2.55 g (6 wt%),
3.48 g (8 wt%), and 4.44 g (10 wt%). The composites were produced in the form of a sheet
(1 mm) using a hot-press machine (Figure 1) at 150 ◦C and cooled for 5 min. All composites
were dried in an oven for 24 h at a temperature of 70 ◦C. Figure 2 shows the samples before
and after the compression process. All tests were carried out at Universiti Putra Malaysia
(UPM), Malaysia.

  

Figure 1. (a) Brabender Plastograph internal and (b) hot press machine.

 

Figure 2. Sample before and after the compression process.

2.3. Thermal Analysis

Thermal analysis is a technique for identifying the thermophilic and kinetic properties
of materials. The technique used in this research is TGA (thermogravimetric analysis) and
DSC (Differential Scanning Calorimetry). All tests were carried out at Universiti Putra
Malaysia (UPM), Malaysia.

2.3.1. Thermogravimetric Analysis (TGA)

The thermal properties in composites are practically significant for studies related
to temperature, and it is important to determine the degradation of kenaf/HDPE com-
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posites. Thermogravimetric analysis (TGA) was conducted with the TA Instrument TGA
(Q500 model) (TA Instruments, New Castle, DE, USA) according to ASTM E1131 [30], which
is displayed in Figure 3 for the ultimate decomposition temperatures of the prepared com-
posite materials. All tests were carried out at Universiti Putra Malaysia (UPM), Malaysia.

 

−

−

−

Figure 3. Thermogravimetric analyzer.

The heating levels of 10 ◦C min−1 for the experiment were determined, with a temper-
ature range of between 30 and 600 ◦C. Approximately 10 to 11 mg of sample was heated in
a platinum sample pan of the prepared sample in a 50 mL min−1 flow rate of nitrogen gas
atmosphere. All tests were carried out at Universiti Putra Malaysia (UPM), Malaysia.

2.3.2. Differential Scanning Calorimetry (DSC)

A Differential Scanning Calorimeter (DSC) (TA Instruments, model DSC Q20, New
Castle, DE, USA), as shown in Figure 4, was used to calculate the melting point temperatures
of the blends that had been prepared. A DSC test was examined in a differential scanning
calorimeter after heating the sample in the temperature range 35–200 ◦C at a heating rate of
10 ◦C min−1. All tests were carried out at Universiti Putra Malaysia (UPM), Malaysia.

−

−

−

 

Figure 4. (a) Differential Scanning Calorimeter (DSC) and (b) aluminum sample pan (5 mm).

2.4. Antimicrobial Analysis

Two kinds of mediums were utilized: bacteria-growing sterile Mueller–Hinton agar
(MHA) and yeast-growing sterile polydopamine (PDA). All tests were carried out at
Universiti Putra Malaysia (UPM), Malaysia.

By incubating pure micro-organism culture at 37 ◦C, for 18 h, an inoculum suspension
was created. The implanted microbes were shifted into the liquid media to 0.5 McFarland
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turbidity standard for adjusting their turbidity. With a sterile cotton swab, a sample of
Escherichia coli (E. coli), UPMC 25921, Pseudomonas aeruginosa (P. aeruginosa) ATCC
15442, and Candida albicans (C. albicans) ATCC 90029 was dispersed over the entire agar
surface and then swabbed over the sampling area. The kenaf/HDPE composites with and
without AgNP samples were cut into 6 mm discs in diameter prior to testing and sterilized
for 30 min using UV radiation. Then, put it into the Petri platter. A Petri dish was incubated
for 18 to 24 h at 37 ◦C for bacteria, but for fungi it was incubated for 72 h at 30 ◦C. A clear
area has been observed and the inhibition area size has been registered. Every sample was
performed three times.

3. Results and Discussion

3.1. Tensile Properties

The tensile stress properties of kenaf/HDPE biocomposites with five different con-
centrations of AgNPs, which are 0%, 2%, 4%, 6%, 8% and 10%, were demonstrated. The
changes in the failure of each composite tested can be seen in its properties. The results
of the test determine whether the composite is acceptable or not in terms of function,
structure and visuals. Figures 5 and 6 show the tensile stress and modulus properties of
kenaf/HDPE composites with the different AgNP contents. A summary of the analysis of
mechanical properties is also presented. From the result, the trends of tensile stress and
modulus show an increase with increasing AgNP contents compare to without AgNPs.
This indicates exceptional compatibility between kenaf/HDPE composites shows a major
increase in their tensile stress at the values of 3.78, 4.03, 4.15, 4.67 and 5.07 MPa with the
addition of AgNPs of 0 to 10%, respectively. The main factor of this increase is due to
the physical interaction between the components. It has been proven by Rhim [4] that
the interaction and combination of materials need to have a relationship between all the
components to ensure increased tensile properties. Besides, the performance increase is
also due to the nature of AgNPs having a nano-chain structure and high nano-mechanical
performance [31].

 

Figure 5. Effects of AgNP content on tensile stress of kenaf/HDPE composites.
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Figure 6. Effects of AgNP content on tensile modulus of kenaf/HDPE composites.

Due to the very limited inclusion of AgNPs in the kenaf/HDPE composites, slight
increases in the tensile stress and tensile modulus were predicted. Figure 6 shows the
tensile modulus of the kenaf/HDPE composites with different AgNP contents. The figure
shows a similar trend with tensile stress increased with increasing the AgNP content. The
increase in tensile modulus is due to several factors, such as good adhesion, abrasive
surface, less void and microcracking [32] between kenaf and AgNP fillers. Moreover,
AgNPs could act as a secondary filler in kenaf/HDPE composite to enhance the tensile
and stiffness characteristics. N. Sapiai et al. [33] reported that the efficiency of a filler also
depends on various factors, such as filler dispersion, filler volume, the type of matrix
used and matrix bonding [34]. Such a relationship was also reported for composites
such as kenaf and dolomite-reinforced Low-Density Polyethylene (LDPE) composites [28].
Therefore, dolomite in the composite material could act as a secondary filler to enhance
their stiffness characteristics.

Figure 7 shows the elongation at the break of the kenaf/HDPE composites with dif-
ferent concentrations of AgNPs. From the observations, the elongation of kenaf/HDPE
composites shows decreased with increasing the AgNP content compared to composites
without AgNPs. This is due to the higher ductile behavior of kenaf/HDPE composites
with increased AgNP content compared to those without AgNPs. The results for the elon-
gation at break for various percentages of AgNP addition in kenaf/HDPE composites are
illustrated in Figure 7. Such results show the decrease in elongation as a larger percentage
of AgNPs is added to the composites. The kenaf/HDPE composites with a maximum
addition of 10% AgNPs were able to display the lowest elongation, among other samples.
The elongation at break follows a reverse trend with that of tensile strength and modulus.
As the concentration of AgNPs increases, the amount of elongation at break decreased.
This phenomenon may be due to excessive polymer and fiber interactions, hard domain
rotation, interface slippages and fibrillation on the matrix [35,36]. In addition, it might
occur because AgNP content is a large percentage of crystallinity, slowly losing its ductile
properties, with additional rigid silver nanoparticles. The impact of AgNP addition to
kenaf/HDPE composites has, therefore, been shown to be more essential for tensile stress
and tensile modulus, whereas the elongation is dropped significantly due to the addition
of AgNPs that restrict the molecule chain to move, which makes the chain lose its ductility
and high in stiffness.
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Figure 7. Effects of AgNP content on elongation at break of kenaf/HDPE composites.

3.2. Thermal Properties

3.2.1. Thermogravimetric Analysis (TGA)

TGA measured the thermal stability of the pure kenaf/HDPE composites with differ-
ent concentrations of silver nanopowder. The degradation temperatures of kenaf/HDPE
composites with different contents of AgNPs (0 %,2 %,4 %,6 %,8 % and 10 %) are exhibited
in the TGA graph shown in Figure 8. The curves indicate that thermal degradation only
occurred after some concentrations of heat energy had been incorporated into the compo-
nents. Additionally, it is clear that all the kenaf/HDPE composites with different AgNP
contents showed that there was no significant difference in the value of thermal stability
from each other. The onset degradation temperature was observed.

 

Figure 8. TGA of kenaf/HDPE composites at different AgNP contents.

The experimental result shows the same thermal degradation trend for all composites.
The trend graph shows a decrease for all composites with and without AgNP content.
It is also observed from the diagram that kenaf/HDPE composites with AgNP content
are more stable compared to those without AgNPs at a temperature of 400–550 ◦C. In
thermal experiments, there are four visible phases. The first phase is at a temperature
of 30–100 ◦C, where, at this temperature, the mass of the sample will decrease because
the evaporation moisture process takes place on all composite samples. Due to naturally
hydrophilic characteristics, kenaf has moisture content at room temperature and humidity
before the composite fabrication process [32,37,38]. The second phase is the decomposition
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of the element lignocellulosic at a temperature range of 200–320 ◦C [13,39], followed by
the third phase, which is the decomposition of hemicellulose at a temperature range of
350–450 ◦C [40,41], and finally, the last phase is the decomposition of cellulose lignin and
ash [16]. Table 1 shows the result degradation of different AgNP contents on kenaf/HDPE
composites. From the result, AgNP wt10% shows that the highest percentage char residue
was 12.96%.

Table 1. The initial and maximum degradation temperature values of the kenaf/HDPE composites
from TGA thermograms.

AgNPs (%)
Maximum

Degradation
Temperature (°C)

Weight Loss (%)
Char at 600 ◦C

(wt%)

0 472 80.45 3.27
2 479 80.42 6.02
4 493 80.40 6.97
6 494 80.43 5.47
8 495 80.50 6.77
10 496 80.41 12.96

The result shows that the addition of AgNP content of kenaf/HDPE composites
showed an increase in thermal stability compared to without AgNPs. It has been known
that AgNPs have excellent thermal stability and volume ratio properties [3,42]. With the
increase in the AgNP content, the thermal decomposition properties of kenaf/HDPE com-
posites were further increased. This occurs due to the increment of the molecular weight
of the kenaf/HDPE composites. Besides, the addition of AgNP content of kenaf/HDPE
composites has improved its thermal properties and also because the AgNP content has
high decomposition properties. The same finding has been investigated by [28], where
the addition of other materials, such as dolomite, as well as increasing its content into the
composite system can improve the thermal stability properties. The TGA thermograms are
of the LDPE/kenaf composites with different contents of dolomite, and the dolomite pos-
sesses the highest thermal decomposition characteristics. With the increase in the content
of dolomite in the composites, the thermal stability properties also increase, and this is due
to the properties of dolomite possessing the highest thermal decomposition characteristics.
Overall, the addition of AgNP content as a secondary filler provides benefits to improve
the thermal stability properties of kenaf/HDPE composites.

3.2.2. Differential Scanning Calorimetry (DSC)

The DSC thermograms, melting point (Tm) and glass transition temperature (Tg)
values of the kenaf/HDPE composites with and without AgNPs are shown in Figure 9 and
Table 2.

DSC study on materials is important because it can analyze the properties of composite
materials [43]. From Figure 9, the glass transition temperatures, Tm (midpoint values), of
kenaf/HDPE composites with AgNPs are greater than those of kenaf/HDPE composites
without AgNPs. The results indicate that the addition of AgNPs tends to increase the
prohibition of the movement of the polymer matrix chain. The Tm (onset value) of the
kenaf/HDPE composites also significantly increased with increasing the AgNPs contents
from 2 wt% to 10 wt%, and it indicates that the addition of AgNPs into Kenaf/HDPE
composites is more stable than without AgNP content. Kenaf/HDPE composites with
more AgNPs have a Tm (onset value) slightly higher than those with less concentration of
AgNPs, and therefore the thermal properties of kenaf/HDPE composites have also been
impacted by AgNPs. The Tm (onset value) for kenaf/HDPE with 10 wt% is 128.53 ◦C when
compared to those with a lower concentration of AgNPs. The Tm (onset value) increases
due to AgNP content, which can make the structure between kenaf and HDPE change
and increase the structure by the content of AgNPs. Combining AgNPs into composites
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enhanced the thermal stability and was similarly reported by another author [44–46].
Variations in the Tm (midpoint value) might also adversely determine the compatibility
of the samples. From Table 2, Tm (midpoint value) levels of kenaf/HDPE composites
with 0 wt% of AgNPs is lesser (129.97 ◦C) than kenaf/HDPE composites with 10 wt% of
AgNPs (133.83 ◦C). The intermolecular forces between kenaf/HDPE composites matrixes
are due to AgNPs in mixes, which can strengthen the interfacial bond between mixing
components [37,45]. The combination of kenaf/HDPE composites with AgNPs provided
the advantages to produce quality multifunctional materials and it is also suitable for
various manufacturing applications.

 

Figure 9. DSC thermograms of the kenaf/HDPE composites containing AgNPs.

Table 2. Thermal properties of kenaf/HDPE composites without and with AgNPs, as measured from
DSC thermograms.

AgNPs
(wt %)

Tm (Onset Value) (◦C) Tm (Midpoint Value) (◦C)

0 120.76 129.97
2 120.90 129.98
4 121.17 132.20
6 121.90 132.75
8 122.78 133.45
10 128.53 133.83

3.3. Antimicrobial Testing

The test is usually conducted for the antibiotic sample that is most successful in treating
bacteria or fungal infections. Antimicrobial/Antifungal Test Microbial reactions to antimi-
crobial agents distinguish from each other (sensitivities/resistances). Two widespread
pathogenic bacterial, P. aeruginosa and E. coli, were chosen to assess the antibacterial activ-
ity of the kenaf/HDPE with Silver Nanopowder (AgNP), while C. albicans was analyzed
for the fungal inhibition in Table 3. The bacteria that is commonly used in research can be
sorted into two groups, i.e., Gram-negative bacteria and Gram-positive bacteria. In this
research, foodborne pathogenic bacteria, which are E. coli (ATCC 25922) and P. aeruginosa
(ATCC 15442) [47], were used to carry out the antibacterial testing.
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Table 3. Antimicrobial properties of kenaf/HDPE composite materials.

Concentration of
AgNPs
(wt %)

Target Microbes

Escherichia Coli
UPMC 25922

Pseudomonas
Aeruginosa
ATCC 15442

Candida Albicans
ATCC 90028

0 − − −
2 − − −
4 − − −
6 − − −
8 − − +
10 + + +

+ve: the presence of inhibition zone against microbes. −ve: no indication of inhibition zone against
microbes.

Based on Tables 3 and 4, the kenaf/HDPE composites with AgNPs revealed a stronger
activity against the gram-negative bacteria compared without AgNP composition, which is
significantly lower than the activity seen in the earlier literature [5,48]. Antimicrobial varia-
tion may be attributable to their different configurations of cell walls [42,49]. According to
Priyadarshini et.al. [50], Gram-negative bacteria consist of thin peptidoglycan (7–8 nm).
Consequently, the thin layer of peptidoglycan allows the penetration of silver nanoparticles
in microbial cells to destroy. Additional microorganisms, specifically the pathogenic fungus
C. albicans, were also tested, and the processed kenaf/HDPE composites filled with AgNPs
exhibited greater areas of inhibition compared to Gram-negative bacteria, which followed
the work of Veranitisagul et al. [49]. Once again, the process is specifically connected to the
microorganisms’ cell wall structure.

Table 4. Antibacterial study of kenaf/HDPE composites.

Microbes
Concentration

of AgNPs
(wt%)

Inhibition Zone (mm)

Escherichia Coli
UPMC 25922

Pseudomonas Aeruginosa
ATCC 15442

10 12.2 14.3

Kenaf/HDPE composites with 10wt% of AgNPs demonstrated the strongest inhibition
zone against E. coli (ATCC 25922) above all the samples. C. albicans, underlining the
significance of Ag particles in 8wt% and 10wt% of kenaf/HDPE composites, filled AgNP
contents. The findings show that silver nanoparticles exhibit greater sensitivity towards
Pseudomonas aeruginosa than Escherichia coli in extracts for bacterial activity. Such
bacteria displayed an inhibition zone ranging from 10–15 to 10–13 mm, respectively.

Table 5 shows the inhibition zone measurement of bacteria, whereas Table 6 shows
the inhibition zone measurement of yeast that had been used for the antimicrobial testing.

Table 5. Antifungal study of kenaf/HDPE composites.

Microbes
Concentration

of AgNPs
(wt%)

Inhibition Zone (mm)

Candida Albicans ATCC 90028

8 6

10 17.5
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Table 6. Positive tests for antimicrobial properties on E. coli, P. aeruginosa and C. albicans using the
agar disk diffusion method.

Microbes Images

Escherichia coli
UPMC 25922

 

Pseudomonas
aeruginosa

ATCC 15442

 

Candida albicans
ATCC 90028

 

 

Table 6 displays improved results for fungal infection relative to the Candida albicans
test where positive results are acquired for samples of kenaf/HDPE composites with 8
wt% and 10 wt % of AgNPs. Silver nanopowder and the microbial reaction were specif-
ically on the surface when the materials were placed for a long time in the surrounding
environment. This stresses the fact that although kenaf/HDPE composites filled AgNPs,
they are antimicrobial and biodegradable materials. Those kenaf/HDPE-composite-filled
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AgNPs may also be one of the potential technologies for forthcoming plastics that are
environmentally sustainable.

4. Conclusions

The effect of AgNPs contents on tensile, thermal and antimicrobial properties of
kenaf/HDPE composites was investigated in this study. The tensile strength and modulus
of the kenaf/HDPE composites show improvement with the presence of AgNPs, and
elongation at break was reduced at the highest content, as shown by the mechanical
testing result. Kenaf/HDPE composites revealed the highest tensile stress and tensile
modulus at 10 wt% AgNPs, which are 5.05 MPa and 5.23 GPa, respectively. Meanwhile,
with regard to thermal properties, there was a large increase in the alternative values
of Tg and Tm due to the participation of AgNP content. The temperature of Tg has
changed positively. Relative to kenaf/HDPE composites, HDPE with 10 wt% AgNP
content displayed the maximum degradation temperature of 496 ◦C. The main factors in
this research are kenaf/HDPE composites with 10 wt% of AgNPs that exhibit antimicrobial
activity against E. coli, P. aeruginosa and C. albicans inhibition using an agar disk diffusion
test as an output. Kenaf/HDPE composites with AgNP content are expected to be one of
the reasonable manufacturing materials, as they showed strong antimicrobial properties
that may minimize the requirements for the cleaning process. The findings obtained include
the fact that AgNPs can inhibit the growth of microbes. This shows that kenaf/HDPE
composites are biodegradable and exhibit antimicrobial properties that can be implemented
in the interior part of aircraft and food packaging.
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Abstract: The use of bio-based polymers in place of conventional polymers gives positives effects in
the sense of reduction of environmental impacts and the offsetting of petroleum consumption. As
such, in this study, jatropha oil was used to prepare epoxidized jatropha oil (EJO) by the epoxidation
method. The EJO was used to prepare a shape memory polymer (SMP) by mixing it with the curing
agent 4-methylhexahydrophthalic anhydride (MHPA) and a tetraethylammonium bromide (TEAB)
catalyst. The resulting bio-based polymer is slightly transparent and brown in color. It has soft and
flexible properties resulting from the aliphatic chain in jatropha oil. The functionality of SMP was
analyzed by Fourier transform infrared (FTIR) spectroscopy analysis. The thermal behavior of the
SMP was measured by thermogravimetric analysis (TGA), and it showed that the samples were
thermally stable up to 150 ◦C. Moreover, the glass transition temperature characteristic was obtained
using differential scanning calorimetry (DSC) analysis. The shape memory recovery behavior was
investigated. Overall, EJO/MHPA was prepared by a relatively simple method and showed good
shape recovery properties.

Keywords: epoxidized jatropha oil; shape memory polymer; bio-based polymer; jatropha oil

1. Introduction

Shape memory polymers (SMPs) are a class of emerging smart materials that can
change shape and “remember” their original shape. They have a sensitive response to
external stimuli such as pH, humidity, light, electricity, temperature, and so on [1–3]. To
date, most of the studies reported on SMPs are stimulated by temperature. In general,
SMPs contain two phases: the permanent shape and the temporary shape. The perma-
nent shape can be either covalent or physical cross-links. The temporary shape is set by
deformation above a certain transition temperature [4]. They typically rely on vitrifica-
tion, crystallization, or some other physical interaction. When the polymers are reheated
above the transition temperature, the oriented polymer chains are released, resulting in
recovery of the permanent shape. SMPs have attracted significant attention due to their
inherent advantages like good processability, low cost, and high recovery ability [5]. At
present, shape memory polymers have been applied in many fields such as aerospace [6],
medicine [7,8], self-finishing smart textiles [9], electronic devices [10], and self-assembling
structures [11]. Various types of polymers have been found to have shape memory effects
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including polyurethane [12,13], trans-polyisoprene [14], styrene-butadiene copolymer [15],
and epoxy material [16].

Recently, considerable efforts have been expended to develop bio-based SMPs. Bio-
based polymers are gaining attention as they have renewability features couples with their
economic and environmental benefits. In essence, there have been substantial studies
reported on bio-based epoxy materials for shape memory polymers [17–19]. Among all
renewable resources, vegetable oils are expected to be an ideal alternative to chemical
feedstocks in preparing epoxy materials. Vegetable oil is one of the cheapest and most
abundant types of biomass, which is available in large quantities [20]. Vegetable oil is
predominantly made up of triglyceride molecules with varying compositions of fatty acids.
Some examples of vegetable oils that can be used include palm oil, soybean oil, linseed oil,
sunflower oil, castor oil, jatropha oil, and many others [19].

This study focuses on the utilization of jatropha oil as the raw material to prepare
epoxy resins for SMP production. Jatropha oil is obtained from the seeds of jatropha
curcas tree. Jatropha curcas is a succulent plant that belongs to the Euphorbiaceae family,
widely grown in South America, South-West Asia, India, and Africa. The oil content of
jatropha seeds was reported at 63%, which is higher than that of palm kernel, linseed, and
soybean oil content [21]. Jatropha oil is classified as a non-edible oil due to the presence
of toxic components in the structure, such as phorbol ester, curcains, and jatropherol [22],
and thus it cannot be used for nutritional purposes without detoxification. By being a
non-edible oil, there will be no unnecessary competition with the food-related industries.
Other than that, jatropha oil contains high amounts of unsaturation, which is made up
mostly by oleic and linoleic acid. The chemical compositions of the oil differ depending
on the climate and locality of the jatropha tree. The high degree of unsaturation of the
oil offers a wide alternative for chemical modification. In this study, we describe the
preparation and characterization of bio-based shape memory materials from epoxidized
jatropha oil. Further, the thermal and shape memory properties of the resulting materials
are investigated.

2. Materials and Methods

2.1. Materials

Crude jatropha oil was supplied by Biofuel Bionas Sdn Bhd. Formic acid (98%), hy-
drogen peroxide (30%), sulphuric acid (95%), methanol (99%), and crystal violet (96%)
were supplied by R&M Chemicals, Dundee, UK. Magnesium sulphate (97%), hydrogen
bromide (33%), 4-methylhexhydrophthalic anhydride (MHPA) (98%), and tetraethyl am-
monium bromide (TEAB) (98%) were obtained from ACROS Organic, Carlsbad, CA, USA.
Potassium hydrogen phthalate (99%) was obtained from AJAX Chemicals, Taren Point,
Australia, and chlorobenzene (99%) was supplied by Merck, Kenilworth, NJ, USA. All
chemicals were used as received.

2.2. Preparation of Epoxidized Jatropha Oil

The epoxidized jatropha oil (EJO) was prepared in bulk according to the procedures
reported in the literature [23,24]. A mixture of jatropha oil and formic acid was heated
to 40 ◦C under continuous stirring in a water bath. Once the temperature reached 40 ◦C,
hydrogen peroxide was added in a dropwise manner to avoid overheating. Then, the
temperature was increased and maintained at 60 ◦C for 5 h. Oxirane oxygen content (OOC)
analysis was conducted every 1 h. After 5 h of stirring, the mixture was cooled down to
room temperature. After that, the aqueous layer was discarded, and the produced epoxy
was washed with an excess amount of distilled water until neutral pH was obtained. Lastly,
a rotary evaporator was used to remove the remaining trace of water in the epoxy to obtain
a pure EJO. The sample was kept with MgSO4 drying agent and stored in a desiccator.

238



Polymers 2021, 13, 2177

2.3. Preparation of EJO/MHPA

The shape memory polymer was prepared by mixing EJO, MHPA, and TEAB, as
shown in Figure 1. TEAB was added as the catalyst in the reaction. Various molar ratios
of anhydride to epoxy were prepared in this study, which were 0.6, 0.8, 1.0, 1.2, and 1.4.
For the molar ratio of 1.0, 8.0 g of EJO, 5.6 g of MHPA, and 0.07 g of TEAB were mixed
together [5]. The mixture was degassed under vacuum conditions for 10 min at 80 ◦C.
Then, the mixture was poured into a Teflon mold and was kept in the oven for 22 h at
150 ◦C. The produced EJO/MPHA polymer was cooled down to room temperature. The
same procedure was repeated to prepare SMP by using another molar ratio.

Figure 1. Schematic view of the preparation of jatropha oil-based shape memory polymer (SPM).

2.4. Characterization

2.4.1. Oxirane Oxygen Content

The measurement of oxirane oxygen (OOC) content during the preparation of EJO
was carried out according to the ASTM D1652–97 Test Method A Standard [25]. This
measurement was used to calculate the conversion of the double bond of the oil to oxirane
rings. A total of 0.4 g of EJO was dissolved in 10 mL of chlorobenzene and 3–4 drops
of crystal violet were used as the indicator. The mixture was titrated with standardized
hydrogen bromide until it reached the endpoint, which was observed by color changes to
green. The OOC was calculated based on Equation (1).

OOC (%) =
1.6N(V − B)

W
(1)

where N is the normality of standardized hydrogen bromide solution (N), V is the volume
of standardized hydrogen bromide used for the EJO sample (mL), B is the volume of
standardized hydrogen bromide used for the blank sample (mL), and W is the weight of
the sample (g).

2.4.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used to analyze the presence
of different functional groups in the samples. The analysis was conducted by using a
SHIDMADZU IR Tracer-100 series spectrophotometer. The IR spectra of samples recorded
were in the wavenumber range of 4000 cm−1 to 400 cm−1 at a scanning rate of 4 cm−1.

2.4.3. Nuclear Magnetic Resonance Spectroscopy

The 1H-NMR (proton NMR) and 13C-NMR (carbon NMR) spectra were recorded using
a 500 MHz JEOL Nuclear Magnetic Resonance (Peabody, MA, USA) at room temperature.
The samples were dissolved in deuterated chloroform (CDCl3). The 1H and 13C chemical
shifts were recorded in ppm and referenced to tetramethylsilane (TMS) at 0.0 ppm.
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2.4.4. Thermal Analysis

The thermal properties of the EJO/MHPA polymers with various ratios of anhydride
to oxirane were evaluated by using a Perkin Elmer TGA7, Cleveland, OH, USA, thermo-
gravimetric analyzer. This analysis was performed at temperatures ranging from 25 ◦C
to 600 ◦C at a constant heating rate of 10 ◦C min−1 under a nitrogen atmosphere (flow
rate: 50 mL min−1). The changes in the weight of the sample as a function of temperature
and/or time were measured. Additionally, the glass transition behavior of the SMP was
investigated by using a Mettler Toledo, Grelfensee, Switzerland, differential scanning
calorimetry (DSC) instrument. The scan was conducted at the rate of 10 ◦C min−1 from
−20 ◦C to 120 ◦C with a nitrogen gas flow rate of 50◦ mL min−1.

2.4.5. Investigation of the Shape Memory Recovery Behavior of EJO/MHPA Polymer

The shape memory behavior of the EJO/MPHA polymer was investigated by using
the cured EJO/MPHA polymer. The samples were cut to produce a linear rectangular
shape, and this was taken as their original shape. Then, the sample was heated at 150 ◦C
and cooled down to room temperature, forming a temporary shape. When the temporary
shape was heated again at 150 ◦C, the temporary shape returned back to its original shape.

3. Results

3.1. Oxirane Oxygen Content

During the epoxidation process, the double bonds of the unsaturated oil were con-
verted into epoxy rings by using in situ generated performic acid. It was prepared by
mixing formic acid and hydrogen peroxide. In this case, formic acid functioned as the
oxygen carrier, and hydrogen peroxide acted as the oxygen donor. The reaction was carried
out in situ, as the reaction is highly exothermic [26]. The conversion double bonds to epoxy
groups were monitored using oxirane oxygen content (OOC) analysis. Figure 2 shows
the OOC value against the reaction time pattern. As can be seen in Figure 2, the OOC
value gradually increased as the reaction time increased and reached a maximum at 5
h. The produced epoxy jatropha oil had a maximum oxirane oxygen content of 3.63%.
Prolonged reaction time will cause the OOC value to drop due to the possibility of the
ring-opening reaction to occur. During the epoxidation process, the temperature must be
controlled, as a high reaction temperature may intensify the rate of hydrogen peroxide
decomposition and may exceed the rate of epoxy formation. As oxygen supplied by the
hydrogen peroxide depleted, the epoxy formation ended earlier than anticipated. These
unfavorable reactions resulted in lower oxirane oxygen content than the theoretical value.
A similar observation of the OOC value trend of EJO was reported by a previous study [27].
Subsequently, the produced EJO in this study was used as the epoxide monomers to
prepare EJO/MHPA polymers.

Figure 2. Oxirane oxygen content (OOC) value with time for the epoxidized jatropha oil process.
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3.2. FTIR Analysis

FTIR analysis was conducted to identify chemical changes that occurred during the
preparation process to the end product. The epoxidation of double bonds in jatropha
oil forming an oxirane group and the ring opening of the oxirane group in the polymer-
ization were observed. Figure 3 shows the FTIR spectra of jatropha oil, EJO, MHPA,
and EJO/MHPA polymer. Based on Figure 3a for jatropha oil, the absorption bands at
2853 and 2922 cm−1 were attributed to the –CH symmetric and asymmetric stretching,
respectively, of –CH2 groups [28]. Moreover, the peaks at 721 and 1464 cm−1 were ascribed
to –CH2 rocking and bending vibrations. The intense peak at 1744 cm−1 indicated the
C=O stretching vibration. The C–O–C stretching vibration of the ester group was located
at 1163 cm−1. The band at 3009 cm−1 was attributed to the C=C double bonds in the oil,
which were oleic and linoleic acid [29]. In Figure 3b, the disappearance of the double bond
functional group peak at 3009 cm−1, which was initially present in the JO spectra, indicates
the conversion of the double bond to the epoxy group. The new peaks formed at 823 and
841 cm−1 corresponded to the conversion of double bonds into epoxy groups. This is in
agreement with similar findings reported by other researchers previously [27,30,31].

Figure 3. FTIR spectra of (a) JO, (b) EJO, (c) MHPA, and (d) EJO/MHPA SMP.

For the MHPA spectrum presented in Figure 3c, peaks of symmetric and asymmetric
C=O stretching could be observed at the 1776 and 1857 cm−1 regions. Moreover, the
spectrum for EJO/MHPA polymer, displayed in Figure 3d, showed a combination of both
EJO and MHPA characteristics. A strong adsorption peak of C=O stretching of a carbonyl
group present at 1735 cm−1 showed the formation of ester bonds between the MHPA
and EJO [32]. Furthermore, the epoxy peaks also disappeared for EJO/MHPA polymer,
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confirming the formation of the bond. It can be deduced that there was a hydrolysis
reaction of MHPA [5] and a ring opening of the oxirane group forming the EJO/MHPA
polymer. The cross-linked ester was formed, as shown in Figure 4.

Figure 4. Schematic reaction of EJO and MHPA.

The 1H NMR and 13C NMR spectra of epoxidized jatropha oil are depicted in Figure 5.
Upon epoxidation, there was a notable chemical shift in the spectra that could be observed.
The unsaturation peak in the jatropha oil almost completely disappeared in the 1H NMR
spectrum for epoxidized jatropha oil. Moreover, the formation of new peaks in the region of
2.8–3.1 ppm indicated the presence of epoxy group protons [31]. Further, the characteristic
unsaturation peaks at 120–130 ppm for 13C NMR was absent and accompanied by the
appearance of carbon signals at 54–58 ppm showed the presence of epoxy groups. It can
be deduced that double bonds in the jatropha oil were successfully converted to epoxy
groups. This finding was in agreement with the previous study reported by Sammaiah and
co-workers [28].

3.3. Thermal Analysis

Thermogravimetric analysis (TGA) is a commonly used technique to study the ther-
mal properties of a polymer based on the degradation temperature, residuals, and other
information obtained from the analysis [33]. The TGA curves of the EJO/MHPA polymers
after curing at various ratios are shown in Figure 6, whereas their first-derivative weight
curves (DTG) are depicted in Figure 7.
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Figure 5. (a) 1H NMR and (b) 13C NMR spectra of epoxidized jatropha oil.

Figure 6. Thermogravimetric analysis (TGA) curves of EJO/MHPA with various ratios of anhydride
to oxirane.

TGA data were analyzed based on its initial onset temperature (Ti), decomposition
temperature (Td) at different weight losses (wt), which were 5, 25, and 50% (T5%, T25%,
and T50%), and weight residue % at 600 ◦C. All of the EJO/MHPA polymers had a single-
step degradation pattern, and there was no evidence of unreacted chemicals that would
volatilize before reaching the temperature of polymer degradation [34]. The temperatures
corresponding to the T5% for all samples were recorded above 240 ◦C, indicating good
thermal stability. Overall, the analysis of various molar ratios showed that a ratio of 1.0
had the best thermal stability. This can be explained by the optimum crosslinking of the
polymer network for the EJO/MHPA polymer with a molar ratio of 1.0 compared to other
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ratios, whereby it required more heat to break the bond. The peak temperature of mass
losses significantly increased from a ratio of 0.6 to 1.0 and decreased for ratios of 1.2 and 1.4,
which could be observed from the DTG thermograms. Details on the thermal properties
of the EJO/MHPA polymers are shown in Table 1. From this, it can be concluded that the
molar ratio of 1.0 of the EJO/MHPA polymer has better thermal stability than other ratios.

Figure 7. First-derivative weight curves (DTG) of EJO/MHPA polymers with various molar ratios of
anhydride to oxirane.

Table 1. Thermal properties of EJO/MHPA polymers from TGA and DTG.

EJO/MHPA
Ratio

Ti (◦C)
Td at Different wt. Losses (◦C)

Tdmax (◦C)
Wt. Residue
at 600 ◦C (%)T5% T25% T50%

0.6 163 252 334 369 382 3.69
0.8 147 249 335 371 381 3.44
1.0 168 283 347 375 383 2.64
1.2 150 273 343 372 376 1.00
1.4 151 254 338 368 373 1.75

The glass transition temperature (Tg) is considered as a fundamental polymer char-
acteristic related to polymer properties and processing. In general, polymers with high
crosslinking density have higher Tg; however, the composition in the polymer within the
cross-linked structure also plays an important role in the Tg behavior. As is well-known,
DSC is a widely used instrument to characterize Tg of polymer materials [35]. Figure 8 and
Table 2 summarize the thermal properties of EJO/MHPA polymers found in DSC curves,
such as glass transition (Tg) and enthalpy of transition (∆H). All synthesized EJO/MHPA
polymers showed only glass transition temperature values, but there was no presence of
melting or crystallization peaks in DSC curves, which suggests that these EJO/MHPA
polymers were amorphous. The curves also did not show an exothermic transition above
100 ◦C, which confirm the complete cross-linking between the epoxy group and anhydride
during the curing cycle. The various molar ratios of EJO/MHPA polymers showed dif-
ferent values possibly due to the chain flexibility. For the amorphous polymer, Tg values
can serve as the shape transition temperature (Tg). DSC data suggested that the Tg1 of the
EJO/MPHA polymers were Tg1 between 7.8 and 11.3 ◦C. The second glass transition was
above 100 ◦C, where they could recover back to their original shape. However, the peak
of Tg2 was too small to detect, and the ratios of 1.2, 1.0, and 0.8 had higher temperatures
of Tg peak, as can be seen in Figure 8. SMPs are divided based on their switch type into
either Tg-type SMPs with an amorphous phase or Tm-type SMPs with a crystalline phase.
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As for the Tg- type SMPs, a large rubber modulus can usually be maintained above the
Tg. Tg-type SMPs exhibit relatively slow shape recovery compared with Tm- or Tg-type
SMPs due to their broader glass transition interval, which hinders their application where
immediate shape recovery is required [36].

Figure 8. DSC curves of EJO/MHPA polymers with various ratios of anhydride to oxirane.

Table 2. Thermal properties of EJO/MHPA polymers found in DSC analysis.

EJO/MHPA Ratio Tg 1 (◦C) Tg 2 (◦C) ∆H (J/g)

0.6 9.8 135 −3.76
0.8 10.8 140 −1.07
1.0 9.6 144 −2.86
1.2 7.8 −0.76
1.4 11.3 −2.00

3.4. Shape Memory-Recovery Behaviours

A study on the shape memory recovery behaviors of the EJO/MHPA polymers was
performed. The primary shape of EJO/MHPA was in a linear rectangular shape. Then, the
polymer was heated at 150 ◦C and cooled at room temperature. All of the EJO/MHPA poly-
mers with various molar ratios showed good recovery ability and reached their original
shape quickly within 30 s when they were heated above their glass transition temperature.
The fundamental mechanism behind the shape memory behavior is the activation and
freezing of the motion of the SMP chains above and below the Tg [36], and the mechanism
can be explained as follows: Firstly, the macroscopic deformation is translated to conforma-
tional change of the polymer molecular segments. Above Tg, the polymer is in a rubbery
state and can deform easily. Then, the temporary shape is fixed with the internal stress
of the polymer network by cooling. When the EJO/MHPA is reheated above the Tg, the
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heating causes rearrangement of molecular segments of the polymer network. Then the
microscopic deformation is released, and the original shape of the EJO/MHPA polymers is
recovered [5]. Shape-memory behavior can be exploited and demonstrated in various poly-
mer systems significantly different in molecular structure and morphology. The common
conventional SMP systems include cross-linked ethylene vinyl acetate copolymer, styrene-
based polymers, acrylate-based polymers, polynorbornene, cross-linked polycyclooctene,
epoxy-based polymers, thio-ene-based polymers, segmented polyurethane, and segmented
PU ionomers. The intrinsic mechanism for shape memory behavior in thermal responsive
SMPs is the reversible freezing and activation of polymeric chain motion in the switching
segments below and above the transition temperature (Ttrans). The net-points of an SMP
network, which maintain its dimensional stability, could be either covalent or physically
crosslinked [36,37].

The shape memory effect (SME) is an extrinsic property of smart materials that allows
them to restore or maintain their original shape even after being severely and quasiplas-
tically distorted in the presence of the right stimuli [38]. According to previous research,
one-way SME and two-way SME are two types of shape memory polymers with non-
reversible and reversible shape-shifting properties, respectively [37]. One-way SME can
retain a temporary shape once the stimulus is terminated. For two-way SME, the temporary
shapes can be recovered to the initial shape when the stimulus is terminated. Reversible
behavior occurs during heating and cooling in the presence or absence of external stress. In
this study, EJO/MHPA polymer agreed with the two-way SME theoretically reported [39].
Figure 9 shows the demonstration of the shape-memory behaviors of EJO/MHPA polymers
at molar ratio of 1.0. Moreover, the composition of epoxidized oil and anhydride curing
agent play important roles in shape recovery due to crosslink density and chain flexibility.

Figure 9. A demonstration of the shape memory recovery behaviors of EJO/MHPA polymers
reported in this paper.

4. Conclusions

We presented the preparation and characterization of bio-based epoxy material from
jatropha oil for use in a shape memory polymer application. FTIR analysis showed the
transition from jatropha oil to epoxidized oil through the disappearance of unsaturation
peaks and formation of new epoxy peaks. The EJO was used to prepare bio-based polymers
by curing this functionalized oil with MHPA acid anhydride and catalyzed with TEAB. The
reaction produced slightly transparent and brown color polymers. The thermal properties
of the EJO/MHPA polymers of different feed molar ratios of anhydride to oxirane were
significantly different, perhaps due to the cross-link density and chain flexibility. The glass
transition temperature of the EJO/MHPA polymers was between 7.8 and 11.3 ◦C. The
shape memory polymer showed that the ratio of the anhydride to oxirane of 1.0 had better
thermal stability compared to other ratios. Conclusively, the EJO/MHPA polymers showed
good shape memory recovery behaviors. It is expected that this work could provide
insight and an alternative approach for the production of shape memory polymers from
current technology.
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Abstract: Non-covalent functionalisation of the carbon nanotube (CNT) sidewall through polymer
wrapping is the key strategy for improving well-dispersed CNTs without persistent alteration of their
electronic properties. In this work, the effect of reaction time on regioregular poly (3-hexylthiophene-
2,5-diyl) (P3HT)-wrapped hydroxylated multi-walled CNT (MWCNT-OH) nanocomposites was
investigated. Five different reaction times (24, 48, 72, 96, and 120 h) were conducted at room
temperature in order to clearly determine the factors that influenced the quality of wrapped MWCNT-
OH. Morphological analysis using Field Emission Scanning Electron Microscopic (FESEM) and High-
Resolution Transmission Electron Microscope (HRTEM) analysis showed that P3HT successfully
wrapped the MWCNT-OH sidewall, evidenced by the changes in the mean diameter size of the
nanocomposites. Results obtained from Raman spectroscopy, X-ray Photoelectron Spectroscopy
(XPS) as well as Thermogravimetric Analysis (TGA) showed a significant effect of the wrapped
polymer on the CNT sidewall as the reaction time increased. Overall, the method used during
the preparation of P3HT-wrapped MWCNT-OH and the presented results significantly provided
a bottom-up approach to determine the effect of different reaction times on polymer wrapping to
further expand this material for novel applications, especially chemical sensors.

Keywords: CNT; MWCNT; non-covalent functionalisation; polythiophene; P3HT; reaction time

1. Introduction

Since the discovery of polyacetylene in 1977 by Hideki Shirakawa et al., research in
the field of conductive polymers has heavily impacted the discovery and development of π-
conjugated conductive polymers [1]. Since then, many studies have been conducted by var-
ious researchers from different fields using leading conductive polymers, such as polypyr-
role (PPy), polyaniline (PANI), polythiophene (PTh), poly (3,4-ethylenedioxythiophene)
(PEDOT), and poly (p-phenylene vinylene) (PPV). These conductive polymers demon-
strated great potential for integration into future optical and electronic devices due to
their capacity to transition between semiconducting and conducting states, as well as the
ability to alter mechanical properties by controlled doping, chemical modification, and
stacking or creating composites with other materials [2]. In general, conductive poly-
mers possess alternating single (σ) and double (π) bonds, and these π-conjugated systems
provide the conductive polymers with intrinsic optical, electrochemical, and electrical
and electronic properties [3]. However, the development of the properties of conductive
polymers has not been completely proportionate with those of their metallic and inorganic
semiconductor counterparts. Therefore, conductive polymers have been modified or hy-
bridised with other heterogeneous material or other carbonaceous material components to
overcome and improve their inherent boundaries in terms of solubility, conductivity, and
long-term stability [4]. Amongst the conductive polymers and the π-conjugated polymers,
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PTh and its derivatives have shown promising characteristics, which were comparable
to those of both PANI and PPy, for wide applications such as in chemical and biosen-
sors [5–8], organic photovoltaics (OPVs) [9–11], electronic magnetic shielding (EMI) [12,13],
battery [14,15], microwave absorption [16,17], water purification devices [18,19], and hy-
drogen storage [20,21].

PTh-based nanocomposites containing nanocarbon species, such as graphene, carbon
nanofibers (CNFs), and CNTs, were developed and show promising results in the targeted
applications [22–25]. These nanocarbon species improved the structural ordering of the
nanocomposite chains and facilitated delocalisation of the charge carriers, resulting in
enhanced conductivity. Some conductive polymers can behave like semiconductors due to
their heterocyclic compounds, which display physicochemical characteristics such as solu-
bility, hydrogen bonding, surface activity, thermal expansion, and electrical conductivity.
As a result, reversible changes in the sensing layer’s conductivity could be detected upon
polar chemical adsorption on the sidewall at room temperature [26]. This effect is believed
to be caused by the charge transfer between gas molecules and the polymer or swelling
of the polymer film’s [27]. Amongst the carbonaceous materials considered to date, CNT
has been widely investigated because of its excellent electrical, mechanical, and thermal
properties [28]. Since then, various techniques to incorporate CNT in polymer matrices
were designed with a desire to fabricate new advanced materials with multifunctional prop-
erties. The exceptional mechanical properties associated with CNT vary in the literature
regarding the exact properties of CNT. Theoretical and experimental results have shown an
extraordinarily high elastic modulus, greater than 1 TPa (the elastic modulus of diamond is
1.2 TPa) and reported strengths 10 to 100 times higher than those of the strongest steel at a
fraction of the weight [29]. CNT also has superior thermal and electric properties: thermally
stable up to 2800 ◦C in a vacuum, electrical conductivity is about 103 S/cm (the electric
current-carrying capacity is 1000 times higher than those of metals like copper), thermal
conductivity is about 1,900 W m−1 K−1, (the thermal conductivity is about twice as high
as that of diamond [30–32]), and the current density of individual metallic single-walled
carbon nanotubes (SWCNT) is about 4 × 109 A/cm2, which is 1000 times higher than that
of copper wires [33].

Besides the exceptional characteristics mentioned above, low compatibility and limi-
tation of dispersion of CNTs in polymeric matrices occurred, but the interaction between
CNTs and the polymer remained weak. CNTs were in the form of long bundles due to
stabilisation by π–π electron interactions and high surface energy. CNTs incorporated into
the polymeric matrices was an attractive method to combine and complement the optical,
electrical, and mechanical properties of individual CNTs with the unique properties of
the desired polymer. These unique properties make CNTs an ideal reinforcing agent in
a number of applications [34]. In previous research on homogeneously dispersed CNTs
as a conductive filler in polymer matrices, researchers covalently functionalised the CNT
sidewall with a monomer such as thiophene [35,36] and specific functional groups or active
elements such as carboxylation, amides, etc. [37–43]. Based on the aforementioned studies,
the covalent modification towards CNT composites produced high stability functional-
isation. In particular, this mechanism would lead to the efficient load transfer from the
polymer/CNT matrix through the covalent bonding [44]. However, in most cases, covalent
functionalisation changes the structure of the CNTs, thereby degrading their unique elec-
trical and mechanical properties. Furthermore, functionalisation causes shortening of the
CNTs, which reduces the advantage of CNTs in regard to the ratio aspect [29].

The optimisation strategy for the improvement of CNT dispersion in polymers ma-
trices was done by Liu and Choi (2012). The dispersion is a spatial property, whereby
the individual CNTs are spread with a roughly uniform number density throughout the
continuous polymer matrix. The challenge is to separate the nanotubes from their initial
aggregated nature, which is usually achieved by local shear forces. Direct manual mixing
of CNTs with polymer resin, though the simplest approach, did not create sufficient local
shear force and therefore led to poor dispersion of CNTs inside the polymer matrix. A
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more effective separation and dispersion of CNT bundles requires the overcoming of the
inter-tube van der Waals attraction forces. Physical approaches such as shear mixing,
mechanical stirring, further sonication, ball milling, and micro-bead milling processes have
been employed for this purpose. Although these techniques might appear very different,
they are all governed by the transfer of physical shear stress onto nanotubes, which break
down the bundles. Usually, dispersion via shear mixing is only achievable for specific
types of CNTs, with a high shear rate in a rather viscous medium. Huang et al. (2006)
demonstrated that nanocomposites containing high loading concentrations of CNTs (up to
7 wt.%) could be dispersed via this technique [45]. However, the processing time signifi-
cantly increases as the loading concentration rises. More importantly, shear mixing tends
to sectionalise CNTs into shorter length, thereby reducing their conductivity significantly,
an undesired attribute for nanocomposite, which was intended for use as a sensor material.

Another concern of the optimisation is the sonication frequency. A higher power of
sonication, greater than 500 W, is desired as it provides a higher shearing force to break
down the CNT bundles. Nevertheless, prolonged exposure could possibly damage or
shorten the nanotubes that finally leads to decreased conductivity of the CNTs. For the
dispersion related to optimisation of the mechanical stirring, a specific speed (rpm) could
shorten the dissolution time. Prolonging the additional time of mechanical stirring led the
dispersion to become less stable, and CNT agglomerations were visibly seen. Therefore, the
use of non-covalent functionalisation, which maintained the CNT structure, was proposed
as a key strategy to achieve well-dispersed CNTs in PTh matrices and better PTh wrapping
towards the CNT sidewall. Referring to Bose et al. (2010), non-covalent functionalisation
was considered an efficient alternative strategy to tailor the CNT and polymer interface
and preserve the reliability of the nanotubes [46]. This route is particularly attractive
because of the possibility of adsorbing various groups of ordered architectures on the CNT
sidewall without disturbing the extended p-conjugation of the nanotubes. Besides the
effect of functionalisation during the preparation of polymer wrapping towards the CNT
sidewall, the effect of reaction time is also one of the crucial criteria. Hence, in this paper,
a composition of 1:1 of P3HT and MWCNT-OH was used, and the physical properties of
nanocomposites under the different reaction times were investigated. FESEM and HRTEM
were performed to study the structural and the wrapping dispersion of nanotubes in a
polymer matrix, whereas, the structural, morphological, and thermal stability properties
were evaluated by Raman, XPS, and TGA, respectively.

2. Experimental Section

2.1. Materials

Commercially available MWCNT-OH (purity, >95%) was purchased from Nanostruc-
tured & Amorphous Materials, Inc., Houstan, Texas, USA. Regioregular P3HT (molecular
weight, Mw 50,000 to 100,000; purity, ≥90%) and organic solvent tetrahydrofuran (THF)
were purchased from Sigma–Aldrich, Selangor, Malaysia. Methanol (CH3OH), a solvent
used for washing, was supplied by R&M Chemicals, Selangor, Malaysia. The materials
and solvent were used as received without further purification.

2.2. Preparation of P3HT/MWCNT-OH Nanocomposites

The preparation of P3HT/MWCNT nanocomposites was adopted from a previous
methodology [47], with a revised version. The schematic procedure followed for prepa-
ration of the nanocomposites is presented in Figure 1. Approximately 5 mg of MWCNT
and 5 mg of P3HT were added to a 25 mL volumetric flask consisting of a magnetic bar
(0.5 (L) cm × 0.2 (D) cm). Then, 5 mL of THF was poured into the volumetric flask. The
volumetric flask was placed in a ceramic heating plate, and the suspension was stirred
consistently at a speed of 650 rpm for 24 h at 50 ◦C (sample labelled as MWCNT-24). The re-
action mixture was then immersed in a water bath and sonicated at a frequency of 50 Hz for
2 h at room temperature. The resultant precipitate of the P3HT/MWCNT nanocomposite
was then carefully washed several times with methanol and further filtered using a vacuum
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Buchner funnel. The obtained black powder was dried at 25 ◦C for 24 h (MWCN-24). With
the same amount of materials and procedure, the preparation of nanocomposites was
repeated at different reaction times for 48, 72, 96, and 120 h and labelled as MWCNT-48,
MWCNT-72, MWCNT-96, and MWCNT-120, respectively. The yield of the nanocomposite
from each set of experiments was around 80 to 90%.
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mission Electron Microscope (HRTEM), JEOL JEM 2,100F HRTEM (Tokyo, Japan) at an
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recorded. The TGA was conducted using a TGA-DSC HT 3 analyser (Mettler Toledo,
Selangor, Malaysia) from a temperature of 25 to 900 ◦C at a heating rate of 10 ◦C/minute
under a nitrogen atmosphere to study the stability of the prepared nanocomposites.
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3. Results and Discussion

3.1. Raman Spectroscopy Analysis

Raman spectroscopy was used to study the possible interactions between pristine
MWCNT-OH and the P3HT. The pristine MWCNT-OH spectrum was compared with the
P3HT-wrapped MWCNT-OH nanocomposites that were prepared at different reaction
times, as can be seen in Figure 2. The summarised intensity ratio between the D band
and G band is presented in Table 1. From the Raman spectra it could be observed that
pristine P3HT had two distinct peaks at wavelengths of 1384 cm−1 and 1449 cm−1, which
corresponded to the C-C skeletal stretching vibrations and C=C skeletal stretching of the
thiophene ring deformation of the side chain of P3HT, respectively. The Raman spectra
of MWCNT-OH demonstrated two prominent peaks characteristic at 1300 cm−1 (D band)
attributed to the disorder and imperfection of the carbon crystallites and sp3 vibration
present in the MWCNT-OH structures [48]. Peaks at 1571 cm−1 (G band) corresponded
to one of the two E2g modes corresponding to stretching vibrations in the basal plane
(sp2 domains) of single-crystal graphene [49]. After the non-covalent functionalisation of
MWCNT-OH with P3HT, both the D band and G band were shifted to a higher wavelength
and an additional peak was observed at 1445 cm−1, which represented the characteristic of
protonated P3HT. A relative increase and shift in the D band led to the increased intensity
ratio, which indicated the slightly defected structures of the MWCNT-OH embedded by
the P3HT [6,50].
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Figure 2. Raman spectra of (a) pristine P3HT, (b) pristine MWCNT-OH and P3HT/MWCNT-OH nanocomposites prepared
at different reaction times.

The intensity ratio data presented in Table 1 showed that increasing the reaction time
of the suspension from 24 h to 120 h resulted in a linear increase in the intensity ratio of
ID/IG Raman spectra from 0.83 (pristine MWCNT-OH) to 0.98 (MWCNT-120). This trend
indicated that pristine MWCNT displayed a slightly less disordered structure compared to
nanocomposite samples. Gomez et al. (2016) increased the intensity ratio of the Raman
spectra corresponding to a higher number of sp3 carbon, which was generally attributed
to the presence of more structural defects [51]. The more structural defects in this study
referred to the successful functionalisation of the P3HT towards the wall of the MWCNT-
OH as a non-covalent interaction. This interaction led to less penetration of the electron for
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the detection of the graphitic surface (G band) rather than the penetration of the electron
on the wrapped area classified as a defective and imperfect surface.

Table 1. Intensity ratio of the ID/IG band of pristine MWCNT-OH and P3HT/MWCNT-OH
nanocomposites.

Sample ID IG ID/IG

Pristine MWCNT-OH 1297 1571 0.83
MWCNT-24 1312 1458 0.90
MWCNT-48 1313 1414 0.93
MWCNT-72 1372 1456 0.94
MWCNT-96 1390 1431 0.97

MWCNT-120 1398 1427 0.98

Additionally, since the glass transition temperature (Tg) of P3HT was low at 12 ◦C [52],
the longer contact time between the nanotubes and P3HT in suspension was expected
to increase the heat generation upon the stirring process over time. This synergised the
wrapping process of the P3HT onto the MWCNT wall and tips, whereas the additional new
peak at 1449 cm−1 for all the nanocomposite samples was due to C=C stretching vibrations
from polymer P3HT. The intensity of this peak was prominent for sample MWCNT-24
and showed a decreasing of trend as the reaction time increased. This indicated the
functionalisation of P3HT towards the MWCNTs-OH sidewall was possibly well formed
towards the success of P3HT wrapping (Figure 2). However, for sample MWCNT-120, a
well-defined peak could be seen at 1445 cm−1, which indicated that more a concentrated
thiophene group was present on the nanotube wall. Furthermore, interactions between
MWCNT-OH and P3HT blended for nanocomposites at 24-hour reaction time caused a
shift in the D band of about 14 cm−1, from 1297 to 1312 cm−1, and in the G band of about
80 cm−1 from 1571 to 1492 cm−1. For the longer reaction time at 120 h, the nanocomposites
caused a shift in the D band of about 8 cm−1, from 1297 to 1398 cm−1, and in the G band
of about 26 cm−1 from 1571 to 1427 cm−1. The shifting of both the D band and G band
in the Raman spectra was due to the wrapped polymer on the nanotube walls and this
was in line with the observation from FESEM images and was supported by the diameter
size distribution histogram. A clear enhancement in the intensity ratio observed on P3HT
wrapping was also reported by other researchers, which correlated with the effect of
non-covalent polymer wrapping on the CNT sidewall [53–56].

3.2. XPS Analysis

The presence of the functional group on the sidewall of P3HT/MWCNT-OH nanocom-
posites, prepared at different reaction times, was further investigated using XPS analysis
(Figure 3 and Table 2). It could be seen that the intensity peak for pristine MWCNT-OH exhib-
ited an intense peak at 283.45 corresponding to C 1s (97.25%) and a relatively intense peak
at 531.6 eV corresponding to O 1s (2.75%) [57]. There was no S 2s or S 2p spectrum in the
case of the MWCNT-OH. The S 2p core-level spectrum of P3HT and P3HT/MWCNT-OH
could be deconvoluted into at least two spin-orbit-split doublet (S-2p3/2 and S-2p1/2) peaks at
approximately 165.1 eV and 165.8 eV, respectively, which were attributed to the neutral sulfur
atoms [58]. In a study by Karim et al. (2006), the successful wrapping of PTh towards the CNT
sidewall could be observed by the two peaks of S 2p, which appeared at 163.7 and around
230 eV for S 2s [50]. This means that the chemical environment of the S element, in pure P3HT
and P3HT/MWCNT-OH, was almost identical. The MWCNT-OH nanocomposites for all
samples wrapped with P3HT showed a decrease in carbon and oxygen contents, whilst the
peak for the sulfur content started to appear for all nanocomposites samples. An enhancement
in the intensity for all nanocomposite samples, such as P3HT/MWCNT-OH at 72 h, exhibited
characteristic peaks of sulfur at 227 eV (S 2s) and 163 eV (S 2p) in addition to C 1s and O 1s
peaks, which confirmed the presence of thiophene moieties from P3HT on the MWCNT-OH
sidewall [59–62].
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C 1s 284.0 80.5
O 1s 531.0 2.7
S 2s 227.0 8.5
S 2p 163.0 8.3

MWCNT-96

C 1s 281.0 78.2
O 1s 529.0 2.78
S 2s 225.0 6.6
S 2p 161.0 12.5

MWCNT-120

C 1s 281.0 77.07
O 1s 529.0 2.63
S 2s 225.0 6.5
S 2p 161.0 13.8

The P3HT/MWCNT-OH with 120 h of reaction time contained the higher atomic
composition of P3HT at S 2s and S 2p, which was evident for the higher P3HT wrapped
on the MWCNT-OH sidewall and increased the diameter size distribution (Table 3). The
intensity of the carbon atomic percentage was found to decrease as the reaction time
increased up to 120 h of reaction time, compared with the pristine MWCNT-OH carbon
atomic percentage because the graphite surface of the MWCNT-OH was covered by the
P3HT. This complemented the Raman results (Table 1), whereby prolonging the reaction
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time led to an increase in the defective band (D band), which was related to the Raman
intensity ratio. The increased defective band indicated the graphitic or the carbon atoms
had been covered or wrapped with the P3HT on the MWCNT-OH sidewall.

Table 3. Mean diameter of P3HT/MWCNT-OH nanocomposites at different reaction times.

Sample Diameter (nm) Standard Deviation

Pristine MWCNT-OH 27 8.10
MWCNT-24 33 12.48
MWCNT-48 35 14.80
MWCNT-72 42 18.30
MWCNT-96 45 12.58
MWCNT-120 50 19.24

3.3. FESEM and Mean Diameter Size Distribution Analysis

Figure 4 depicts the texture surface morphology of pristine P3HT, pristine MWCNT-
OH, and the nanocomposite images that were prepared at different reaction times under
FESEM. As shown in Figure 4a, the pristine P3HT showed a smooth surface texture without
any notable morphology, and it was clearly visible, whereas, the morphology of pristine
MWCNT-OH in Figure 4b showed that the nanotubes were not well aligned and were
randomly entangled. In certain areas, the nanotubes were highly interconnected with
each other, and agglomeration of MWCNT-OH was highly visible. This behaviour was
explained by the fact that due to strong intrinsic van der Waals forces, CNTs tend to
hold together as bundles, which eventually leads to low solubility in many solvents and
therefore poor dispersion when mixed into various polymers.
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Figure 4. FESEM image of (a) pristine P3HT, (b) pristine MWCNT-OH, P3HT/MWCNT-OH nanocomposites at different
reaction times (c) 24 h, (d) 48 h, (e) 72 h, (f) 96 h, and (g) 120 h.

For the P3HT/MWCNT-OH nanocomposites, the surface texture became coarser than
the pristine MWCNT-OH, indicating that they were successfully wrapped and covered
by the P3HT matrix. From the optimised reaction time for polymer wrapping, the non-
covalent π–π interaction and CH-π interaction took place on wrapping of P3HT over
MWCNT-OH walls. From the images in Figure 4c,d for MWCNT-24 and MWCNT-48, it
was observed that there was not much difference in the images. The FESEM image showed
P3HT were agglomerates and were inhomogeneously distributed on the nanotube surface.
Furthermore, highly saturated, thicker and unsmooth wrapping spots were observed in
certain areas. The entangled nanotubes were still visible in certain areas. This might be
due to insufficient contact time for the P3HT to overcome the van der Walls forces towards
the nanotube surface that led to better dispersion and wrapping. For MWCNT-72 and
MWCNT-96 nanocomposite images in Figure 4e,f, less tangling and better alignment of
MWCNT-OH were observed. This was due to the successful covering and wrapping of
the P3HT, which made the nanotube sidewall thicker. In some areas, a highly uniform
coating of P3HT along the nanotube surface could be seen. However, bigger clusters and a
coarser surface were clearly shown in the images observed for MWCNT-120 in Figure 4g.
This might be attributed to the swelling of P3HT due to a longer reaction time that made it
saturated in a certain area along the nanotube wall.

The mean diameter size of nanocomposites was obtained using ImageJ software based
on 100 points plotted in FESEM images. The histogram average of the variation of the
diameter size distribution and standard deviation data observed for pristine MWCNT-OH
and the P3HT/MWCNT-OH is shown in Figure 5 and Table 3, respectively. An average
diameter size (together with standard deviation (stdev)) of the nanocomposite continued
to increase from 27 nm (stdev = 8.10), 33 nm (stdev = 12.48), 35 nm (stdev = 14.80), 42 nm

257



Polymers 2021, 13, 1916

(stdev = 18.30), 45 nm (stdev = 12.58), and 50 nm (stdev = 19.24). This showed that
the increase in the reaction time of the suspension increased the effectiveness of P3HT
wrapping towards the MWCNT-OH sidewall by the increased diameter of MWCNT-OH.
This also correlated with the intensity ratio of ID/IG Raman spectra, whereby the intensity
ratio increased as the reaction time of the polymer wrapping increased.
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Figure 5. Histogram of diameter size distribution of (a) pristine MWCNT-OH and (b–f) P3HT/MWCNT-OH nanocompos-
ites at different reaction times.
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3.4. High-Resolution Transmission Electron Microscopy Analysis

In order to have a better resolution of the behaviour of individual nanotubes wrapped/
unwrapped with P3HT, the nanocomposite was imaged using HRTEM. A close analysis of
isolated nanocarbon confirmed that MWCNT-OH dispersed well in the polymer matrix.
From the images in Figure 6, at lower reaction times of 24 h and 48 h during the preparation
of nanocomposites, it could be seen clearly that there was a heterogeneous distribution of
MWCNT-OH in the polymer matrix. There were unwrapped and non-uniformly wrapped
P3HTs on nanotubes that adhered to the MWCNT-OH sidewalls with a diameter of about
30 nm. This slightly expanded the diameter of nanotubes, which were close to the diameter
of pristine MWCNT-OH, and this might explain that a longer reaction time was required to
enhance the interaction between P3HT and MWCNT-OH. Such ununiform P3HT wrapped
over the MWCNT-OH sidewall could be attributed to a low electronic interaction between
the lone pair of sulphur ions in P3HT and the π-bond from MWCNT-OH [63], whereas
nanocomposites that were prepared at 72- and 96-hour reaction times showed that the
nanotubes were dispersed homogenously with less entanglement and more aligned tubes.
This might be due to sufficient time for the P3HT to swell, make an interaction and wrap
the MWCNT-OH sidewalls. The formation of highly uniform and thick coatings of the
P3HT layer was found on the sidewall of MWCNT-OH, which accounted for the stability
of the P3HT/MWCNT-OH nanocomposites. This might be explained by the non-covalent
of π–π interaction and CH-π interaction, which occurred on the wrapping of P3HT over
the MWCNT-OH that resulted in uniform dispersion by overcoming the van der Waals
forces between the MWCNT-OH [48].
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However, the maximum reaction time at 120 h might experience a different behaviour
of the nanocomposite texture. The apparent formation of excess P3HT on the surface that
resulted in thickening of the diameter of nanotubes with ununiform wrapping occurred at
a longer reaction time. This was in agreement with the Raman spectra analysis and FESEM
images. From Figure 6, it was observed that at a lower reaction time of 24-hour preparation
of nanocomposites, there were unwrapped parts of MCNT-OH by the P3HT and non-
uniform wrapping, which adhered to the MWCNT-OH sidewalls with a diameter of 30 nm,
which was around the diameter of pristine MWCNT-OH. Such ununiform P3HT that
wrapped over the MWCNT-OH sidewall could be accredited to less electronic interaction
between the lone pair of sulphur ions in P3HT and the π-bond from MWCNT-OH [63].
This showed that a longer reaction time of the suspension was needed for better interaction
between P3HT and MWCNT-OH. A longer reaction time obviously showed a reduction in
the parts of unwrapped MCNT-OH. This might be due to sufficient time for the P3HT to
swell, form an interaction and then wrap the MWCNT-OH sidewalls. Hussein et al. (2020)
suggested that highly efficient π-conjugated systems might facilitate extra movement of
charge carriers, as the nanocomposites would show a significant improvement in the direct
current (DC) electrical conductivity, electrochemical behaviour, sensing ability, and the
limit of detection (LOD) [64].

3.5. Thermogravimetric Analysis

The thermogravimetric analysis (TGA) and the differential thermogravimetry (DTG)
curves for pristine P3HT, pristine MWCNT-OH, and P3HT/MWCNT-OH nanocomposites
at different reaction times are presented in Figure 7a,b. A single degradation step was ob-
served for pristine P3HT, which corresponded to the degradation of the alkyl side chain and
main chain backbone at a temperature of 487.2 ◦C accompanied by a symmetric exothermic
peak. Hacaloglu et al. (1997) stated that the degradation referred to the unsaturation along
the chain, and the breaking of the thiophene ring was assigned to be the most possible de-
composition pathway [65]. The MWCNT-OH was comparatively very stable in the range of
0 to 900 ◦C, with only 1.3% weight loss recorded at a temperature above 600 ◦C (2nd stage).
This corresponded to the degradation temperature of impurities, C=C and C–OH [36].
Peng et al. (2008) indicated that the degradation of MWCNT significantly commenced at
a temperature above 599.85 ◦C [66]. The 1st stage of decomposition of MWCNT-OH was
observed at a temperature of 310.5 ◦C, which corresponded to the removal of hydroxyl
groups on MWCNT [67,68]. Overall, based on the Tonset (Table 4), the thermal stability of
the P3HT/MWCNT-OH was improved when the reaction time increased. This might have
been influenced by the sufficient time for the P3HT to swell, form an interaction and then
wrap the MWCNT-OH sidewalls that finally led to the improvement of thermal stability.
This stage might be due to the chain scission of the sulfur atoms from the P3HT. However,
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the onset temperature for the P3HT/MWCNT-OH for all samples was observed from 342.7
to 355.5 ◦C.
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Table 4. Characteristic temperatures of nanocomposites at elevated weight loss.

Sample Tonset (◦C) Tmax (◦C) T10% (◦C) T25% (◦C) Weight Loss (%) at 500 ◦C

Pristine P3HT - 487.2 462.9 479.6 55.0
Pristine MWCNT-OH 310.5 - - - 1.3

MWCNT-24 342.7 481.0 364.8 478.4 33.8
MWCNT-48 351.3 480.7 446.1 483.5 31.7
MWCNT-72 351.5 481.0 450.2 488.9 31.0
MWCNT-96 354.5 480.2 455.4 490.0 30.5

MWCNT-120 355.5 479.5 461.5 493.8 26.1

It was observed that there was no significant trend in the degradation temperature
for the Tmax from the P3HT/MWCNT-OH nanocomposites. At this stage, the degradation,
which occurred for P3HT/MWCNT-OH nanocomposites, might correspond to the side
chain and the polymer backbone degradation. The thermal stability of P3HT/MWCNT-OH
upon increased reaction time also supported the observation for T10% and T25%, which
referred to the degradation temperature at 10% of weight loss and 25% of weight loss,
respectively. While at a temperature of 500 ◦C, the weight loss percentage was reduced as
the reaction time increased from 24 h to 120 h. Compared to pristine P3HT, a reduction of
weight loss was observed, from 55 to 26.1%. In addition, the phenyl ring in the P3HT back-
bone could increase thermal stability due to its role in the conjugation length. This proved
that the effect of reaction time might influence the thermal stability and the weight loss of
the nanocomposites. As a result, the greater thermal stability of the nanocomposites could
result in the excellent stability of the conductivity of P3HT/MWCNT-OH nanocomposites
at higher temperatures. The results in Table 4 show that the thermoelectric performance of
the nanocomposites could be investigated under 300 ◦C, without destroying the structure
of P3HT.

4. Conclusions

In this study, non-covalent functionalisation of a P3HT-wrapped MWCNT-OH nanocom-
posite was successfully prepared. It was found that the textural, structural, morphological,
and thermal stability of the resultant nanocomposite properties changed significantly as
the reaction time during the stirring process increased from 24 h to 120 h. The HRTEM
and FESEM images revealed the incorporation of P3HT wrapped homogenously on the
MWCNT wall at a lower reaction time with thickness in the range of 6 to 8 nm, whereas as
the reaction time increased, the distribution of P3HT wrapped on the CNT wall became less
homogeneous with the distribution of a thick P3HT layer of 20 to 23 nm wrapped onto the
outer walls in certain areas. The intensity ratio from the Raman spectra increased up to 19%
at a longer reaction time of 120 h compared with pristine MWCNT-OH, which caused the D
band to increase and lowered the G band, which provides evidence of successful dispersion
and wrapping of MWCNT-OH into the P3HT matrix. The stability of the nanocomposites
increased as the reaction time increased, which influenced the thermal stability and the
weight loss of the nanocomposites. In addition, this result would be expected for an effec-
tive electronic as well as π–π interaction between the P3HT and MWCNT-OH system that
prolonged the degradation of the composite system at a certain point. Therefore, this study
suggests that greater thermal stability and electronic interaction of the nanocomposites
could drive the excellent potential application in the fabrication of polymer-based devices.
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Abstract: Natural fibers have attracted great attention from industrial players and researchers
for the exploitation of polymer composites because of their “greener” nature and contribution to
sustainable practice. Various industries have shifted toward sustainable technology in order to
improve the balance between the environment and social and economic concerns. This manuscript
aims to provide a brief review of the development of the foremost natural fiber-reinforced polymer
composite (NFRPC) product designs and their applications. The first part of the manuscript presents
a summary of the background of various natural fibers and their composites in the context of
engineering applications. The behaviors of NFPCs vary with fiber type, source, and structure. Several
drawbacks of NFPCs, e.g., higher water absorption rate, inferior fire resistance, and lower mechanical
properties, have limited their applications. This has necessitated the development of good practice
in systematic engineering design in order to attain optimized NRPC products. Product design and
manufacturing engineering need to move in a mutually considerate manner in order to produce
successful natural fiber-based composite material products. The design process involves concept
design, material selection, and finally, the manufacturing of the design. Numerous products have
been commercialized using natural fibers, e.g., sports equipment, musical instruments, and electronic
products. In the end, this review provides a guideline for the product design process based on natural
fibers, which subsequently leads to a sustainable design.

Keywords: natural fiber composite; product design; sustainability design; design process

1. Introduction

A new product begins with an idea and ends with the physical production of the
product. According to Milton and Rodgers [1], to minimize or reduce the impact of a
product on the environment, it is necessary to reconsider its impact throughout its life
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cycle, such as how it is produced, the development process, usage, packaging, preservation,
and recycling or disposal. When a product ignores environmental factors in its design
process, designers are likely to face backlash from their customers. The competition of the
product market nowadays is increasing; therefore, designers should consider the selection
of environmentally friendly materials as the main criteria in their design.

Natural fiber composites are environmentally friendly materials that have attracted
attention in the field of product manufacturing engineering [2,3]. Starting 3000 years ago,
straw-reinforced clay was the first composite material to be used by the ancient Egyptians
in their building construction. Research and development have proven that natural fibers
have been successfully applied as reinforcements in the composites industry, such as for
transportation, interior components, building, aircraft, and construction [4–8]. Furthermore,
natural fiber composites have the advantages of being cheaper than synthetic composites,
bio-degradable, abundantly available, renewable, and lightweight [9–16]. Natural fibers
originate from three sources, namely, plants, animals, and minerals. There are more than
2000 types of fiber plants in the world, and these are mostly composed of cellulose, e.g., ke-
naf, sugar palm, bamboo, corn, cotton, flax, hay (from grass cutting), hemp, henequen, jute,
pineapple leaf, banana, ramie, and sisal [17,18]. The use of natural fibers in composites can
also solve some other problems, such as moderate energy consumption during production,
leaving almost no carbon footprint, and reducing disposal problems [19–22].

Design is the first step in the manufacturing process; at this stage, many important
decisions need to be made that will affect the result of a product. Therefore, several things
need to be considered, such as manufacturing, assembly, cost, sales, maintenance, disposal,
and recycling, early on in the design process. In addition, 70% of product manufacturing
costs are determined at an early stage of the design process [23]. Product design using
natural fiber composite uses the same method as other product design processes [24–26].
Product designers will determine the formal qualities of products manufactured by industry
by focusing on aptness in function, use, ease of production, materials, cost, and the number
of constituent parts. Additionally, they also concentrate on user experience—the interaction
between users and products, types of meanings products evoke, and what sorts of emotions
the products elicit [17]. Marzuki [27] also reported that designers need three things, namely,
material, machinery, and method of manufacturing. This means that designers do not
only have to produce quality designs, but they are also responsible for proposing and
determining the appropriate materials so that the product can be produced at an affordable
cost. This shows that the use of materials, human factors, and design are interrelated and
can serve as a guideline to designers.

Fundamentally, design and manufacturing need to move in an integrated manner to
complete the design process, including design concepts, material selection, and manufac-
turing process selection. Each problem needs to be addressed according to its respective
expertise. Some experts will focus on the materials to be used, while others will focus on
design concepts [24,28]. Design concepts and materials can be combined in a computer
system, namely, computer-aided drawing (CAD) and finite element analysis (FEA).

2. Natural Fiber Reinforced Composite Material

Natural Fiber

Natural fiber materials have become increasingly popular in the manufacturing in-
dustry and have been studied by many researchers. Natural fibers are divided into three
categories, namely, cellulose-based, protein-based, and mineral-based, as shown in Table 1.
Natural fibers are sustainable materials that are available in nature and have advantages
as listed in Table 2. The compositions of natural fibers can be divided into three main
components, which are cellulose, hemicellulose, and lignin. Table 3 displays the chemical
composition of the natural fibers, in which the chemical composition and cell structures
are quite complex and differ between plant parts and origins. Depending on the cellulose
crystallinity, the physical, chemical, and mechanical behaviors of the lignocellulosic fibers
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vary from one to another [29,30]. Generally, natural fiber’s main constituent is cellulose, at
30–80%, followed by hemicellulose at 7–40%, and 3–33% lignin, as shown in Table 3.

Table 1. Types of natural fibers [31–34].

Natural
Fiber

Cellulose/Lignocellulose

Grass/Reed Bamboo, corn

Stalk Wheat, maize, oat, rice

Wood Hardwood, softwood

Fruit Coir

Seed Cotton

Leaf Abaca, banana, pineapple, sisal

Bast Flax, hemp, jute, kenaf, ramie

Animal
Wool/hair

Cashmere, goat hair, horse hair,
lamb wool

silk Mulberry

Mineral - Asbestos, ceramic, metal

Table 2. The advantages of natural fibers.

Author (Year) Advantages of Natural Fibers

Bakar et al. [10]
Low cost, low elongation, low density, non-conductivity, corrosion resistance, absorb

significant amounts and able to solve environmental pollution.

Corona et al. [35]
Renewable, moderate energy consumption for production and disposal can reduce

environmental problems.

Hanan et al. [4]
Has certain strength properties, non-rough surface, lightweight, renewable, has specific

modulus properties, can reduce pollution, biodegradable, require less energy to produce,
and inexpensive.

Aji et al. [36]
Low density, cost-saving during manufacturing, less rough surface, harmless

biodegradation, renewable, comparable mechanical properties with inorganic fiber,
recyclable in most countries, and the surface is easily modified.

Amir et al. [37] Substitute for synthetic fibers and as a reinforcing material in composites.

Nordin et al. [11]
In terms of mechanical properties, natural fibers are a good substitute for polymer

composites because of their renewable material source, light weight, inexpensiveness, low
density, and the materials are readily available.

Maleque et al. [38] Ease of use in chemical and mechanical modifications.

Rognoli et al. [17] Environmentally friendly materials.

Taekema and Karana, [39]

Low density, high specific strength, renewable, recyclable according to the mixture of
materials used, high thermal and acoustic insulation, energy consumption savings of up to
60% in the production process (average for automotive component manufacturing), can be

produced with low technology and investment and highly recommended for
developing countries.

Sapuan and Maleque [40]
Mechanical properties are comparable to existing conventional materials that include low

production costs, renewability, and environmentally friendly materials.

Shekar and Ramachandra [41]
Good mechanical properties, renewable, non-abrasive to process equipment, and can be

burned at the end of its life cycle for energy recovery, and also abundantly available.

Elanchezhian et al. [9]

Renewable, inexpensive, completely or partially recyclable material, and biodegradable. In
addition, this material has low density, low cost, and has environmentally friendly
mechanical properties. It is also an alternative material for fiberglass, carbon, and

human-made fibers for composite manufacturing.
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Table 2. Cont.

Author (Year) Advantages of Natural Fibers

Ilyas et al. [42–44] Cost-effective, biodegradable, and renewable materials.

Peças et al. [31]
Renewable, low production costs, low density, acceptable modulus–weight ratio, low

manufacturing energy consumption, low carbon, and biodegradable.

Huda et al. [45]
Cheaper, less energy required in the production of fiber reinforcement compared to

conventional fibers such as glass and carbon.

Thyavihalli Girijappa et al. [46] Abundantly available and cost-effective production.

Arpitha et al. [47]
Good mechanical properties, light weight, low cost, high specific strength, less rough

surface, environmentally friendly, and good biodegradation characteristics.

Madhu et al. [48]

Creates huge employment opportunities in the rural plantation sector, available in large
quantities, biodegradable, recyclable, better energy recovery, low production costs,

lightweight materials, high strength and specific modulus, lower health risks, low density,
low cost, less skin irritation, less abrasion of equipment, reduced tool wear, improved

energy recovery, and reduced skin irritation and respiration

Table 3. Chemical composition of selected common natural fibers.

Fibers Holocellulose (wt. %)

Lignin (wt. %) Ash (wt. %)
Extractives

(wt. %)
Crystallinity

(%)
Ref.Cellulose

(wt. %)
Hemicellulose

(wt. %)

Arecanut husk 34.18 20.83 31.60 2.34 - 37 [49]

Banana 7.5 74.9 7.9 0.01 9.6 15.0 [50]

Curauna 70.2 ± 0.7 18.3 ± 0.8 9.3 ± 0.9 - - 64 [51]

Helicteres isora plant 71 ± 2.6 3.1 ± 0.5 21 ± 0.9 - - 38 [52]

Kenaf bast 63.5 ± 0.5 17.6 ±1.4 12.7 ± 1.5 2.2 ± 0.8 4.0 ± 1.0 48.2 [53]

Kenaf core powder 80.26 23.58 - - 48.1 [54]

Mengkuang leaves 37.3 ± 0.6 34.4 ± 0.2 24 ± 0.8 2.5 ± 0.02 55.1 [55]

Oil palm empty fruit bunch
(OPEFB) 37.1 ± 4.4 39.9 ± 0.75 18.6 ± 1.3 - 3.1 ± 3.4 45.0 [56]

Oil palm empty fruit bunch
(OPEFB) 40 ±2 23 ±2 21 ± 1 - 2.0 ± 0.2 40 [57]

Oil palm frond (OPF) 45.0 ± 0.6 32.0 ± 1.4 16.9 ± 0.4 - 2.3 ± 1.0 54.5 [56]

Oil palm mesocarp fiber (OPMF) 28.2 ± 0.8 32.7 ± 4.8 32.4 ± 4.0 - 6.5 ± 0.1 34.3 [56]

Phoenix dactylifera palm leaflet 33.5 26.0 27.0 6.5 - 50 [58]

Phoenix dactylifera palm rachis 44.0 28.0 14.0 2.5 - 55 [58]

Pineapple leaf 81.27 ± 2.45 12.31 ± 1.35 3.46 ± 0.58 - - 35.97 [59]

Ramie 69.83 9.63 3.98 - - 55.48 [60]

Rubber wood 45 ±3 20 ± 2 29 ± 2 - 2.5 ± 0.5 46 [57]

Soy hull 56.4 ± 0.92 12.5 ± 0.72 18.0 ± 2.5 - - 59.8 [61]

Sugar beet 44.95 ± 0.09 25.40 ± 2.06 11.23 ± 1.66 17.67 ± 1.54 - 35.67 [62]

Sugar palm 43.88 7.24 33.24 1.01 2.73 55.8 [63]

Sugarcane bagasse 43.6 27.7 27.7 - - 76 [64]

Water hyacinth 42.8 20.6 4.1 - - 59.56 [65]

Wheat straw 43.2 ± 0.15 34.1 ± 1.2 22.0 ± 3.1 - - 57.5 [66]

3. Composites

In 1980, a fiberglass-reinforced plastic composite (GFRP) known as fiberglass and
carbon fiber-reinforced polymer composite (CFRP) was designed. Composites are formed
from a combination of two or more materials of physical and chemical difference [41].
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This combination consists of the reinforcement phase, in the form of fibers, pieces, or
particles [67,68], being embedded in other materials, referred to as the matrix phase [69–71].
Reinforcement is load-bearing, while the matrix phase serves as a binder of the reinforcing
material and distributes the load between the fibers. According to Elanchezhian et al. [9],
the matrix also acts as a material to protect the fiber material from damage, before, during,
and after composite processing. This combination is able to produce new materials with
better properties than the individual material [15,72].

On the other hand, composite hybrids involve a combination of two or more fibers in
a matrix [10]. Composite hybrids also have broad prospects in product design as manufac-
turing materials. Hybrid composites can overcome several natural fiber deficiencies, e.g.,
low mechanical properties, high absorption properties, poor adhesion, and poor thermal
stability during the process [4]. The results of the studies by Rashid et al. [73] on Kevlar
reinforced with woven coir found that the impact strength showed minimal enhancement
while the breakable properties of pure epoxy composites were decreased. According to
Jawaid et al. [74], the addition of fibers and coupling agents significantly improved the
thermal stability (e.g., decomposition and residue content) of the hybrids. In addition, a
study conducted by Masoodi and Pillai [75] found that hybrid jute composites possessed
high resistance to water absorption. However, the strength of hybrid jute composites was
decreased as the humidity was increased. To reduce this effect, more jute fiber fractions are
needed. Past studies have also found that the combination of natural fiber with synthetic
fiber should be preferably recommended. For instance, a study on long kenaf fibers with
Kevlar highlighted the effectiveness of materials, as well as cost material savings. The
result of the study showed that reinforcing 20% of Kevlar’s weight within the composite
kenaf enabled it to absorb a maximum energy of 12.76 J [10]. This has proven that the com-
bination of Kevlar fiber with a kenaf composite is capable of improving energy absorption
and imparting higher strength properties.

4. Product Design for Natural Fiber Composite (NFC)

Industrial design (ID) is the professional practice of designing products, devices,
objects, and services used by millions of people around the world every day [76]. Prod-
uct design is one of the sub-areas in industrial design that include medical and safety
equipment and home appliances. A good product design needs to go through a long
process, namely, the design process, before entering the manufacturing stage. According
to Abidin et al. [77], furniture design has a very wide scope and comprises furniture in
houses, offices, and public places. For transportation design, it consists of land, sea, and air
vehicles, e.g., cars, motorcycles, buses, sea trucks, ships, jet skis, helicopters, and airplanes.
According to Ramani et al. [78], in 2007, the industrial sector in the United States of Amer-
ica had produced over 1235 × 106 metric tons of carbon dioxide gas that would further
complicate the restoration of the greenhouse gases.

4.1. Selection Material in Product Design

Product designers can use natural fiber composite materials in design proposals in
order for the design to be promoted as an eco-design. Eco-design is also known as design for
the environment, and is defined as the process of “integrating a systematic environmental
system into product design and development” [79]. Designers need to be more careful
in choosing the right natural fiber for a product. According to research conducted by
Karana [80], the choice of material often depends on the material that has been used
before, to ensure that the material to be used is safe. However, this method causes the
selection of materials to be limited. The selection of material plays an important role in the
production of an innovative product. According to a study by Taekema and Karana [39],
materials can be distinguished according to their sensory properties, e.g., blurred texture
and transparency, or mechanical properties such as tensile strength, thermal conductivity,
and the ability of materials to be processed and shaped, for example, they can be painted or
injected. This process needs to be completed in the conceptual design phase. Figure 1 shows
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the design process starting from the initial stage of idea sketching to 2D rendering [81].
Therefore, as an introduction, designers should form an overview of these key properties,
e.g., sensorial properties (such as its velvet-like texture and its transparency), technical
properties (such as it specific tensile strength), and formability properties (such as its ability
to undergo injection molding or being paintable) to inspire and stimulate them to decide on
a particular material. Unless technical requirements are defined at the outset of the project,
product designers consider the technical properties at an overview level, and not in detail at
the conceptual design stage [39]. According to Elvin Karana et al. [82], designers can use the
Meanings of Material (MoM) model as a guideline for material selection. These guidelines
can also be applied by product designers to select natural fibers that are appropriate for
the designed product. In addition, natural fibers also have intangible properties, such
as their relation to trends and value to the culture, and emotions evoked by a material.
These circumstances play important roles in helping product designers to make decisions
in material selection.

 

Figure 1. Design process flow.

4.2. Evaluation Concept for Product Design

Product designers need reliable, rigorous, and robust methods for evaluating and se-
lecting their design proposals. Choosing the right method is very important, and choosing
the wrong product design proposal to be developed can be very costly to the manufacturer
in terms of money, time, and other valuable resources. Designers need to constantly evalu-
ate the direction of their design concept while, at the same time, creating many concepts to
choose from. When considering the selection of proposals, product design specifications
(PDS) are very useful because they serve as evaluation parameters in the process [1]. Poor
PDS is also one of the reasons for low-quality or unsuccessful products. Specifications are
desired as measurable parameters of features that facilitate the realization of a function [83].
Table 4 shows some of the key points that should appear in a PDS. These are taken from
a pilot study conducted by Azman et al. [84] into redeveloping a face mask design for
hajj people.

Matrix evaluation, or the Paugh method, is a quantitative technique used by designers
to evaluate their proposed design concepts by ranking them against the set criteria stated
in the PDS [1]. This method was invented by a British engineering design professor Stuart
Paugh, who was considered a pioneer in product design development, and this method
has been used worldwide in the field of design for manufacturing [23]. The selection of
concept design proposals is one of the processes involved in narrowing down a number
of alternative proposals and aims to select one for further development and refinement.
Below is the decision matrix model (Paugh’s method). As stated by Mahmud et al. [83],
a significant increase in the information available on product design specifications (PDS)
during the design process leads to a lower rate of product desertion. The process of
selecting the most satisfactory design proposal according to the PDS is very important in
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ensuring that the proposed design concept does not deviate from the guidelines as stated
in the PDS. Matrix evaluation can help designers, engineers, manufacturers, marketing
staff, users, clients, and buyers to reduce ambiguity and confusion in the evaluation and
selection process, resulting in clearer communication and the delivery of successful new
products to market more frequently.

Table 4. Product design specification (PDS).

Design Specifications Explanation

Universal design
Usable by both genders; availability of different sizes; usable by pilgrims with a beard, other facial hair,
or other conditions that prevent a good seal between the face and the sealing surface of the face mask

Comfortable
Ergonomic; large breathing space (or dead space) for relaxed breathing; reduced facial covering

without compromising the face mask’s efficiency

Effectiveness Therapeutic effectiveness of the face masks against airborne infectious diseases is highly critical

Low cost The low cost can allow face masks to be given for free by Tabung Haji, as preferred by the pilgrims

4.3. Development of Product Design by Integrating Design for Sustainability with Other
Concurrent Engineering Techniques

During the process of the development of NFCs products, product engineers have to
implement the concept of design for sustainability (DfS) in order to promote sustainable
products. Design for sustainability (DfS) could play a vital role in directing us towards
sustainable consumption and production, which is defined based on the four pillars of
sustainability ((1) ecological, (2) social, (3) economic, and (4) institutional, as shown in
Figure 2) that are essential to achieving sustainable life quality [85]. For designers to
practice sustainability, they should include and assess these four pillars, from obtaining the
resources to producing final products [86]. It is fundamental to incorporate constituents that
adhere to consumption and production standards, including the use of the most appropriate
technology, materials, and production processes to achieve zero carbon emissions and
minimal non-renewable resource use, whilst paying attention to the impacts on human
well-being [87].

 

Figure 2. The pillars of sustainability [88]. 
Figure 2. The pillars of sustainability [88].
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Commonly, the DfS approach exploits the design for excellent (DfX) to produce a
sustainable product. This process involves the analysis of the environmental impacts of
specific design attributes, comprising safety and biodegradability prospects, in the devel-
opment of sustainable components/products. Jawahir et al. [89] proposed a conceptual
framework for DfS based on the DfX principles as displayed in Figure 3. The implementa-
tion of concurrent engineering in product development is essential to satisfying human
needs and developing sustainable products before the manufacturing process [90]. In par-
ticular, a biocomposite product has to meet the requirements of life cycle analysis and sales
trends, e.g., raw material and production costs, product’s performance, and consumer’s
demands [91,92].

 

Figure 3. Elements within design for sustainability (DfS) [89].

4.3.1. Theory of Inventive Problem Solving (TRIZ)

TRIZ, or the theory of inventive problem solving, is a tool used by concurrent en-
gineers to develop various solutions using inventive principles to cater to the problems
that arise [93]. The tool also eliminates any negative drawbacks that may arise during
the development of the solution, as it is focused on the root cause of the problem [94–96].
Initially, the tool is applied to determine the design intentions (purpose subject of the
design) before the development of inventive solutions, specifically for the design. The TRIZ
tool can be categorized into four main techniques: (1) Su-field modeling, (2) algorithms
of inventive problem solving (ARIZ), (3) prediction of technology trends, and (4) contra-
diction engineering with 40 inventive principles [97]. The application of the techniques
depends on the complexity level of the targeted problems when attempting to system-
atically solve a problem by identifying opportunity and innovation techniques [98]. In
this case, Cascini et al. [99] developed a new concept of sheet metal snips based on TRIZ
contradiction methods, which compare the improving and worsening parameters to select
suitable inventive principles. At the end of the product development process, they refined
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the design concepts via a CAD optimization tool. Figure 4 displays the conceptual design
process conducted by Asyraf et al. [100].

 

Figure 4. The application of TRIZ in the concurrent engineering conceptual design framework to develop the product 
Figure 4. The application of TRIZ in the concurrent engineering conceptual design framework to develop the product [100].

4.3.2. Voice of Customer

Voice of customer (VOC) is one of the main approaches in concurrent engineering
to generate ideas for design intends. The voice of the customer is obtained via many
techniques, including direct customer specifications, observation, surveys, discussion
or interviews, focus groups, warranty data, and field reports. From these VOC data,
this information is then incorporated in a product planning matrix or quality function
deployment (QFD) [101]. The QFD is used to define customer requests and turn this
information into systematic plans to produce products to meet those desires [101].

4.3.3. Morphological Chart

The morphological chart is a concurrent engineering technique that implements
a chart with various arrangements to aid designers in selecting new combinations of
attributes/elements. The “morphology” term refers to the study of the form or shape of the
material, whereas “morphological chart” is defined as a systematic approach to generating
and analyzing the form or characteristics of a product that might be selected [102,103]. The
chart functions to offer a series of choices for each element and component that can be
combined to become a solution idea. The combination of elements and components would
create multiple design features beneficial for the product’s functions. Figure 5 displays
an example of a morphological chart used to develop and model conceptual designs for a
natural fiber composite fire extinguisher.
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Figure 5. Morphological chart used to elaborate the design characteristics of a fire extinguisher, by Asyraf et al. [104].
(A)—concept design A, (B)—concept design B, (C)—concept design C, (D)—concept design D.

4.3.4. Extending the Search Space

This concurrent engineering approach is also called the “Why? Why? Why?” tech-
nique, which is used to elaborate the search option by questioning the root cause of the
problem [105]. For this case, the question would be “Why do we need safety in com-
posite products?” After getting the answer to the question, it would be followed with
another “why” question, until a conclusive solution is reached. For this case, the method is
highly dependent on luck, thus brainstorming is suggested to solve the problems of the
product’s development.

4.3.5. Gallery Method

This technique is used by designers to produce ideas by displaying many generated
concepts simultaneously with a conducted discussion. Typically, these concepts are visu-
alized by sketching and taping them on the wall of the designer’s design room to review
each aspect of the idea. Designers may consequentially be able to suggest improvements
for the concept, or they might even suddenly generate related ideas via this process [106].
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4.3.6. Brainstorming

Analysis of the current systems or products is one of the methods used by many
designers and researchers to initiate new models or prototypes with better solutions [107].
This type of method is also called brainstorming, which involves discussions covering
the physical analysis of current products. The discussion might produce a clearer picture
by mind mapping problems, generating ideas, producing concept designs, and deter-
mining fabrication processes and finalized prototypes [91]. Usually, the analysis of the
existing product would be in relation to competitors’ products, older products of one’s
own company, and similar products that have several sub-functions of function structures.

According to Sapuan et al. [108], several generation techniques have been used by
designers to develop conceptual designs for products, e.g., theory of inventive problem solv-
ing (TRIZ), brainstorming, strengths, weaknesses, opportunities and threats (SWOT) analy-
sis, gallery method, and systematic exploitation of proven ideas of experience [109,110]. For
this project, the simplest way to generate the idea for conceptualizing the design concepts
was using the brainstorming approach. A design focus group was formed for discussion
among the members of Advanced Engineering Materials and Composites Research Cen-
tre (AEMC), Department Mechanical and Manufacturing Engineering, Universiti Putra
Malaysia. Every concept design was outlined and listed based on discussion outputs and
PDS documents of the previous design stage. In the end, around five conceptual designs
of a roselle fiber-reinforced polymer composite smartphone holder were developed. The
details of each concept design are laid out in Table 5.

Table 5. New conceptual designs of a roselle fiber-reinforced polymer composite smartphone holder
and their descriptions [108].

Conceptual Design Description

1.

 

 
 
 

 
 
 

 
 
 
 

 

 

• Concept inspired by high heel shoes.
• Lifts the smartphone higher than regular holder.
• Good artistic structure.

2.

 
 
 

2. 

 

 
 
 

 
 
 
 

 

 

• Easy to manufacture and assemble.
• Simple and minimalist design.
• High stability due to wider baseline.

3.

 
 
 

 
 
 

3. 

 

 
 
 
 

 

 

• Simple and minimalist design.
• Easy for storage.
• Easy to fabricate and manufacture.
• High stability due to wider baseline.

4.

 
 
 

 
 
 

 
 
 
 

 

 

 

• A hollow triangle feature can be used to hold
stationary (i.e., pen, pencil, key, etc.).

• Three strip lines for aesthetics purposes.
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Table 5. Cont.

Conceptual Design Description

5.  

 

 

 
 

 
 
  

 

 
 

 
 

  

 
 
 
 
 
 

• A hollow triangle feature can be used to hold
stationery (i.e., pen, pencil, key, etc.).

• Simple and minimal design.
• Isometric design, hence easy to fabricate.

In another study conducted by Ilyas et al. [111], a focus group was formed to com-
prehensively discuss and produce ideas on the conceptual design of a biocomposite mug
pad among members of the Advanced Engineering Materials and Biocomposites Research
Centre (AEMC), Department of Mechanical and Manufacturing Engineering, Universiti
Putra Malaysia. After the brainstorming output, every concept design was listed based on
the previous PDS document. Specifically, for this research activity, five design concepts
of a roselle fiber biocomposite mug pad with details were produced and are tabulated in
Table 6. Creative and innovative variations were developed to add value to the ideas, in
addition to using roselle biocomposites.

Table 6. Proposed conceptual designs of a roselle fiber biocomposite mug pad [111].

Conceptual Design Description

1.

 

 
 

 

 
 
  

 

 
 

 
 

  

 
 
 
 
 
 

• Concept inspired by the bottle cap.
• Composes of a main pad and two stand legs.
• Has a good artistic design.

2.

 

 
 

 
 
  

 

 

 
 

 
 

  

 
 
 
 
 
 

• Comprises a bottom rectangle plate and a circle
shape pad on the top.

• Simple and minimalist design.
• High stability due to a wider baseline.

3.

 

 
 

 
 
  

 

 
 

3. 

 

 
 

  

 
 
 
 
 
 

• Concept inspired by a square coffee table.
• Composed of four legs, one ring to hold the mug,

and one square pad.
• Complex shape with artistic value.

4.

 

 
 

 
 
  

 

 
 

 
 

  

4. 

 

 
 
 
 
 
 

• Simple and minimalist design.
• Easy for storage.
• Easy to fabricate and manufacture.
• High stability.
• High strength due to wider baseline.
• Concept inspired by a leaf.
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Table 6. Cont.

Conceptual Design Description

5.5. 

 

• 
• 
fabr

• 
• 
• 

• Simple and minimalist design.
• Circular and isometric design, hence easy to

fabricate.
• Easy for storage.
• Easy to fabricate and manufacture.
• High stability.

5. Natural Fibers Composite Applications

The applications for NFCs are growing rapidly in numerous engineering fields. Var-
ious types of natural fibers have been used as reinforcements in polymer composites,
including corn [112], water hyacinth [113], coir [114], ginger [115,116], cotton [117,118],
kenaf [7,91,119–122], sugarcane [123–125], flax [126], ramie [60], hemp [127], kapok [128],
sisal [129], wood [22], oil palm [130,131], banana [132], as well as sugar palm [43,63,133–141].
Along with biodegradability, natural fibers come with many other advantages, e.g., sub-
stituting timber for wood plastic composite, being less costly, availability, and reducing
deforestation [21]. Natural fibers have huge potential to be converted into useful prod-
ucts [20], as it was revealed by Ilyas et al. [142] that natural fibers are the right material for
the replacement of glass and carbon fibers. Different natural fibers, e.g., jute, hemp, kenaf,
oil palm, and bamboo-reinforced polymer composites, have become of great importance
in different automotive applications, structural components, packaging applications, fur-
niture, and constructions [46,143]. NFCs are used in electrical and electronic industries,
aerospace, sports, recreation equipment, boats, machinery, office products, and so forth. A
roselle fiber-reinforced polymer composite smartphone holder developed using the design
for sustainability (DfS) approach was achieved by Sapuan et al. [108], as shown in Figure 6.
The concept development of the environmentally friendly smartphone holder product
was carried out using concept generation and concept evaluation techniques. The roselle
composite smartphone holder development process involved market analysis, product
design specification (PDS) document generation, conceptual design creation, and detailed
design of the finished product. The mold of the product was fabricated using a 3D printing
method. Then, the roselle fiber composite smartphone holder was fabricated via a hand
lay-up process.

Another study was conducted by Ilyas et al. [111] on a roselle fiber-reinforced polymer
composite mug pad’s product development process using the sustainability (DfS) approach,
as shown in Figure 7. The concept development of the environmentally friendly mug pad
product was performed using concept generation and concept evaluation techniques. The
processes involved in their study were similar to those in the study of Sapuan et al. [108],
in which the final design of the molded product was fabricated using a 3D printer, and
the roselle fiber composite mug pad was fabricated using a hand lay-up process. The
final product was completed and demonstrated easy fabrication, light weight, low overall
cost, and an appropriate balance between functionality and aesthetics. Table 7 shows the
example applications of the natural fiber composite.
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Figure 6. Smartphone holder using roselle fiber-reinforced polymer composites. 
Figure 6. Smartphone holder using roselle fiber-reinforced polymer composites.

Figure 7. Mug pad holder using roselle fiber-reinforced polymer composites. 
Figure 7. Mug pad holder using roselle fiber-reinforced polymer composites.
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Table 7. Applications of natural fibers composites [143].

Natural Fiber
Composite

Applications

Bamboo Application in building, construction, and others

Roselle Mug pad, smartphone holder, furniture, automotive applications

Hemp Construction products, textile, cordage, geotextile, paper and packaging, furniture, electrical, banknote, and pipe

Oil palm
Building materials such as window, door frame, structural insulated panel building system, siding, fencing,

roofing, decking, and others

Wood Window frame, panel, door shutter, decking, railing system, and fencing

Flax
Window frame, panel, decking, railing system, fencing, tennis racket, bicycle frame, fork, seat post,

snowboarding, and laptop case

Rice husk Building materials such as building panel, brick, window frame, panel, decking, railing system, and fencing

Bagasse Window frame, panel, decking, railing systems, and fencing

Sisal
Used in the construction industry such as in panels, doors, shutting plates, and roofing sheet; also, in the

manufacturing of paper and pulp

Stalk Building panel, furniture panel, brick, drain, and pipeline

Kenaf
Packing material, mobile case, bag, insulation, clothing-grade cloth, soilless potting mix, animal bedding, and

material that absorbs oil and liquids

Cotton Furniture industry, textile and yarn, food packaging, and cordage

Coir
Building panel, flush door shutter, roofing sheet, storage tank, packing material, helmet and postbox, mirror
casing, paperweights, projector cover, voltage stabilizer cover, filling material for seat upholstery, brush and

broom, rope and yarn for net, bag, and mat, as well as padding for mattress and seat cushion

Ramie
Industrial sewing thread, packing material, fishing net, and filter cloth. It is also made into fabrics for household

furnishings (upholstery, canvas) and clothing, as well as paper manufacture

Jute Building panel, roofing sheet, door frame, door shutter, transport, packaging, geotextiles, and chipboard

5.1. Natural Fibers Composites’ Applications in Electrical and Electronic Components

Currently, the increased importance of raw materials derived from renewable re-
sources, as well as the recyclability or biodegradability of products, are causing a trans-
formation from petroleum-based synthetics to natural fibers in electrical and electronic
applications [31]. The broad advantages of natural fiber-reinforced composites, such as
high stiffness to weight ratio, light weight, and biodegradability, make them suitable for
different applications in electrical and electronic industries. “FOMA(R) N701iECO” utilize
kenaf fibers in their eco-mobile phone casing, as shown in Figure 8.

 

Figure 8. First mobile phone using a casing made of natural fiber material.
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5.2. Natural Fibers Composites’ Applications in Packaging

More recently, natural fiber composites have provided an alternative solution for better
packaging. Previously, most of the petroleum-based plastics being used for food packaging
have been non-degradable, causing many environmental problems associated with their
disposal, including damage to the environment and eco-systems, water supplies, sewer
systems, rivers and streams [144]. Moreover, they are non-renewable, and their prices are
rising and unstable, given the impending depletion of petroleum resources. According
to Ngo [145], the utilization of coir (coconut) fiber reinforced with natural latex, in place
of synthetic materials, is of great interest for reducing the utilization of non-renewable
and petroleum-based resources. Coconut fiber is a very tough yet also elastic material
that hardly deteriorates at all over time. It is a durable material that can be re-used many
times. After it is used, it can be recycled or disposed of without problem. After molding
the material into the right shape, the material is heated to vulcanize the natural latex. The
result is a very open structure that is strong and resilient. Figure 9 shows the packaging
products produced by Enkev Manufacturer out of coconut fiber.

  

Figure 9. Packagings produced by Enkev Manufacturer from coconut fiber. 
Figure 9. Packagings produced by Enkev Manufacturer from coconut fiber.

5.3. Natural Fibers Composites’ Applications in Sports Equipment

Despite the most prominent applications of natural fiber composites being in the auto-
motive industry, there are additional fields of application for natural fiber composites, such
as in sports products. Before the advent of fiber-reinforced composites, sports equipment
materials were made of wood, steel, stainless steel, aluminum, and alloy. In comparison
with these materials, fiber reinforced composite materials have obvious advantages in the
following aspects. The lower weight and relatively lower cost of natural fibers are the
main aspects referred to as the reasons for the use of natural fiber composites in sports
equipment. Most sports equipment relies on humans to move; therefore, lightweight
equipment is desirable [146]. According to a study conducted by Yusup et al. [147], an oil
palm empty fruit bunch fiber/epoxy composite that went through 24 h fiber treatment
showed high potential to be used as a reinforcement to epoxy as a suitable material for
sports equipment. Based on the results obtained related to the mechanical and physical
properties, the composite of OPEFB fiber/epoxy had a flexural strength between 67.90 MPa
and 83.63 MPa, which falls in the range of field hockey sticks’ strength requirements. The
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longboard shown in Figure 10 is one of the products made from AmpliTex®, bCores®,
powerRibs, and natural fiber (flax, balsa wood) composite reinforcement materials [148].

 

Figure 10. Bcomp Manufacturer’s longboards made from natural fiber. 
Figure 10. Bcomp Manufacturer’s longboards made from natural fiber.

6. Conclusions

This review article provides a compact and informative summary of natural fiber-
reinforced polymer matrices from the perspective of product design development. Among
the three main sources of natural fibers are plants, animals, and minerals, and these plant
fibers or cellulosic fibers are in high demand, having developed since the resources they
require are widely available, consume less energy, and are non-toxic to nature and humans.
In general, natural fibers are made up of several main constituents, such as cellulose,
hemicellulose, lignin, and pectin. Many researchers have discovered the good mechanical
performance of these natural fibers due to the cellulose, which provides the good shape
and structural integrity of the fibers. Thus, the integration of natural fibers with a poly-
mer matrix in composites benefits various industries, as they exhibit low density, lower
solidity, biodegradability, and cheapness compared to synthetic composites. Natural fiber
composites are an effective way of improving the quality of products developed from
them, in terms of environmental suitability, and economic and technical feasibility. The
most common natural fibers used in composite products are flax, coir, hemp, and jute,
while roselle, sugar palm, and kenaf are examples of emerging fibers due to their high
mechanical strength and stiffness that are suitable for many engineering applications. It
can be concluded that appropriate product design and manufacturing processes of NF-
PCs are required to enhance the properties of the products and their materials toward
optimized strength and functionality. To ensure the optimization of the strength and func-
tionality of natural fiber composite products, engineering design processes and techniques
such as TRIZ, brainstorming, the voice of customers (VOCs), and morphological charts
are essential. These techniques could define the problems of users and refine them in
terms of the product’s functionality. In the end, an appropriate manufacturing process
incorporates the product’s design and its applications. In the future, further research will
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be required to develop optimized engineering design techniques that complement the
strength of the natural fiber composites, manufacturing processes, and functionality for
heavy industry applications. Even now, natural fiber composites have the potential to be
used in many applications that do not require very high load-bearing or high-temperature
working capabilities.
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Abstract: The advantage of mesophase pitch-based carbon fibres is their high modulus, but pitch-
based carbon fibres and precursors are very brittle. This paper reports the development of a unique
manufacturing method using a blend of pitch and linear low-density polyethylene (LLDPE) from
which it is possible to obtain precursors that are less brittle than neat pitch fibres. This study reports
on the structure and properties of pitch and LLDPE blend precursors with LLDPE content ranging
from 5 wt% to 20 wt%. Fibre microstructure was determined using scanning electron microscopy
(SEM), which showed a two-phase region having distinct pitch fibre and LLDPE regions. Tensile
testing of neat pitch fibres showed low strain to failure (brittle), but as the percentage of LLDPE was
increased, the strain to failure and tensile strength both increased by a factor of more than 7. DSC
characterisation of the melting/crystallization behaviour of LLDPE showed melting occurred around
120 ◦C to 124 ◦C, with crystallization between 99 ◦C and 103 ◦C. TGA measurements showed that for
5 wt%, 10 wt% LLDPE thermal stability was excellent to 800 ◦C. Blend pitch/LLDPE carbon fibres
showed reduced brittleness combined with excellent thermal stability, and thus are a candidate as a
potential precursor for pitch-based carbon fibre manufacturing.

Keywords: pitch; polyethylene; carbon fibres; extrusion; blend

1. Introduction

Carbon fibres are widely used in many industries, including aerospace, defence,
construction, and healthcare, because of their high mechanical, thermal and electrical
properties. However, fast expansion of the application of carbon fibres to industry will
only continue if they can be produced at low cost without compromising physical proper-
ties [1]. Carbon fibres using synthetic rayon as the precursor have been developed since
1960 [2,3], and carbon fibres from pitch have been produced with a high elastic modulus
since 1963 [4]. Carbon fibres derived from pitch precursors are primarily categorised into
two kinds on the basis of their properties and type of pitch precursor. They are either
mesophase pitch-based carbon fibres with high modulus and tensile strength and, in this
study, with a molecular weight around 2600 g/mol [5], or isotropic pitch-derived carbon
fibres with desirable mechanical properties. Isotropic pitch manufacture is not easy owing
to the sudden appearance of mesophase spheres above a certain temperature [6]. The ease
with which the mesophase appears is one of the reasons that makes mesophase pitch-based
carbon fibre (MPCF) a very promising candidate and a target material for extensive re-
search [7,8]. Other reasons include the occurrence of a high degree of anisotropy with
greater alignment within the fibres and, hence, higher values of mechanical properties
than those of polyacrylonitrile (PAN) or isotropic pitch-derived carbon fibres [3]. However,
despite being a cheap precursor, purification of the pitch is quite expensive, and its final
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performance depends strongly on the extent of the defects introduced during processing.
Manufacturing carbon fibres using pitch, which, along with synthetic polymers, is abun-
dant, should reduce material costs, allowing for the wider use of carbon fibres. When
compared to the high cost of PAN-based fibres, the mechanical performance of such cheap
and readily available materials, such as lignin, has been explored but has been found to
be inadequate [9], while carbon fibres are lightweight with excellent mechanical proper-
ties [10]. Textile-grade polyethylene is chemically simple and attractive as a precursor for
carbon fibre production. It has the potential to reduce manufacturing costs by 50% relative
to the PAN [11–13]. The PE is less expensive than PAN, because 50–65% of production costs
are attributed to the synthesis of the PAN precursor, and that is not required in the case
of PE. PE production via fusion spinning is cheaper, faster, more energy-saving and more
environmentally friendly. PE has a higher carbon content and carbonation rate in addition
to its congruence nature [11,13,14]. Its inherent defects make MPCF brittle, and that makes
the spinning of these fibres difficult [3,4]. The stabilisation of MPCF is the most important
stage in production, but it is so slow that it is by far the most inefficient stage [15].

Huang refers to a patent that describes a fresh technique of how melt-spun, sulphonated
and carbonised polyethylene (PE) precursor could be used to manufacture carbon fibres
with a yield of 75% [16]. Subsequently, there has been much research to develop low-cost
PE-based carbon fibres with good mechanical properties, good compatibility, and high
carbon content and carbonisation ratio precursor [11,13,17–24].

LLDPE has a high molecular weight, in the range of 50,000 to 200,000, which is higher
than the molecular weight of both high-density and low-density polyethylene (HDPE and
LDPE), and LLDPE also has a higher carbon content [25]. Our final aim is to develop
carbon fibre-based PE and mesosphase pitch, where the pitch’s lower molecular weight of
400 to 800 may help to improve the amount of carbon in the carbon fibre [19,20,26,27].

To overcome the limitations imposed by poor spinnability due to the brittle nature of
mesophase pitch, we use mixtures of mesophase pitch and LLDPE to reduce the brittleness
of the pitch precursor fibres and to improve the fibre’s spinnability. LLDPE offers high
ductility and can be formed into carbon fibres, hence it could be an excellent blending
material with which to prepare mesophase pitch carbon fibre precursors with reduced
brittleness. The characteristic behaviour of both MPCF and PE carbon can be improved
by innovatively producing MP/PE-derived carbon fibres with the benefits of low cost,
improved ductility, and good mechanical properties with minimum imperfections. In a
review paper by Salem et al., it was shown that the aforementioned objectives could be
realised using a Pitch/PE precursor blend to manufacture carbon fibre precursors with
lower brittleness [1]. Research on PE/pitch carbon fibres is still in an early stage. This
paper aims to contribute to that research by reporting an investigation of the properties of
carbon fibre precursors manufactured from blends of mesophase pitch and PE with the
goal of reduced brittleness. We can show that the brittle nature of the mesophase pitch can
be reduced by adding a small fraction of LLDPE. Such fibres with lower brittleness will
offer potentially better precursors for future carbon fibre manufacturing.

2. Methodology

2.1. Material

Precursors used in this study were LLDPE with density 0.918 g/cm3, melting point
121 ◦C, and softening point 99 ◦C, which was purchased from Sabic, mesophase pitch having
density 1.425 g/cm3, melting point 298 ◦C, and softening point 268 ◦C, and mesophase pitch
in which the content was mesophase-92%, which was received from Bonding Chemical.

2.2. Materials Processing

Fibre melt spinning was carried out using a single screw extruder (Noztek Pro Filament
Extruder), with a bespoke screw design, swappable barrel, and filament tolerances of
1.75 ± 0.04 mm. The nozzle diameter was 0.5 mm, with a length of 1.5 mm. Pitch/PE
pellets were fed into the machine in different ratios to obtain varying proportions of pitch
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blends. The extruder was operated at 315 ◦C, at an extrusion speed of 2.5 m/min, and a
rotating winder was used for cold stretching as shown in Figure 1. When collecting the
fibres, the stretching speed was fixed at 2.5 m/min [28]. The processing steps are shown
in Figure 2. The designation of samples with respect to varying proportions of pitch and
LLDPE is shown in Table 1.

Figure 1. Production of fibres from melt blends.

Figure 2. Schematic diagram of material processing.

Table 1. Blends in terms of wt% mesophase pitch and LLDPE.

Blend Designation Mesophase Pitch LLDPE

Mesophase Pitch 100 wt% 0 wt%
LLDPE (5 wt%)/Mesophase Pitch 95 wt% 5 wt%

LLDPE (10 wt%)/Mesophase Pitch 90 wt% 10 wt%
LLDPE (15 wt%)/Mesophase Pitch 85 wt% 15 wt%
LLDPE (20 wt)/Mesophase Pitch 80 wt% 20 wt%

LLDPE (100 wt%) 0 wt% 100 wt%

3. Characterisation Methods

3.1. Microscopy

3.1.1. Optical

A Nikon ECLIPSE ME600 optical microscope was used to determine the fibre diameter;
the optical images were recorded at 20× magnification. The microscope can be used in
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differential interference contrast (DIC), which is a method of imaging based on contrast
difference of samples.

3.1.2. Scanning Electron Microscopy (SEM)

The microstructure of prepared samples was analysed using a scanning electron
microscope, a Tescan VEGA 3 with Oxford Instruments EDS software (Aztec). Prior to
analysis, the Quorum 150T ES sputter coater was used to coat a gold layer onto the sample.
The samples were prepared by cutting lengths with a clean blade and mounting both
vertically (to image end-on) and horizontally (to image surface features) onto aluminium
SEM stubs with double-sided carbon tabs. The gold-coated samples were then loaded
into the SEM chamber separately due to the height difference. Images were taken at the
magnifications noted on the data bar; typically, 500×, 1000×, and 4000×. EDS analysis
was conducted to distinguish the pitch from the polyethylene. Measurements were taken
of the diameter on the horizontally mounted fibres.

3.2. Static Mechanical Analysis (Tensile Test)

Tensile testing of melt-spun MP/PE fibres was performed using a DEBEN Microtest
fibre tensile tester coupled with Leica EC4 Microscope; the test was conducted according to
Standard ISO 11,566, 1996 Figure A1: Carbon fibre—Determination of the tensile properties
of single-filament specimens. Six tests were carried out for each sample, and the repeatabil-
ity of the tests was confirmed. Stress and strain were calculated using Equations (1) and (2).

Stress (σ) =
F

Ac
=

F

π d2

4

(1)

Strain (ǫ) =
Change in length

Orignal length
=

Elongation

Guage Length
=

∆L

L0
=

L − L0

L0
(2)

d = diameter of fibres (mm), F = Axial load (N).

3.3. Differential Scanning Calorimetery (DSC)

A Mettler Toledo Differential Scanning Calorimeter, DSC Q 2000, was used to perform
the DSC analysis. This equipment was used to measure the properties of prepared samples.
The samples were heated from −50 ◦C to 200 ◦C at a rate of 20 ◦C/min under a nitrogen
atmosphere, and the samples were held at 200 ◦C for 5 min to eradicate their previous
thermal history. Nonisothermal behaviour and kinetics were investigated by cooling these
samples at a rate of 20 ◦C/min. The results were obtained after the heating and cooling
cycles. The crystallinity of the samples was measured using the following equation:

χ(%) =
Enthalpy o f f usion (∆H)

Enthalphy o f f usion f or Matrix(∆H0)
× 100 (3)

χ = Crystallinity o f the system.
∆H = Enthalpy o f f usion o f LLDPE and Pitch f ibres.
∆H0 = Enthalpy o f f usion o f neat Pitch.

3.4. Thermogravimetric Analysis (TGA)

A Mettler Toledo, Thermogravimetric Analysis TGA Q 500, was used to perform the
TGA analysis; to measure the properties of the prepared samples. The samples were heated
from 50 to 800 ◦C at a heating rate of 20 ◦C/min under a nitrogen atmosphere, and the
samples were held at 800 ◦C for 5 min to eradicate their previous thermal history.
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4. Results and Discussion

4.1. Microscopy

4.1.1. Optical Microscopy of Fibre

It was observed that the different samples produced different fibre diameters, which
depended upon the LLDPE content. The fibre diameter decreased with an increase in
LLDPE content. This is shown in Figure 3 where fibre diameter is seen with LLDPE content
in LLDPE/mesophase pitch blends as shown in Table 2.

Figure 3. Optical microscope image of fibres with different LLDPE content. (a) Mesophase pitch, (b) 5 wt%
LLDPE/mesophase pitch (c) 10 wt% LLDPE/mesophase pitch, (d) 15 wt% LLDPE/mesophase pitch, (e) 20 wt%
LLDPE/mesophase pitch and (f) LLDPE.

Table 2. Blends in terms of wt% mesophase pitch and LLDPE fibres diameter.

Blend Designation Fibre Diameter, µm

Mesophase Pitch 214 (±0.43)
LLDPE (5 wt%)/Mesophase Pitch 208 (±0.54)

LLDPE (10 wt%)/Mesophase Pitch 189 (±0.24)
LLDPE (15 wt%)/Mesophase Pitch 163 (±0.36)
LLDPE (20 wt%)/Mesophase Pitch 154 (±0.38)

LLDPE (100 wt%) 133 (±0.53)

We see from Figures 3 and 4 and Table 2 that the fibre diameter decreases with
increasing LLPDE content. The diameter of the fibre varies due to the change in the applied
axial elongation force required during the drawing process due to the change in LLDPE
content. It has previously been reported [28] that the morphology of the blends is changed
by varying the content of the blend’s partner.

The diameter of fibres in the extrusion process is greatly affected by many factors,
such as extrusion speed, the viscosity of the polymers, the diameter of orifice, stretching or
drawing ratio, and speed of extrusion. The optical microscope was used to determine the
diameter of the cold-drawn samples, and optical microscope images of these with respect
to LLDPE content are presented in Figure 3, which shows that different samples produced
different fibre diameters, which decreased with an increase in LLDPE content.
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Figure 4. Morphology of fibres with LLDPE content in LLDPE/mesophase pitch blend. (a) Pure mesophase pitch,
(b) 5 wt% LLDPE/mesophase, (c) 10 wt% LLDPE/mesophase pitch, (d) 15 wt% LLDPE/mesophase pitch, (e) 20 wt%
LLDPE/mesophase pitch and (f) 100% LLDPE.

4.1.2. Scanning Electron Microscopy of Fibres

Figure 4 shows the morphology of a range of LLDPE/mesophase pitch blends. The
SEM image shows that pitch fibres have a tendency to form microfibrils inside the fibres;
Figure 4a [29]. As the LLDPE content is increased, there is a tendency for microfibre
formation inside the blend fibres to reduce; see Figure 4b–e. Post adding of LLDPE with
pitch, a decrease in the cluster formation and low alignment is observed in the mesophase
pitch. The pure/neat LLDPE fibre does not show any microfibrous pitch (silver), only
LLDPE (black solid). Therefore, we can conclude that the relative content of LLDPE has
a very significant effect on fibre morphology and diameter. In mesophase pitch fibre
fabrication, the molten liquid crystalline mesophase can be oriented within the die by shear
treatment during a soften-spinning process. Overall, the shear forces involved lead to a
strongly oriented structure, with the mesophase domains elongated in cylinders parallel
to the axis of the fibres (circumferential fibres). The microstructural study suggests that
the radial orientation of the fibres obtained from the mesophase pitch originates from the
flow to throw across the die [30]. The spinning stage is the most important stage in the
manufacture of mesophase pitch blend LLDPE, to control the shape, transverse texture and
orientation of the fibre, which results in higher performance.

The mesophase pitch shows the liquid crystalline phase and preferential orientation of
the pitch molecules, giving appropriate reference of the liquid crystal and flow orientation
behaviour of pitch. The flow orientation behaviour may be causing microfibre formation.
The polyethylene does not show the liquid crystalline behaviour, hence, when you add
polyethylene in pitch, it decreases the microfibre content in pitch, and when you extrude
the neat polyethylene, there are no microfibres due to lack of liquid crystal behaviour.

Pitch microfibers formation occurs because of the liquid crystalline mesophase nature
of the pitch. It allows alignment and therefore microfiber formation, LLDPE not liquid
crystalline, therefore does not make microfiber.

4.2. Tensile Tests of LLDPE/Mesophase Pitch Blends

LLDPE is inexpensive, flexible, and is extensively employed in several different forms.
One study has shown that the tensile strength of LLDPE is typically in the region of 6.1 MPa
and that the tensile strength can be increased by the addition of straw fibres [31]. Another
study has shown the tensile strength of LLDPE can reach 9.9 MPa [32]. Others have
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reported that the tensile strength of LLDPE can be extended to 22 MPa, by the inclusion
of multiwalled carbon nanotubes [33]. These improvements in the properties of LLDPE
suggest extending its possible use in combination with new applications.

To understand the effect of extrusion on static mechanical properties, two types of
extruded strands were used for tensile testing. These strands were related to the number of
the extrusion cycle, in which sample-one is the designation for a single extruded strand, and
sample-two is the designation for double extruded strands. Tensile tests were performed
for both sample-one and sample-two strands. It was found that the tensile strength and
tensile modulus were different for sample-one and sample-two. For sample one, the
extruded tensile strength and modulus were 3.30 MPa and 151 MPa, respectively, and for
the double extruded strands, the respective values were 3.06 MPa and 21.42 MPa. It was
clearly seen that both tensile modulus and fracture elongation were higher for sample-one
in comparison with sample-two. However, tensile strength was very slightly higher for
sample-two in comparison with sample one, and from this we conclude that sample-two
has a lower modulus and elongation at failure in comparison with sample-one due to
degradation and damage that occurred in the LLDPE chains during the second extrusion.
This damage may be due to the higher temperature and shearing during mixing in the
extrusion process [34–36].

Figure 5a shows the stress vs. strain curve of pure extruded LLDPE. It can be seen
that the curve is smooth, and tensile strength is typically in the range of 40 MPa, which
indicates that the LLDPE plays a key role in load-bearing as well as toughening materials.
The effect of increasing the proportion of LLDPE on the brittle mesophase pitch can be seen
in Figure 5b, where the mechanical strength of LLDPE/mesophase pitch blends comes
from both LLDPE and mesophase pitch.

Figure 5b shows the stress vs. strain curve of LLDPE/mesophase pitch blends for
neat/pure pitch (0 wt%), 5 wt%, 10 wt%, 15 wt% and 20 wt% of LLDPE. It can be seen that
the samples show different stress vs. strain behaviour depending on the LLDPE content.
The lowest tensile strength (1.0 MPa) and lowest strain (5%) were found in the case of
neat mesophase pitch. The tensile strength and strain increased steadily with LLDPE
content up to the maximum of 20 wt% (10.0 MPa) and maximum strain (25%). We define
brittleness as low strain to failure, therefore the pitch fibre sample shows brittle behaviour.
When the LLDPE content increased, the strain to failure of these samples increased; thus,
adding LLDPE to the fibres reduces brittleness. Table 3 shows a summary of the tensile
strength, tensile modulus, and strain to failure of the neat pitch fibres and blends of pitch
and LLDPE-based fibres along with the standard deviation for each type of fibre. It can be
seen that, for the prepared samples, the higher the LLDPE content, the greater the tensile
strength, tensile modulus, and strain at failure.

Table 3. Tensile strength, modulus, and strain at failure of the prepared samples.

Samples Tensile Strength (MPa) Tensile Modulus (MPa) Strain at Failure

Mesophase Pitch 1.38 (±0.26) 428 (±4.3) 0.03 (±0.021)
LLDPE (5 wt%)/Mesophase Pitch 2.23 (±0.34) 477 (±5.7) 0.15 (±0.023)
LLDPE (10 wt%)/Mesophase Pitch 4.01 (±0.43) 628 (±5.4) 0.19 (±0.022)
LLDPE (15 wt%)/Mesophase Pitch 5.90 (±0.58) 682 (±4.5) 0.21 (±0.024)
LLDPE (20 wt%)/Mesophase Pitch 10.3 (±0.87) 763 (±5.3) 0.23 (±0.025)

LLDPE (100 wt%) 40.0 (±0.98) 994 (±6.4) 0.80 (±0.022)
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Figure 5. (a) Tensile strength of neat LLDPE; (b) Tensile strength of neat mesophase pitch fibres 
Figure 5. (a) Tensile strength of neat LLDPE; (b) Tensile strength of neat mesophase pitch fibres and LLDPE/mesophase
pitch blend-based fibres with varying content of LLDPE.

4.3. Differential Scanning Calorimetery for LLDPE/Mesophase Pitch Blends

The crystallization of several LDPE and LLDPE blends has been evaluated using
differential scanning calorimetry (DSC). It was observed that in the region between 110
and 120 ◦C, where pure LDPE does not melt, there was an increase in the population
of crystallites melting. A reduction in the crystallite population across the range where
LDPE shows its primary melting peaks (90–110 ◦C) has been observed, suggesting that a
proportion of the lamella had shifted towards a higher melt temperature [37]. DSC has
shown that blends of LDPE and LLDPE show different single melting peak endotherms for
different compositions in the range 10 to 90 wt% LLDPE [38].
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Kinetic data were acquired by least-squares analyses of experimental points obtained
by differentiating primary thermograms. Degradation was found to be higher for LDPE
than for LLDPE. Degradation has been seen as a primary order for LDPE and second order
for LLDPE [38].

The thermal behaviour of LLDPE/mesophase pitch, over the range 0 wt% LLDPE/
mesophase pitch to 20 wt% LLDPE/mesophase pitch, was investigated using DSC. The
DSC experiments were carried out over a range of melting and crystallization temperatures
of LLDPE to avoid any degradation of the LLDPE.

Figure 6a shows the crystallization behaviour of prepared samples, and it is noticed
that neat mesophase pitch does not show any marked variation in crystallization behaviour,
with no peaks or troughs occurring on the plot [39].

∆

∆

Figure 6. (a) Crystallisation, and (b) melting behaviour of LLDPE and LLDPE/mesophase pitch blend.
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In Figure 6a, we see that neat LLDPE shows a well-organised crystallization peak and tem-
perature. We also see that adding different proportions of LLDPE to the LLDPE/mesophase
pitch blend clearly affects the crystallization behaviour of the blend, both the crystallization
temperature and the enthalpy of crystallization (∆Hc, area under the exotherm curve). The
enthalpy of crystallization for LLDPE/mesophase pitch blend increases with the propor-
tion of LLDPE. Figure 6 shows that the crystallization temperature of LLDPE/mesophase
pitch blend decreases with an increase in the proportion of LLDPE, which also indicates
that the crystallization temperature of blends is dependent upon the LLDPE content.

Similarly, the melting temperature and enthalpy of fusion of the samples change
with the proportion of LLDPE in the LLDPE/mesophase pitch blend, see Figure 6b, and
Table 4. The melting temperature increases with the proportion of LLDPE in the blend, so
that the maximum melting temperature is for pure LLDPE. The enthalpy of fusion (∆Hm,
the area under the endotherm) is highest for pure LLDPE; this is due to the absence of
crystalline domains in pure LLDPE compared to LLDPE/mesophase pitch blends. We see
that the presence of LLDPE in LLDPE/mesophase pitch blends affects the melting and
crystallization behaviour of the blends.

Table 4. Melting and crystallisation temperatures of LLDPE and LLDPE/mesophase pitch blend.

Samples Melting Temperature (◦C)
Crystallization

Temperature (◦C)
Enthalpy of Fusion

(J/g) Sample
Enthalpy of Fusion

(J/g) LLDPE

LLDPE 5 wt%/Mesophase Pitch 120 99 4 80

LLDPE 10 wt%/Mesophase Pitch 120.7 100 25 250

LLDPE 15 wt%/Mesophase Pitch 121 101 27 180

LLDPE 20 wt%/Mesophase Pitch 123 102 31 155

LLDPE 100 wt% 124 103 241 241

4.4. Thermogravimetric Analysis of LLDPE/Mesophase Pitch Blends

The objectives of the thermogravimetric analysis (TGA) tests were to measure the
thermal decomposition of several blends of LLDPE/mesophase pitch as they burned in an
air environment. Analysis of the thermal stability of a material is generally done by TGA
and derivative TGA. TGA was also used for the thermal degradation of the composites. A
higher decomposition temperature indicates greater thermal stability of the material [33,40].

TGA is used to measure the rate and amount of weight transformation in the material,
either as a function of temperature or isothermally as a function of time, in a controlled
atmosphere. It can be used to characterise any material that exhibits a weight change
during combustion and to discover phase changes due to decomposition, oxidation or
dryness. This data helps classify the percentage weight transformation and chemical
structure, handling, plus end-use performance.

The TGA was carried out in the temperature range of 100 to 800 ◦C. The thermal
degradation of neat LLDPE and different wt% LLDPE/mesophase pitch fibres was studied,
and typical thermal stability curves are shown in Figure 7 for a range of mixes from neat
mesophase pitch to neat LLDPE.

Figure 7 shows the weight loss vs. temperature of prepared samples, and it is seen
that TGA shows the complete decomposition of the LLDPE at 530 ◦C. However, the 20 wt%
LLDPE/mesophase pitch showed only 20% decomposition at 530 ◦C, confirming that
mesophase pitch has greater stability than neat LLDPE, though the proportion of LLDPE
will affect the thermal stability of an LLDPE/mesophase blend. By blending different
proportions of LLDPE with mesophase pitch, the decomposition temperature of different
LLDPE/mesophase pitch blends was found; see Figure 7. The fibres containing over 5 wt%
and 10 wt% LLDPE could retain over 70 wt% of the fibre mass even at 800 ◦C. These two
samples with reduced brittleness and high thermal stability can potentially offer excellent
precursors for manufacturing carbon fibres.
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Figure 7. TGA curves of various proportions of LLDPE in LLDPE/mesophase pitch blends.

5. Conclusions

The aim of this study was to reduce the brittleness of pitch precursor fibres. These
fibres are commonly used for manufacturing carbon fibres blended with a small fraction
of LLDPE. We have demonstrated a simple but effective method of blending mesophase
pitch with 5% to 20% (i.e., weight percentage) of LLDPE. The addition of LLDPE showed
an increase of strain to failure value up to 25%, hence increases ductility. Thus, these
blends reduce brittleness in all the LLDPE/pitch fibres. The LLDPE/pitch blend fibres also
showed improved tensile strength and Young modulus from 1.3 to 10.3 MPa and from 428
to 763 MPa, respectively. The precursors used in this study along with blend can be used
to produce potential carbon fibres with superior mechanical properties.

Morphology observed using SEM analysis revealed that neat LLDPE fibres did not
show any microfibrils, whereas the neat pitch fibres showed microfibrillated structure. As
the LLDPE content was increased, the microfibrous formation was seen to decrease, until
with 100% LLDPE no microfibrous areas were observed and the appearance was close to
solid black.

DSC analysis showed crystallisation temperature of LLDPE in the pitch/LLDPE blend
ranged from 99 to 103 ◦C, and the melting temperature was in the range 120 to 124 ◦C.

TGA analysis showed high thermal stability, making the obtained pitch/LLDPE fibre
precursor suitable to develop less brittle carbon fibres for high-performance composites,
particularly for use in the aerospace sector.

A comprehensive investigation of the PE/pitch morphology is still required. It is
key to understand how morphology can be controlled during fabrication as it affects
the crack resistance and ductility of the obtained fibre. The stabilisation, carbonisation
and graphitisation of PE/pitch precursors need to be explored to increase the possibility
of producing more ductile carbon fibres. The carbonisation step, which deals with the
presence of polyethylene chain, needs to be explored further. It can potentially increase
the bent and loop regions of the graphitic planes and hence reduce the crack formation in
the fibre.
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Appendix A

The tensile test procedure was conducted according to the standard ISO 11,566, 1996
(Figure A1).

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Tensile test setup for melt spun MP/PE fibre.
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Abstract: Thermoplastic starch composites have attracted significant attention due to the rise of
environmental pollutions induced by the use of synthetic petroleum-based polymer materials. The
degradation of traditional plastics requires an unusually long time, which may lead to high cost and
secondary pollution. To solve these difficulties, more petroleum-based plastics should be substituted
with sustainable bio-based plastics. Renewable and natural materials that are abundant in nature
are potential candidates for a wide range of polymers, which can be used to replace their synthetic
counterparts. This paper focuses on some aspects of biopolymers and their classes, providing a
description of starch as a main component of biopolymers, composites, and potential applications of
thermoplastics starch-based in packaging application. Currently, biopolymer composites blended
with other components have exhibited several enhanced qualities. The same behavior is also ob-
served when natural fibre is incorporated with biopolymers. However, it should be noted that the
degree of compatibility between starch and other biopolymers extensively varies depending on the
specific biopolymer. Although their efficacy is yet to reach the level of their fossil fuel counterparts,
biopolymers have made a distinguishing mark, which will continue to inspire the creation of novel
substances for many years to come.

Keywords: thermoplastic starch; biopolymer; composite; food packaging

1. Introduction

Plastic manufacturing and distribution across the world have been steadily increasing
throughout time. Petroleum-based plastics are commonly employed as single-use plastics
in our daily lives as they have become incredibly useful due to certain qualities, such as
versatility, durability, flexibility, and toughness [1]. They are also very cheap in the market
and easy to find in any grocery store. It was mentioned in the literature that, since the 1950s,
the production of plastic had increased from 1.5 million tons to more than 300 million
tons in 2015, which is almost 200 times more [2]. The rapid growth of plastic usage is
due to the various types of plastic products currently found in the market, ranging from
household, personal goods, and packaging to the manufacturing of construction materials.
The extensive use of plastics has led to the excessive plastic waste currently present in the
environment. In due course, this will create widespread global issues for the environment
as well as for humans since the degradation rate of these materials takes a very long time,
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around 100 years, due to their hydrophobic properties and properties that efficiently avoid
rapid microbial action [3].

Therefore, to overcome this issue, a change needs to be made by replacing the com-
monly used petroleum-based plastic with biodegradable plastic to sustain a better environ-
mental condition for future generation and also to provide less plastic disposal techniques.
Among biopolymers, starch is the one of promising possibility and alternatives to replace
petroleum-based plastics, which is due to properties of starch that is completely biodegrad-
able and are found to be abundant in nature. It is widely accessible in plants such as
corn, cassava, potato, tuber, and many more. In plants, starch is stored in the granule
packed form present in an amorphous and crystalline condition [4]. Due to great concern
of environmental pollution, starch-based bioplastic known as thermoplastic starch (TPS)
is commonly used today in packaging materials and some utilizing bio-fillers or fibre in
the formulation to enhance the bio-based plastic. TPS is low in density, cheap, and has
almost a similar strength value as petroleum-based plastic. Several studies on TPS have
been widely and globally conducted for various sources of starch such as cassava, potato,
and corn [5–13]. This review presents the recent developments of thermoplastics derived
from starch and their potential in the industry. Starch modification is also highlighted,
including blending with other naturally derived materials, which seem to further improve
the mechanical and physical properties of the resulting bio-composite.

2. Biopolymer

As part of the awareness of global environmental issues concerning plastic waste,
bio-based polymers are now promoted as alternatives for replacing petrochemical-based
(fossil) polymers to supply increasing demand [9]. This initiative promotes the use of green
environmental-based plants or animals in the production of bioplastic-based or bio-based
in order to preserve and protect the environment. The worldwide interest for bio-based
polymers has increased in recent years due to the desire to replace petrochemical-based
polymer materials as well as the need to explore the innovative advances achieved in
biotechnology [9]. Therefore, several initiatives have begun with the realization of the
importance of producing more cost-effective and eco-friendly products, signifying the
presence of numerous developments and production of bio-based materials [13].

Many research works have been previously conducted on biopolymer products de-
rived from natural sources. In general, the animal-based biopolymer refers to the gelatin,
which can be extracted from the skin and bone of porcine, bovine, poultry, and fish [14–16].
Meanwhile, the plant-based biopolymer can be characterized as starch, cellulose, hemi-
cellulose, and lignin. Starch is the main component of the biopolymer structure, which
acts as a matrix, and, with the addition of plasticisers, the flexibility and processability of
the resulting thermoplastic starch (TPS) are further enhanced. Many biopolymer products
have utilized natural fibres as fillers in their composition. Natural fibres, mainly from agri-
cultural industries, were collected and tested with TPS to become bio-composite materials.
Different types of fibres obtained from diverse agro-industrial residues have been investi-
gated, such as bamboo bagasse [17], cassava bagasse [18,19], grape stalks [20], sugarcane,
orange, cornhusk bagasse [3], cogon grass fibre [21], and kraft fibre [22]. Figure 1 presents
the bio-based product applications that have been developed and examined.
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Figure 1. Biopolymer products: (a) food container, (b) plastic bag, (c) pens, (d) plastic spoon, and
(e) shaving razor.

3. Starch

Starch is the main component of the biopolymer structure that belongs to the polysac-
charides group and is considered the second most crucial renewable sources after cellulose.
It is inexpensive and completely biodegradable, generating great interest to make it into a
component of bioplastic. Starch is known to be a versatile material since it can be converted
into chemicals such as ethanol, acetone, and organic acids used in synthetic polymer pro-
duction, such as polylactic acid (PLA) [23] and can also be converted to TPS with the aid
of plasticizer under a shear temperature condition [1]. Pure starch is white in appearance.
It is a tasteless and odourless powder that has been one of the most abundant natural
polysaccharides synthesized from plants [17] with starch worldwide production of more
than 50 million tons per year [24] and cassava starch is the main contributor among other
sources where it could produce for about two to four times more than that of yam bean,
taro, and about 10 times higher than that of sweet potato [25]. However, Bergthaller &
Hollmann [26] reported that corn starch is the crop most produced globally for about 80%
of total world starch production and followed by wheat, tuber, and cassava where United
States dominantly cultivates the highest starch production besides the European Union
(EU) and other countries. Starch sources are derived from plants (such as corn, potatoes,
cassava, and wheat) and stored as carbohydrates [27]. Starch is composed mainly of two
homopolymers of D-glucose amylase, a mostly linear α-D(1, 4′)-glucan, and branched
amylopectin. They have the same backbone structure as amylose but with many α-1,
6′-linked branch points [28].

The hydroxyl group in the starch structure exhibit the reaction of oxidation and re-
duction processes as well as the formation of hydrogen bonds, ethers, and esters. Native
starches contain about 70–85% amylopectin and 15–30% amylose. The presence of amy-
lopectin is mainly responsible for the crystallinity of the starch granules [29]. However,
Domene-López et al. [4] and Sahari et al. [30] reported that the crystallisation ability is
influenced by the molecular weight and phosphate monoester content in starch as these
features contribute to lower starch chain rearrangement. It was stated that starch with
high amylose content can have low molecular weight and a relatively more linear structure
than those with a high content in amylopectin. Thus, starch that contains a high amylose
value could facilitate further crystallisation processes as compared to starch with high amy-
lopectin content. Relative molecular weight of these molecules depends on the botanical
origin of the starch and might influence the final bio-composite properties’ application [31].
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4. Thermoplastic Starch

Neat starch displays some disadvantages due to its high solubility in water, brittleness,
poor melting point, and lower mechanical properties as compared to materials made of
synthetic polymers. To enhance the properties of starch, various physical or chemical
modifications, such as plasticisation, blending, derivation, and graft copolymerisation were
investigated [1,17,32–34]. TPS is made by applying mechanical and thermal energy onto
the starch granules by adding plasticizer. Plasticisers play a vital role in the preparation
of thermoplastic starch as they improve starch behaviour by reducing internal hydrogen
bonding in between the polymer chain while increasing free volume. This, in turn, in-
creases flexibility and processability and promotes molecular chain mobility [32,35]. The
effectiveness of plasticisers depends on the similarity of the polymer used.

Plasticisers can be found in several forms, such as glycerol, sorbitol, urea, fructose,
sucrose, and glycol [36]. However, the most commonly used plasticisers are from the
polyol group, namely, glycerol and sorbitol [32]. Several research works have been re-
cently conducted to explore certain ionic liquids (ILs) as new starch plasticisers. Ionic
liquids include 1-ethyl-3-methylimidazolium acetate ([emim+][Ac−]) [35,37] and 1-butyl-
3-methyllimidazolium chloride ([bmim+][Cl−]) [33]. Besides, a recent study employed
fried sunflower oil as a plasticiser in thermoplastic starch composites. An improvement is
shown in starch-based material properties, proving to be the most environmental solution
for bio-composites [38].

A comprehensive study was conducted by Demash and Miyake [35] regarding the
effect of four different types of plasticisers on anchote (Coccinia abyssinica) starch film. Glyc-
erol, 1-ethyl-3-methylimidazolium acetate, sorbitol, and tri-ethylene glycol were utilised at
concentrations of 30% and 40% w/w in the starch mixture. The thermoplastic film samples
were then dried overnight in the oven at 50 ◦C before they were kept in a desiccator for
at least two days for film characterisation. The prepared film was transparent, homoge-
nous, and flexible. The same sample preparation was reported by Reference [32]. The
obtained results revealed that there is an increase in thickness for all samples as plasticiser
concentrations increased. The sample with 40% tri-ethylene glycol plasticiser exhibited the
highest film thickness with a value of 0.26 mm, thus, reflecting the lowest density value
of 0.88 g/cm3 among other samples. It was found that the water solubility of glycerol
and tri-ethylene glycol plasticised film had reduced from 32.57 g/cm3 to 20.97 g/cm3 and
34.19 g/cm3 to 18.92 g/cm3, respectively. According to Reference [1], the same behaviour
was observed when glycol was used as a plasticiser. This may be due to the formation
of strong hydrogen-bonds with starch, which restrain water molecules to combine with
plasticized anchote starch. Plasticisers presented an improvement in the film since it had
less affinity to water. However, sorbitol and 1-ethyl-3-methylimidazolium acetate plasti-
cised film displayed a different result of water solubility. Water solubility increased as the
plasticiser concentration increased.

Nevertheless, biodegradability of the film plasticized with ILs does not specify in the
study which could be one of the interesting points that need to be highlighted. Across
the journal available, there is also limited research that working on the biodegradability
of ILs as a plasticizer. However, Rynkowska et al. [39] reported that ILs is non-toxic
liquid and is considered as a green alternative to substitute phthalates, commonly used
as plasticizers in synthetic material, which is primarily to soften polyvinyl chloride and
is harmful to humans. Besides, ILs portray unique properties such as non-volatility, low
toxicity, easy to handle, inflammable, and goods in ions conductivity [40]. An interesting
study made by Sudhakar and Selvakumar [41], investigated on biodegradable properties
of the plasticized chitosan and starch blends electrolyte film, found lithium perchlorate
(LiClO2) using an activated sludge degradation method. The samples are pre-weighed
before being immersed in the sludger under an aerobic condition for 5, 10, and 15 days
and taken out to be weighed again after being cleaned and dried in an oven at 75 ◦C.
The result obtained showed a degradation range between 6.2–16% for 0, 0.5, 1.0, 1.5, and
2.0 of lithium perchlorate. It presents that the percentage of weight lost increased as the
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amount of lithium perchlorate was added. This might be attributed to the presence of
lithium perchlorate that promoted free volume in the polymeric matrix and, thus, enhance
the biodegradability rate [41]. On that note, it can be concluded that ILs are safe for the
environment and also for humans.

4.1. Thermoplastic Cassava Starch

In the production of biopolymers, starch is mainly used as a matrix or resin in bio-
composite structures. Throughout past decades, numerous types of natural starch have
been investigated, such as cassava starch, corn starch, sugar palm starch, and much more.
However, cassava starch is the highest contributor in terms of productivity yield compared
to other sources of starch [25]. Some research works reported cassava starch as tapioca
starch, depending on the author. The name ‘cassava’ is generally applied to the roots of
the plant, whereas tapioca is the name given to starch and other processed products [42].
Table 1 presents the application of cassava starch as a thermoplastic in bio-composites.

Table 1. Thermoplastic cassava starch composite.

Type of Starch Type of Filler/Polymer Potential Application Ref.

Cassava Kraft
Biodegradable tray with

chitosan coating
[6]

Cassava
Orange, sugarcane, malt

bagasse
Biodegradable tray,
packaging material

[3]

Cassava Cogon grass Biodegradable material [7,25]
Tapioca Bamboo Biodegradable ‘green’ plastic [17]
Cassava Sugar palm Biodegradable polymer [6]
Cassava Grape stalks Food packaging plastic [20]
Cassava Cassava bagasse Food packaging plastic [18]

Recent studies have been accomplished on polymer composites of treated oil palm
mesocarp fibres (OPMF) and thermoplastic cassava starch properties prepared by using
the screw extrusion rheometer method [6]. Two types of OPMF were studied: raw and
alkaline treated OPMF mixed with thermoplastic cassava starch (TPS) at different weight
loadings (5–20% for raw and 5–20% for alkaline treated OPMF). It was stated that OPMF
is composed of a large source of lignocellulosic material and can be used as bioethanol
production and as reinforcement in polymer composites [43]. The addition of OPMF was
expected to lead to an increase in tensile strength due to the great adhesion between the
fibre and matrix, contributing to their chemical affinity. Chemical treatments, such as alkali
treatments, were employed to enhance the fibre-matrix interaction by removing lignin,
oils, waxes, and silica, which have collectively exhibited a fibrillation process during the
removal of hydrophilic components.

The obtained results from the Scanning Electron Microscopy (SEM) for raw and alkaline-
treated OPMF and Energy Dispersive Spectroscopy (EDS) are presented in Figures 2 and 3.
Figure 3 displays the silica removal, observed by craters on the surface, after alkaline treatment
was conducted. A few thorny structures had adhered onto the surface, indicating the presence
of amorphous substance or silica, which remained in the OPMF. The raw fibres presented an
average length of 440–1000 µm and a diameter of 100 µm. These results validate the previous
research conducted by Reference [44], which stated the influence of alkaline treatment on
the removal of silica. Figure 4 displays a cross-section of TPS composites with raw and
alkali-treated fibres. It is clear that the polymer matrix covered the fibres and promoted a
strong adhesion between them. The fibre-polymer interaction was favoured by the residual
silica presence, whose oxygen atoms interact very strongly with the TPS hydroxyl groups.
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Figure 2. Scanning Electron Microscopy (SEM) of: (a) raw oil palm mesocarp fibres (OPMF), and
(b) alkaline treated OPMF [6].

 

Figure 3. Energy Dispersive Spectroscopy (EDS) of OPMF [6].

 

Figure 4. Micrography of (a) thermoplastic starch (TPS) 5% raw fibre, (b) TPS 5% alkali treated fibre,
(c) TPS 10% raw fibre, (d) TPS 10% alkali treated fibre, (e) TPS 20% raw fibre, and (f) TPS 20% alkali
treated fibre [6].
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4.2. Thermoplastic Corn Starch

Corn starch is seen as a promising source of biopolymer matrix that is environmentally
friendly and suitable for replacing petroleum-based plastics. Pure corn starch is similar to
other natural starches, which have some drawbacks such as high-water sensitivity and poor
mechanical behaviour. Thus, modification of starch is required by introducing plasticisers
in the mixture. Plasticised starch properties have enhanced abilities. Thermoplastics from
corn starch have been widely explored and various modifications were accomplished to
improve the properties of the resulting TPS. The recent studies conducted had utilised waxy
corn products in their works. It was reported that waxy corn produces starch that is nearly
100% amylopectin [45]. Table 2 presents the recent studies conducted on thermoplastics
from corn starch composites.

Table 2. Thermoplastic corn starch composite.

Type of Starch Type of Filler/Polymer Potential Application Reference

Corn Sugarcane Green material for packaging [46]

Corn Microalgae
Bioplastic, i.e., packaging,

catering products, electronic
devices

[47]

Corn
Cassava, ahipa peels and

baggase
Bio-based composite [19]

Corn Talc nanoparticles
Bio-nanocomposite food

packaging
[48,49]

Corn Nanocrystalline cellulose
Bio-film and

bio-nanocomposite
[50]

Corn Sunflower seed fried oil Potential natural plasticizer [38]
Corn PLA blends Bio-degradable polymer [51]
Corn Cornhusk/sugar palm Hybrid bio-composite [52]

Fitch-Vargas et al. [46] studied the modification of corn starch bio-composites rein-
forced with sugarcane fibre. A process called acetylation of starch and fibres was performed,
resulting in the formation of acetylated corn starch bio-composites reinforced with acety-
lated sugarcane fibre and led to enhancement of the resulting bio-composite’s behaviour,
such as improved processability and compatibility [51]. Different loadings of acetylated
sugarcane fibre contents (FC, 0.0–20.0%) and glycerol contents (GC, 20.0–30.0%) were
examined in this work. Figure 5 and Table 3 presents the mechanical test results of the
samples. With reference to the tensile result of synthetic polymers, polystyrene (30–55 MPa)
and polypropylene (25–40 MPa), it was found that the highest tensile value (35 MPa) is
achievable with the composition of GC 24–28% and FC 10–15%. This was attributed to the
effect of glycerol opening the polymeric 3D structure, which allowed fibre incorporation.
Besides that, the presence of acetyl group may function as a spacer between the starch chain
for cellulose fibre to fill in and improve the bonding interaction [53]. It was observed that
exceeding 12% FC leads to a decline in strength due to poor fibre distribution. The highest
elongation value was obtained when 24–28% GC and 5–15% FC were mixed together.
This reflects on the great number of linkages formed due to the fibre’s surface chemical
treatments conducted, which allowed the active fibres’ hydroxy group to react with the
matrix. Thus, this enhanced the mechanical interlocking on the rough surface, forming
stronger secondary bonds.

On the other hand, a moisture adsorption test is carried out to identify the sample’s
affinity toward the surrounding moisture condition. The samples are placed into two
different relative humidity (RH) desiccators conditions at 53% RH and 100% RH. Weight
gained among the samples are taken until constant weight are found, indicating that
the samples have reached an equilibrium state. As per Figure 6, the finding shows that,
as the GC increased, the moisture absorption (MA) value increased where the lowest
MA are obtained at GC less than 25% throughout the FC range. The same results are
also found in a water solubility (WS) test. This could be attributed to the formation of a
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stronger hydrogen bond between the polymeric matrix and has restricted the entrance
of surrounding moisture. Besides, this might be due to the incorporation of fibre that is
low hygroscopic in nature and has further enhanced the barrier properties. However, MA
and WS are seen to increase considerably when the GC loading increased to more than
25%. It is reported that higher GC has the ability to reduce the hydrogen bonding and,
therefore, has led to an increase of the intermolecular spaces due to material swelling and
weakening of the bonding forces between the water molecule and hydrophilic functional
group. In contrast, others have reported on the reduction of MA by increasing glycerol
in plasticized starch and reduction of MA by increasing glycerol and fibre content in the
resulting bio-composite (Sahari et al. [1] and Jumaidin et al. [25], respectively). They stated
high glycerol and fibre contents incorporated have shown better resistance toward moisture
due to stronger hydrogen formed, which restrained the combination between the water
molecule and the sample. The journal focuses on how GC may affect the result and lack
of more explanation in terms of an FC interaction that also has many contribution effects
toward the obtained results.

𝜎 – – 𝜎𝜀 – – 𝜀 𝐸 – – 𝐸

 

σ ) elongation (ε), and (

moisture adsorption test is carried out to identify the sample’s 

Figure 5. Effect of acetylated sugarcane fibre content (FC) and glycerol content (GC) on: (A) tensile
strength (σ), (B) elongation (ε), and (C) young modulus of acetylated starch-based bio-composites
reinforced with acetylated sugarcane fibre [46].

Table 3. Mechanical test result [46].

Test Type GC (%) FC (%) Result

Tensile Test, σ 24–28 10–15 Highest σ value achieved at 35MPa.
Elongation, ε 24–28 5–15 Highest ε value achieved at 21.7%

Young Modulus, E 24–28 10–15 Highest E value achieved at 1433.8 MPa

4.3. Thermoplastic Sugar Palm Starch

To date, numerous research works utilising sugar palm starch in the production
of bio-composite materials as an alternative to petroleum-based polymers have been
accomplished. Natural starch from sugar palm trees was found to be abundant within
the tree trunk [54]. Many authors had mentioned the multifunctional uses of the sugar
palm tree. The extraction of sugar palm starch is usually done on unproductive trees [29].
Whether the tree is considered mature enough or due to excessive microbial attacks, the
tree is unable to normally grow in a good condition. Thermoplastic starch derived from
sugar palm trees was successfully developed in the presence of biodegradable glycerol
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as a plasticiser. Table 4 shows the utilisation of sugar palm starch (SPS) as a matrix in
bio-composites.

 

–

–

Figure 6. Tensile stress-strain of plasticized sugar palm starch (SPS) [1].

Table 4. Thermoplastic sugar palm starch composite.

Type of Starch Type of Filler/Polymer Potential Application Reference

Sugar palm - Biodegradable material [1]

Sugar palm -
Biodegradable packaging

film
[32]

Sugar palm Agar blends Bio-based polymer [55,56]
Sugar palm Agar blends, seaweed Bio-based polymer [57]

Sugar palm Sugar palm fibre
Bio-nanocomposite material,

food packaging
[52,53,58]

Sugar palm
Agar blends, sugar palm

fibre, seaweed
Hybrid bio-composite [36]

Sanyang et al. [29] briefly explained the processes involved for extracting sugar palm
starch from the sugar palm trunk. The starch extraction process starts with the unproductive
sugar palm trees that are first cut down. Next, the tree trunk is divided lengthwise, and all
the woody fibres are removed. The inner core stem is then cut out to obtain the mixture
(off-white in appearance). The collected fibre and starch mixture subsequently undergo a
washing process using water, and then thoroughly kneaded by hand. Next, the mixture is
sieved, allowing water and starch granules to flow through. The filtered mixture is left to
allow granule suspension. The white powder is then left in the open for a specified time.
Finally, the white powder is dried in an oven for two days. In this research, it was reported
that one sugar palm tree can yield 50–100 kg of starch.

Thermo-mechanical studies have been conducted by Sahari et al. [1] in an attempt
to produce bioplastic using SPS as a composite matrix at different glycerol loadings from
15–40 w/w%. The results from this work revealed that, from the fracture surface analysis,
as the glycerol content increased, acquiring a smooth surface also increased. At 15 w/w%
glycerol loading, a brittle surface was the outcome, while an exceptionally smooth surface
appeared at 40 w/w% glycerol loading. The glycerol, which acts as a plasticiser, effectively
reduced the internal hydrogen bond while increasing the intermolecular spacing. This
resulted in the appearance of a smooth surface.

In terms of the product’s mechanical properties, as illustrated in Figure 6, it was found
that SPS/G30 and SPS/G40 showed the typical pattern of rubbery starch plastic materials
due to the linear increase in tensile stress at a low strain, followed by the curve toward
the strain axis until failure occurred. The addition of plasticisers at 30 wt% and 40 wt%
overcame starch brittleness and improved flexibility.
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5. Thermoplastic Starch Blends

Modifying thermoplastic starch can be accomplished through blending, which widens
its application at lower cost. Compatibility of blends must be tested to examine the
enhancement of the composite’s properties such as water resistance, high tensile strength,
and high tensile modulus. Blending is also important for modifying bioplastics in terms
of biodegradability, enabling them to decompose easily through natural processes so as
to cater to the issue of limited disposal technology. Starch blending with a polar polymer
containing hydroxyl groups such as polyvinyl alcohol, ethylene copolymer, and partial
hydrolysed vinyl acetate have been prepared since the 1970s [23]. Blending is one of the
most promising alternatives to make starch useful as a polymer in the replacement of other
plastics, and the fast progress occurring in this field is attested by several reviews that have
been recently published [59–64].

5.1. Starch/Polyvinyl Alcohol (PVA)

PVA is a synthetic biodegradable polymer that has the advantages of good film for-
mation, strong conglutination, high thermal stability, and good gas barrier properties [65].
PVA is manufactured by the polymerisation of vinyl acetate monomer into polyvinyl
acetate (PVAc), followed by the hydrolysis of the acetate groups of PVAc to PVA [64]. PVA
is one of the major polymers used in the industry and, therefore, huge amounts of PVA are
produced yearly. The world production of PVA is about 650,000 tons per year [64]. The
presence of PVA in a blend increases the mechanical strength, water resistance, and weather
resistance of the blend [65]. Gelatinisation is the most common method of blending starch
with PVA.

The compatibility of PVA and starch enables them to form a continuous phase at
blending [28] even though the properties of the blends deteriorate as starch content rises,
causing phase separation during blend preparation. To improve the compatibility between
PVA and starch, the addition of suitable plasticisers, cross-linking agents, fillers, and com-
patibilizers were examined [65]. Both PVA and starch can be plasticised into a thermoplastic
material, regularly using the casting method and glycerol in an aqueous medium [66].
Both starch and PVA are biodegradable in several microbial environments. However, the
biodegradability of PVA depends on its degree of hydrolysis and its molecular weight [63].
Both PVA and starch can be plasticized into a thermoplastic material, regularly using
the casting method and glycerol in an aqueous medium [66]. Both starch and PVA are
biodegradable in several microbial environments. However, the biodegradability of PVA
depends on its degree of hydrolysis and its molecular weight [67].

5.2. Starch/Poly Lactic Acid (PLA)

PLA, a biodegradable polyester produced from renewable resources, is used for
various applications such as biomedical, packaging, textile fibres and technical items. PLA
is industrially obtained through the polymerisation of lactic acid through the ring opening
polymerisation (ROP) method [62]. PLA is, by far, the most commercially developed,
reaching an annual production volume of approximately 200,000 tons [61]. However,
PLA is not environmentally biodegradable as it requires a proper composting facility that
applies a heating temperature of 60 ◦C and it must also be exposed to special microbes that
will digest and decompose the material. However, Hatti-kaul et al. [61] reported that PLA
is composted of 100% L-lactide unit that takes 110 weeks to degrade, which can be reduced
dramatically up to 10 weeks while adding 50% D-lactides unit and can further reduce the
degradation time to 3 weeks when 25% glycolic acid is added in the formulation. Some
other disadvantages of PLA include low flexibility, ductility, and impact resistance.

To improve PLA’s flexibility and impact resistance, numerous plasticisers are incor-
porated, such as poly (ethylene glycol), glycerol, glucose monoesters, citrate esters, and
oligomers [68]. TPS, as a blend component for PLA, offers important advantages in terms
of cost, properties, and biodegradability [62]. The hydrophilic characteristics of starch and
the hydrophobic features of PLA cause low miscibility between the two compounds. For
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this reason, good melt-blending techniques and the addition of compatibilizers are required
to increase a successful interaction, i.e., amphiphilic molecules or coupling agents [62].
Poly (hydroxyester ether), methylene diphenyl di isocyanate (MDI), PLA-graft-(maleic
anhydride), PLA-graft-(acrylic acid), PLA-graft-starch, and poly(vinyl alcohol) are all used
as compatibilizers in this blend [69].

5.3. Starch/Polybuthylene Succinate (PBS)

PBS can be found commercially as a thermoplastic-based polymer, which provide
a high degree of crystallinity and takes a long time to degrade. PBS is a synthesis of
polycondensation succinic acid and 1,4-butanediol where succinic acid can be obtained
from either a monomer derived through a petroleum system or bacterial fermentation.
Meanwhile, 1,4-butanediol is derived from fossil fuel extraction from formaldehyde or
acetylene [70]. PBS provides improvement in a composite characteristic with strong impact
strength, better chemical resistance, and high thermal stability [65]. Incorporation of starch
blends with PBS has produced more flexibility and elasticity to the resulting material,
which could be promoted as alternative food packaging. The blends could speed up
degradation time due to the presence of starch that contains hydrogen bonding and is
able to promote free spaces for degradation to occur [71]. However, Hatti-kaul et al. [61]
stated that the addition of long chain dicarboxylic acid in the PBS homopolymer will form
polybutylene succinate adipate (PBSA) in which its degradation time is less than PBS. PBSA
is an aliphatic thermoplastic copolymer. PBSA annual production is estimated around
97,000 tons and is commercially available as a thermoplastic polymer [61].

6. Thermoplastic Starch Incorporated with Natural Fibre

6.1. Natural Fibre

The implementation of natural fibre as a promising alternative for replacing synthetic
fibre in the composite industry has been increasing in the past decades. Synthetic fibres
such as glass, carbon, and aramid reinforced with polymer matrix materials provide
advantages of high stiffness and strength-to-weight ratio in numerous applications as
compared to conventional construction materials [72]. Changes from the dominant usage
of synthetic fibre to natural fibre indicate the rise of awareness among people around the
world, regarding the negative environmental impact that synthetic fibre brings, which may
disturb human health conditions. The utilisation of natural fibre provides advantages as
compared to synthetic fibre in terms of favourable tensile properties, reduced health hazard,
acceptable insulating properties, low density, and decreased energy consumption [27].

The production of synthetic polymers utilise a large quantum of energy, which pro-
duces environmental pollutants during the production and recycling of synthetic com-
posites [72]. Table 5 illustrates a comparable study between natural and synthetic fibres,
clearly displaying renewable, recyclable, and biodegradable properties as part of natural
fibre properties. It should be noted that natural fibre properties vary depending on the
source of fibre itself, including it species, environmental climate condition, geographical
location, the process for preparing the fibre, etc.

Table 5. Advantages of natural fibres compared to synthetic fibre [29].

Natural Fibres Synthetic Fibres

Density Light Twice natural fibres
Cost Low cost Higher than natural fibres

Renewability Yes No
Recyclability Yes No

Energy Consumption Low High
Distribution Wide High
CO2 neutral Yes No

Health risk when inhaled No Yes
Disposal Biodegradable Yes, not biodegradable

315



Polymers 2021, 13, 1396

Natural fibres reinforced composites are also applied as fillers in a matrix to provide
high strength and stiffness on a weight basis to a composite product [73]. Fibre rein-
forcement added to the matrix phase (either natural resin, thermoset, and thermoplastic
polymers) will act as a glue or binding agent to the composite formation [74]. The natural
resin mentioned includes wheat starch, corn starch, potato starch, etc. [27]. Thermoset
polymers include epoxy, polyester, and phenolics [74], and thermoplastic polymers include
polycarbonate, polyvinyl chloride, and nylon [75]. Natural fibres are classified based on
their origin in nature, either from plants, animals, or minerals. Figure 7 presents the classifi-
cation of natural fibres. Most natural fibres come from plants and are composed of cellulose,
thus, making the fibre hydrophilic in nature [17]. They are also called lignocellulosic fibres
since their cellulose fibrils are embedded in the lignin matrix [29].

 

–

Figure 7. Classification of natural fibre [72].

6.2. Cassava Bagasse Fibre

Cassava, also known as Manihot esculenta C., is a root and tuber crop found in many
tropical countries. Therefore, it is used as the main source of food. It is estimated that
cassava could have a yield potential of up to 17,000 kg of starch per hectare per year if it
is cultivated in a suitable environment with organised farming practices [25]. Cassava is
ranked as the fifth most widely used starch source in the world and the third among food
sources consumed in tropical countries [18]. Cassava bagasse is a fibrous solid residue
obtained as a by-product of the industrial cassava starch production, which has undergone
the separation of starch and fibre. It was reported that cassava bagasse residual fibre may
consist of 38% cellulose and 37% of hemicellulose and lignin [76]. The cultivated cassava
tuber for around 250–300 tons can yield a high moisture content of by-products (around
1.6 ton of solid peels and 280 tons bagasse). These solid wastes are generally discarded in
the environment without any treatment [19]. This alarming issue has led to the awareness
of utilising agricultural waste by converting them to other useful materials.
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Many studies had focused on exploiting waste by utilising cassava bagasse as a filler
or reinforcing agent to enhance the strength and mechanical properties of material products.
This is especially conducted for the production of bio-based or bio-degradable materials,
which have been steadily increasing. These by-products are low in market value and
possess good properties with a wide range of applications, such as reinforcing agents or
in the production of organic acid, bio-degradable packaging, nano particles, nanofibres,
ethanol, bio-fuel, lactic acid, etc. [76]. Paula et al. [18] had shown that, when cassava
fibres were added to corn starch, the film strength improved by up to 37.5%. This was
attributed to the good intermolecular interaction between the starch and reinforcement.
The elongation at break also reduced due to the possible agglomerates formed within the
films. The same results were obtained by García et al. [19], verifying an increase in tensile
strength as well as a decrease in elongation at break when fibres were added to the starch.

6.3. Sugarcane Fibre

Recently, the valorisation of sugarcane waste for low-cost building products has been
increasing due to its high potential. Since there is a vast global production of sugarcane,
especially in some tropical and subtropical developing countries, high amounts of sug-
arcane fibres are produced as by-products [77]. Fortunately, this provides numerous job
vacancies with regard to this industry. It was reported that the current largest sugarcane
world producer is Brazil where its yearly production exceeds 640 tons [78]. Previously,
India was the largest with a yearly production of more than 100 million tons of bagasse [79].
Sugarcane bagasse is the residue obtained from the sugarcane industry after extracting
the sugarcane juice. It has also become a source of fuel [46]. This by-product can be a
source of biomass products and, therefore, has caught great research attention due to its
vast availability, ecological features, and renewable characteristics found in the sugarcane
fibre. It is seen to have great potential as a bio-composite product and can be used as a
reinforcing agent.

With regard to the incorporation of natural fibres such as sugarcane into starch-based
composites, numerous studies have reported and demonstrated significant improvements
in the resulting bio-composite products. Fitch-Vargas et al. [46] stated that the addition
of sugarcane fibre in the composite mixture has enhanced the product’s tensile strength
as well as reduced water affinity, attributing to the strong interaction adhesion between
the matrix and filler. However, Farias et al. [80] mentioned that this is not always the
case since some modifications on the fibre itself may be required depending on the type
of collected sugarcane. The discrepancies in the obtained results are influenced by the
species of sugarcane, the age of sugarcane, and the surrounding climate. Hernández-
olivares et al. [81] utilised sugarcane as a reinforcing component in the construction of
cement, Ordinary Portland Cement (OPC), reporting its potential of improving composite
durability. The authors demonstrated that incorporating reasonably high-volume fractions
of sugarcane bagasse can produce feasible manufacturing composite materials for building
construction since they exhibited enhanced physical and mechanical properties.

6.4. Bamboo Fibre

Growing interest on modification of surface fibre have been implemented to increase
the reinforcement strength for the bio-composite. Surface modification treatments can be
classified into three categories: chemical, physical, and biological [82,83]. One chemical
method most used for the modification of vegetable fibres is mercerisation. This method
involves modifying the structure and chemical composition of plant fibres using an aqueous
solution of sodium hydroxide (NaOH) [84]. With this treatment, the removal of surface
impurities and the occurrence of fibrillation are possible by obtaining a fibrous material
with greater surface area and smaller diameter. This produces an increase in the fibre’s
tensile strength and mechanical properties for the resulting composite. A physical process
is the application of a cold plasma treatment that is considered a promising environmental
method utilizing non-harmful gases, such as methane, argon, or helium [80]. This method
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allows the formation of free radicals and the polymerisation of the material. The plasma
treatment acts on the chemical structure of fibres and their crystallinity index. Nevertheless,
ozone treatment has emerged as an eco-friendly method for surface modification [85]. It
is used to oxidize the lignin to stimulate the reactivity through the increase of hydroxyl
group content and to produce low molecular weight of the soluble compound.

The influence of surface treatments on bamboo fibres as reinforcement agents in TPS
were conducted by Jhon et al. [34]. In this study, three different treatments were applied:
the mercerisation treatment (MT), which modifies the structure and chemical compositions
using sodium hydroxide (NaOH), the cold plasma treatment (PT), which conducts physical
modifications using methane or helium gas, and the ozone treatment (OT), which produces
soluble compounds low in molecular weight by oxidising lignin and hemicellulose. From
Figure 8, it was found that the MT samples displayed a significant increase in density value
(about 60%) as compared to the other treatments. As reported by Campos et al. [6], the
alkaline treatment causes the removal of large parts of the amorphous substances, which
includes lignin, polysaccharides, and waxes, resulting in the low molecular weight of
the sample. The PT sample showed no significant difference and almost the same result
was obtained when compared to untreated bamboo fibre (UT). For the water adsorption
test, all treated samples exhibited an increase in the water adsorption percentage. Some
origins of fibre that are hydrophobic in nature were associated with the presence of lignin,
hemicellulose, and pectin [83]. Alterations to the substance composition had caused the
formation of new behaviours, such as an increase in hydrophilic properties.

Figure 8. Effect of treatment on: (a) the density of bamboo fibre and (b) water adsorption of bamboo fibre [34].

7. Application of Starch-Based Biopolymer

The development of starch blending is more interesting since it can substitute an older
material while exhibiting the same properties. Table 6 highlights the main applications
of a few widely used starch-based biopolymers. Biodegradable packaging applications
have drawn remarkable attention for biopolymer utilisation in comparison to other areas
because they are higher in significance. Biodegradable plastics are increasingly drawn
toward addressing environmental impact in several particular applications, such as single-
used plastic, greenhouse gas (GHG) emissions, and overload of plastic waste. These new
implementations and innovations of bio-based plastics shown on increased awareness
toward a better sustainable environment in the future, as they provide less of a disposal
technique and degrade easily.
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Table 6. Applications of biopolymers.

Blends Application Reference

Starch/plasticizer
• Biodegradable packaging [1]
• Starch based film material [32]
• Disposable eating utensils [38]

Starch/PVA
• Water-soluble laundry bags [61]
• Biomedical and clinical field [66]
• Replacement of polystyrene [63]

Starch/PLA
• Biodegradable tray [68]
• Electronic devices, pharmaceutical [62]

Starch/PBS
• Packaging materials,
fisheryAutomotive

[61,65]

Starch/natural fibre
• Food packaging [20,25]
• Biodegradable material [22,58,68]

Sahari et al. [1] discovered on the potential of plasticized sugar palm starch (SPS) in a
biodegradable packaging application. Unlike other starch, such as corn, cassava, or potato
starch, sugar plam starch is a passed decade discovered on its true potential that is mostly
as par as other starch. With the addition of glycerol as a plasticizer into SPS, it produced a
biocomposite under a high temperature condition. The obtained mechanical result shows
an increment as the glycerol content increases up to 30 w/w% with a maximum tensile
value of 2.42 MPa. Besides, a reduction of transition temperature and water absorption as
glycerol are added, indicating that the biocomposite has reduced its brittleness as glycerol
loading increased. Meanwhile, Sanyang et al. [32] studied the different plasticizer affect SPS
mechnical properties in an attemp of development biofilm, utilizing sorbitol, glycerol, and
glycerol-sorbitol in varying conditions (0, 15, 30, and 45 w/w%). The results collected show
the storage modulus of plasticized SPS decreased as the plasticizer concentration was added
from 15–45%, which reflect the stiffness of the material is reduced. Glycerol plasticized film
portrays the highest degree mobility of the polymer chain among other plasticizers.

Polymer films made from poly-(vinyl alcohol), low-density polyethylene, poly-(vinyl
alcohol), or polybutylene are used for mulch manufacturing [61]. These films are altered in
a specific manner, such that they are permitted to go through degradation only when the
crop-growing period is complete, either through the aid of soil micro-organisms or through
the addition of certain particulate matter, which promotes film cessation [31]. A similar
trait was observed in polycaprolactone for making agricultural plant containers. These
containers tend to biodegrade over a significant period of time, allowing tree seedlings to
adequately sprout. Implementation of natural fibre as a promising alternative to synthetic
fibre in the composite industry is seen to be increasing in past decades since the resulting
bio composite exhibits favourable properties. The incorporation of natural fibres can
further enhance the mechanical properties of materials and lead to the high possibility of
substituting synthetic polymers.

Oliveira et al. [68] studied the application of a biodegradable tray utilizing starch and
PLA blends coated with beeswax by flat extrusion, calendaring, and hot-pressing under
variance of beeswax coating emulsion 1, 2, and 3 g wax/100 g solutions. The mechanical
result shows beeswax concentration (BC) 1 g/100 g solutions showing the highest tensile
strength that might be attributed to the better adherence of the coating that has improved
material strength properties. The Young modulus value is reduced from BC1 to BC2 and
BC3 that could be due to lower tensile value and reflect elongation at no distinct value.
Water vapor permeability (WVP) is an important characteristic in a food tray application
and BC1 shows the lowest WVP value as compared to others. The application of the food
tray is possible and can be produced at a large scale due to good tensile result and less
affinity toward moisture.
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PBS has been exhibited as mulch film, packaging, and flushable hygiene products and
is considered as a non-migrant plasticizer for polyvinyl chloride (PVC) [71]. Moreover,
PBS is used in foaming and food packaging application. The relatively poor mechanical
flexibility of PBS restricts to the applications of 100% PBS-based products. Nevertheless, this
can be solved by combining PBS with PLA or starch to enhance the mechanical properties
significantly, which promote properties more or less the same to that of polyolefin [70].

Utilization of natural fibre incorporated with advantages as compared to synthetic
fibre in terms of tensile properties, less health hazard, acceptable insulating properties, low
density, and less energy consumption [27]. A possible waste exploitation were practiced
by many researchers, utilizing the cassava bagasse as a material product’s filler reinforced
agent to enhance the material properties currently increasing. These by-products are found
low in market value and can possess good properties such as a reinforcing agent and a
wide range of application that can be implemented, such as production of organic acid,
bio-degradable packaging, nano particles, nanofibers, ethanol, bio-fuel, lactic acid, and
many more [76].

8. Conclusions

This paper conducts a general overview on biopolymers and the potential of starch-
derived thermoplastics as substitutes for current petroleum-based plastic. Blending starch
with other biopolymers was outlined as a viable alternative to overcome the shortcomings
of native starch. However, the degree of compatibility between starch and other biopoly-
mers extensively differs depending on the specific biopolymer. At present, mixing TPS and
PLA offers significant advantages in terms of cost, properties, and biodegradability.

Regarding the global environmental issue, biodegradable material properties are vital
and should be considered. Although starch/biodegradable blends are a good option for
solving environmental issues, their mechanical properties often have an inverse relationship
to their degradability. Incorporating natural fibres as fillers in the starch matrix can be
another solution. Thus, optimising their mechanical properties requires further analyses.
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