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ABSTRACT

Woven Natural Fiber-Reinforced PLA Polymers 3D Printed through a Laminated Object

Manufacturing Process

(December 2023)

Sazidur Rahman Shahriar, B.S., Ahsanullah University of Science and Technology

Chair of Advisory Committee: Dr. Lai Jiang

This investigation explored an innovative additive manufacturing method that
employed laminated object manufacturing (LOM) technology in combination with woven
natural fiber-reinforced biopolymer. Conventional synthetic composites are made from
crude oil that are nonrenewable and have few options for disposal or recycling, rendering
them ecologically unfavorable. Integration of continuous woven natural fiber with
polylactic acid (PLA) markedly enhances the mechanical strength to ensure complete
biodegradability. Woven natural fiber-reinforced biocomposites are considered a
promising alternative to synthetic composites. The potential applications of these fiber-
reinforced PLA polymers include vehicle panels, construction materials, athletics
equipment, and musical apparatuses.

The author has developed and constructed a prototype LOM 3D printer for this
research. The LOM 3D printer prototype utilized a laser to cut the woven Jute/PLA, and
the melted PLA powder helped to bond successive plies. The tensile and flexural

characteristics of the LOM-printed biocomposites were assessed. For comparison,
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corresponding values were measured from Fused Deposition Modeling (FDM) 3D-printed
pure PLA specimens. The infusion of PLA polymer and the bonding with fiber were
subsequently investigated under a Scanning Electron Microscope (SEM) by examining the
cross-sections of the failed test specimens. The experiment results revealed that LOM 3D-
printed biocomposites exhibited improved mechanical properties compared to FDM-
printed pure PLA specimens. Additionally, the author conducted a Finite Element Analysis
(FEA) simulation and compared it with the experimental outcomes. This research study
successfully integrated the advantages of both material and process, consolidating them
into a unified and sustainable approach.

Index Terms- Additive manufacturing, biocomposites manufacturing, finite
element analysis (FEA), laminated object manufacturing (LOM), mechanical

properties, polylactic acid (PLA), scanning electron microscope (SEM), woven
natural fiber.
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CHAPTER 1

INTRODUCTION

In the age of smart manufacturing, additive manufacturing (AM) is the way of the
future. AM in recent years has reduced the need for conventional manufacturing because
it allows the manufacturing sector to process more quickly than traditional manufacturing
techniques, thereby increasing productivity. AM techniques are now widely used because
they are affordable and can create complex shapes with little material waste. The term AM
means to layer materials to produce parts from computer-aided design (CAD) data.

3D printing is widely known as another name for AM. 3D printing enables
manufacturing teams working on product design and development to simulate how their
product will appear and operate successfully. Some of the key characteristics of AM
include the widespread use of CAD software, access to various printable materials, and the
use of inexpensive mechanical parts in 3D printers. AM technologies have been around for
over three decades and now come with newer techniques and more materials. For instance,
automakers use AM to create functional prototypes, fuel tanks, brake parts, and air vents.
Similarly, aerospace industries produce pilot seats, landing gear, and aircraft engine
brackets. Utilizing 3D printing, the medical sector manufactures essential dental parts like

crowns, bridges, and dentures.

This thesis follows the style of the /EEE.



Despite decades of rapid growth, AM industries experienced losses due to the
Covid-19 pandemic. Revenue losses of 38%, 32%, and 12%, respectively, between 2019
and 2020 were experienced by Desktop Metal, GE Aviation, and 3D Systems [1]. The
demand for raw materials and 3D printers decreased simultaneously as the aerospace and
automotive industries were also affected. Because of this, GE reported losing 10,000
aviation jobs, Boeing reduced the number of aircraft it produced, and Airbus saw a 55%
decline in revenue [1]. This demonstrates the significant influence that 3D printing has
right now on the manufacturing sector.

The current use of additive manufacturing has two drawbacks: 3D-printed
structures have poor mechanical properties and need to be more environmentally friendly.
3D printing materials heavily rely on plastics which is harmful to the environment.
Therefore, two-phase inhomogeneous composite materials, which are composed of softer
matrix material and a hard load-bearing reinforcing phase, have become a potential
material option for 3D printing. Conventional synthetic composites, sourced from finite
crude oil, pose environmental concerns due to their restricted disposal options. Due to
environmental concerns, researchers currently use different polymer and polymer-based
composite materials in additive manufacturing. Natural fiber-reinforced polymers are
attracting increased attention as an alternative to glass fiber-reinforced polymer
composites. This is due to their cost-effectiveness, biodegradability, lower carbon
footprint, and satisfactory mechanical properties. [2].

In this research, an eco-friendly additive manufacturing technology for 3D printing
biocomposite materials was implemented using the Laminated Objected Manufacturing

(LOM) process. LOM, an AM technique, creates a tangible model by layering sheets of



stock material, with each sheet precisely cut to match the cross-sectional profile of a CAD
model divided into layers. Fig. 1 shows the LOM technique. These cut layers are
successively stacked and pressed atop the preceding ones to construct the final part. Surplus
material in each layer serves as support for the entire part throughout the construction
process. Typical raw materials for LOM consist of paper and metal sheets, ranging from
0.05 to 0.50 mm in thickness (0.002 to 0.020 inches) [3]. However, these feedstocks have

limited mechanical properties, which leads to minimal engineering applications.

X-Y Positionin )
Devio?a £ A““‘

Layer outline

and crosshatch Laser
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Sheet
Material
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\

Material Supply Roll

Fig. 1 Laminated object manufacturing (LOM) [4].

Therefore, this research study used a custom-designed LOM prototype and natural
woven jute fibers as the primary feedstock materials. Jute fibers exhibit favorable
mechanical properties in comparison to various other natural fibers. Jute fibers are
considered a highly promising reinforcement material due to their substantial cellulose
hemicellulose, lignin, and pectin content [5]. Polylactic acid (PLA, (C3H4O2). [6]) is used
for the polymer matrix. PLA is used as a biopolymer as it can be made reasonably cheaply
using renewable resources, and the melting temperature is typically 170°-180°C. PLA is
an aliphatic polyester owing to the presence of ester bonds linking the monomer units. This

classification enables natural degradation through hydrolysis. Here polymer backbone was



generated by water molecules breaking the ester, establishing it as an environmentally
friendly matrix polymer material. [7]. The primary goal of this research was to showcase
that the LOM printing of woven jute fiber incorporated with PLA polymers exhibits
enhanced mechanical properties in comparison to FDM printed parts using pure PLA
filament. The author used tensile and flexural properties, SEM images, and FEA simulation
to test the LOM printed jute/PLA specimens.

The subsequent sections of this thesis comprise five chapters. Chapter 2 offers a
comprehensive review of existing studies on additive manufacturing, biocomposite
materials, and their components. Chapter 3 elucidates the research design, methodologies,
experimental procedures, and data collection processes. Chapter 4 delves into the results
outlined in Chapter 3, providing discussions. Finally, Chapter 5 is dedicated to
summarizing overarching conclusions drawn from the entire thesis and proposing potential

avenues for future research relevant to manufacturing industries and other stakeholders.



CHAPTER 2
LITERATURE REVIEW
2.1 Classification of Additive Manufacturing (AM) Technologies
There are 7 classifications of AM, and these are: Vat Photopolymerization (VP),
Material Jetting (MJ), Binder Jetting (BJ), Material Extrusion (ME), Sheet Lamination

(SL), Powder Bed Fusion (PBF), and Directed Energy Deposition (DED) [8].

2.1.1 AM Technologies Based on VP Process

VP solidifies a liquid resin when exposed to a laser emitting a particular frequency
of light to create a part[8]. Popular technologioes of VP are Stereolithography (SLA), 2)
Direct Light Processing (DLP) and Continuous Liquid Interface (CLIP) [9]. These
processes are shown in Fig. 2. SLA relies on ultraviolet (UV) light. DLP printing employs
digital micromirror (DMD) light. CLIP utilizes DMD light for polymerization. SLA
achieves curing through a laser, DLP utilizes a projector, and CLIP relies on LEDs and
Oxygen for curing. The DLP process is swifter than SLA technology, as each layer
undergoes complete exposure to curative illumination emanating from a digital display [9].
DLP technique is employed to enhance the projector count in the device, aiming to improve
the geometric precision of large components. Nevertheless, the disadvantages associated
with DLP technology include the diminished mechanical strength of the produced [9]. Due
to the continuous movement of the platform, CLIP can produce components with superior
accuracy and mechanical characteristics compared to DLP. However, SLA technology can

achieve higher accuracy compared to DLP and CLIP [9, 10, 11]. One significant drawback



associated with VP’s post-processing is its extended duration and higher cost when

contrasted with alternative additive manufacturing technologies.

(a) Stereolithography (SLA) (b) Digital Light Processing (DLP) (c] Continuous Liquid Interface (CLIP)
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Fig. 2 (a) SLA, (b) DLP, and (c) CLIP process [9, 10, 11].

Mummareddy et al. [12] explored SLA printed ceramic-metal composites fracture
properties. The compressive and flexural strengths of this composite were found to be 97
and 92 MPa, respectively, exhibiting a harder surface compared to its sintered states.
Mubarak et al. [13] investigated SLA printed acrylic-urethane resin and titanium dioxide
(TiO2). Among the tested samples, TiO; annealed at 800°C demonstrated a tensile strength
of 47.43 MPa with an elastic modulus 0of 2.261 GPa, indicating improvements of 103% and
32% over pure SLA resin, respectively. Fig. 3(a) shows SLA/TiO; tensile test results.
Nagarajan et al. [14] investigated SLA printing of photopolymer composites. Strontium
ferrite (SrFeO) and neodymium iron boron (NdFeB) powders were mixed with urethane
acrylate resin. The SLA printed part resulted in improved tensile strengths (28.1 MPa in
SrFeO and 22 MPa in NdFeB), yield points (10.1 MPa in SrFeO and 8.2 MPa in NdFeB),
and elastic moduli (656.5 MPa in SrFeO and 536.7 MPa in NdFeB) based on tensile testing.

The tensile test results are shown in Fig. 3(b).
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Fig. 3 (a) SLA/TiO: tensile properties [13], (b) SLA/lignin tensile properties [14].

Zhao et al. [15] presented a selection of photosensitive resins suitable for this
purpose. Photo resin H-PSi-20 demonstrated its maximum elongation at a break of 1400%.
As the silica content increased from 0% to 20%, tensile strength and elongation rose from
0.30 MPa to 2.59 MPa and 311%, respectively to DLP print silicon elastomers. Fig. 4
shows the DLP printed cat and honeycomb structures. Using the DLP method, Xiao et al.
[16] investigated SiCN ceramic matrix composites using the DLP technique with a

maximum tensile strength of 65.8MPa and maximum elastic modulus of 45 GPa.

Fig. 4 (a) DLP method, (b, c) DLP printed cat, (d, €) DLP printed test specimens, and (f,
g) DLP printed honeycomb structures [15].

Asif et al. [17] investigated carbon fiber and it was found that the single-layered

specimen with the 1% concentration had a tensile strength of 2.78 MPa. This implies that



vat polymerization printed carbon fiber reinforcement materials have improved mechanical
properties.
2.1.2. AM Technologies Based on PBF Process

PBF stands out as a highly versatile AM method, offering a range of material
options such as metal, ceramic, polymer, and composites. The process involves selectively
melting or fusing powdered materials using either a laser or an electron beam to 3D print
part on a powder bed. [18]. Popular PBF technologies are: Selective Laser Sintering (SLS),
Selective Laser Melting (SLM), Direct Metal Laser Sintering (DMLS), Selective Heat
Sintering (SHS), and Electron Beam Melting (EBM) [18, 4].

In SLS, powders are scanned and fused using a laser beam. SLS is rapid and precise
with superior quality surfaces with less material wastage requiring no jigs and fixtures.
SLM process offers superior mechanical properties with the same process as SLS. SLM
parts are highly sought after in aircraft, vehicle, and medical equipment applications.
DMLS is also the same as SLS but uses metals rather than plastics. Metal powders are
heated in the DMLS process to a temperature that allows them to combine to form a solid
part, but not to the melting point. SHS melts plastic powder particles using a heated head
that moves according to the sliced STL model. This method is widely favored for the
manufacture of structural components. EBM melts the metal powder by using an electron

beam [18, 4]. Fig. 5 shows the SLS, DMLS, and EMB technology.
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Fig. 5 (a) SLS process, (b) DMLS process, and (¢c) EBM process [18].

PBF technology, suitable for engineering and biomedical applications, has
demonstrated remarkable capabilities [18]. Bewlay et al. [19] 3D printed Boeing 787 and
747-8 low-pressure airplane turbine blades using PBF, outperforming traditional methods
with significant reductions in noise, fuel consumption, and NOx emissions by 50%, 20%,
and 80% respectively. PBF can 3D print a wide spectrum of alloys and their composites.
H. Attar et al. [20] studied SLM printed Ti-TiB composites, revealing differences in
density and compression properties between samples of 95.1% and 99.5% density. In Fig.
6, the compressive stress—strain curves for Ti—TiB composite samples at 95.1% and 99.5%
density are depicted. The 95.1% density exhibits lower yield and ultimate strengths in
comparison to the 99.5% density composites. Moreover, the compression strain is greater

in the 99.5% density when compared to the 95.1% density. B. Zhang et al. [21] SLM
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printed TiB: particle-reinforced Inconel 625 matrix composites. The results of compressive

stress and strain are depicted in Fig. 6.
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Fig. 6 SLM-printed Ti—TiB composites compressive true stress—strain curves [21].

Using a wide variety of materials, tuning part properties during processing,
increased functionality, relatively low cost, and creating nearly net-shaped components
ready for use are some of the biggest benefits of using PBF. However, PBF is a slow
process due to the speed limitations of the process. PBF also has disadvantages such as
severe size restrictions, high time and power consumption, excessive initial costs, and the
generation of rough surfaces in the produced parts. Moreover, components may experience
cracking in the manufacturing process if brittle or materials with elevated temperatures are
utilized. This is because these materials are unable to endure elevated internal stress and

need a more gradual cooling rate during printing [22].
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2.1.3. AM Technologies Based on ME Process

The most popular AM technology is ME for its simplicity, cost-effectiveness, and
applicability to various materials, making it suitable for both prototyping and
manufacturing of objects in diverse industries. refers to a category of 3D printing
techniques where Fused Deposition Modeling (FDM) is a common example of ME.
FDM’s raw material (filament) is heated and extruded through a nozzle in a controlled
manner, depositing the material layer by layer to build the desired object [23]. Fig. 7 shows
the typical demonstration of an FDM 3D printer. Currently, over half (51%) of AM
products are crafted from polymer plastic filaments, contributing to the growing popularity
of FDM. This method is compatible with various thermoplastic polymers, including but
not limited to Polylactic acid (PLA), Acrylonitrile butadiene styrene (ABS), polypropylene
(PP), Polyethylene terephthalate (PET), Thermoplastic polyurethane (TPU), Poly-ether-
ketone (PEEK), Polyphenylsulfone (PPSU), High Impact Polystyrene (HIPS), and
Acrylonitrile Styrene Acrylate (ASA) [24]. F. Ning et al. [24] demonstrated that the
incorporation of carbon fiber into plastic materials resulted in enhanced tensile strength
and Young's modulus. In particular, the carbon fiber composite specimen exhibited higher
tensile and flexural properties. S. Woosley et al. [25] investigated FDM printed printed
boron nitride nanocomposites, contrasting them with FDM-printed ABS samples to assess
radiation shielding properties. The inclusion of 20% boron nitride in composite materials
significantly enhanced neutron radiation shielding capability, increasing from 50% in pure
ABS samples to 72%. This improvement holds the potential for mitigating neutron

radiation source damage in aircraft parts manufacturing.
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Fig. 7 Fused deposition modelling [24].

Three distinct glass fiber compositions and ABS matrix composites were studied
by Zhong et al. [26]. The outcomes demonstrated that glass fiber may considerably increase
the surface stiffness and tensile strength of the ABS filament. Another intriguing area for
research is how fiber content affects the mechanical characteristics of printed objects.
Wang et al. also reported similar, though not identical, work in which PEEK was combined
with carbon fiber and glass fiber to create composite filaments, each of which had a distinct
fiber composition [27]. In comparison to neat PEEK, both FDM printed CF with PEEK
and GF with PEEK are stronger (GF with PEEK has performed better than CF with PEEK)
[27]. As high-performance fibers carbon, glass, and Kevlar have been the subject of
numerous research studies[28]. R. Zhang et al. [29] studied ultrasound assisted FDM 3D
printed continuous glass fiber (CGF)/ PA6 composites and saw significant improvements
in the tensile and flexural strength, as shown in Fig. 8. FDM printed glass fiber reinforced
PLA/TPU composite parts were researched by L. Cao et al. [30]. The study involved
investigating the effects of annealing and acetone vapor treatments on the parts. Post-
processing treatments, by minimizing air gaps and voids on the morphological surface of

fractured specimens. Fig. 9 shows the PLA/TPU SEM images.



13

1
=
=

] Plexural strength +

¢ Flexural modulus

[ o
= =
= =
-

2
=

xural strength (MPa)

= = M

2 100
Okllz 46 lelz 48 l'\llz 50 l‘dh OkHz  46kHz 48kHz SOKHz ) 0 k‘llz 46 lldh 48kllz 50 l’.llz

Fig. 8 Mechanical properties for FDM CGF/PA6 printing samples: (a) tensile properties;
(b) flexural characteristics; and (c) impact strength [29].

Fig. 9 SEM micrographs for FDM printed glass fiber reinforced PLA/TPU composites:
(a) no treatment, (b) one-hour of acetone treating, (c) four hours of annealing, and (d)
eight hours of annealing [30].

Direct Ink Writing (DIW) is another ME process wherein a small nozzle accurately
deposits ink to create microscale 3D models [31]. Fig. 10 shows a typical demonstration
of the DIW process. DIW will likely be at the cutting edge of additive manufacturing
techniques due to the quick and can print using polymers, ceramics, metals, cement, alloys,
and composites. Serra et al. [32] studied the use of polyethylene glycol (PEG) and G5 glass
particles in DIW-printed PLA/bioglass 3D biodegradable scaffolds. Mechanical and
bioactive properties significantly improved; however, PLA's lackluster mechanical
properties have also restricted its use. To improve the mechanical properties of the
resulting polymer composite, Zhang et al. [33] DIW printed PLA with hydroxyapatite (HA)

which can be used to form human bones. Diogo et al. [34] DIW printed composite scaffolds
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by mixing beta-tricalcium phosphate (B-TCP) with the natural biopolymer alginate
obtained from seaweed. Using DIW, the authors precisely match a particular bone defect

with scaffolds.

‘ Applied Polymer
Pressure | Thermoplastic, Thermoset, Elastomer,
r Biopolymer, Polymer matrix composite
Ceramics
Oxides, Nonoxides, Bioceramics,
Ceramic matrix composites
Glass
Bioglass, Silica glass
Cement

Fig. 10 Direct ink writing process [31].

Robertson et al. [35] DIW printed a complex crosslinked thermoset polymer Poly
dicyclopentadiene (PDCPD) using frontal polymerization (Fig. 11a-1). Chandrasekaran et
al. [36] used DIW to print well-architected structures using thermoset CE resins (Fig. 11a-
i1). Guo et al. [37] used dissolvable thermoplastic polymer PLA to 3D print utilizing solvent

cast DIW (SC-DIW) (Fig. 11b).
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Fig. 11 (a) (i) DIW of gel PDCPD solution to create free-form 3D-printed structures [35],
(i1) DIW printed structures of cyanate ester polymerization [36], and (b) SC-DIW printed
parts mechanical properties [37].

2.1.4. AM Technologies Based on MJ Process

The MIJ process selectively ejects liquid material droplets, which soften the
deposited material layer and subsequently solidify through UV light exposure. The layer is
removed from the build platform in one piece. The MJ process can be compared to a two-
dimensional inkjet printer in many ways enabling multi-material printing that can print
parts with smooth surfaces [38, 39]. The materials employed in the material jetting process
are typically liquid thermoset photopolymers, such as acrylics, commercially available
materials include fully transparent materials, rubber-like materials, resins, thermoplastics,
waxes, reactive materials, and materials that resemble acrylonitrile butadiene styrene
(ABS) [40]. MJ can provide high detail, precision, and a smooth surface finish, that can be

utilized to print functional and non-functional prototypes. It is particularly favored for non-
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functional prototype [41]. However, MJ’s material is expensive, and the part properties
are not significantly better than other AM techniques.

MJ’s popular technologies are Drop on Demand (DOD), PolyJet by Stratasys, and
NanoParticle Jetting (NPJ) by XJet. DOD utilizes two print jets, with one depositing build
material and the other placing soluble support material. DOD can be used to print wax-like
patterns used in lost wax casting and mold. PolyJet employs the deposition of ultra-thin
layers, swiftly cured with UV light, and this sequence is reiterated to accomplish thorough
curing. In NPJ, the build plate is coated with exceptionally thin layers of liquid
nanoparticles through XJet technology [41]. Fig. 12 shows the MJ method and the printed

part.

Dissolvable support
material

(b)

Fig. 12 (a) MJ working principle; and (b) MJ printing part [41].

Vdovin et al. [42] used photopolymer material in polyjet printing to create high-
sound-absorbing acoustic samples. Kitamori et al. [43] used PolylJet printing to create a
biocompatible resin mouthpiece. Using polyjet printers, thyroid cancer prototypes can be

manufactured too [44].
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2.1.5. AM Technologies Based on BJ Process

In BJ layers of powdered material, such as metal, ceramic, or plastic, are joined
together to form solid objects [45]. Typically, a print head applies a liquid binder material
to a layer of powder, fusing the particles to form a solid layer. The procedure is repeated
layer by layer, with the print head depositing the binder material only where it is required,
based on a digital model of the object being printed. The item is taken off the powder bed
and the excess powder is cleaned up after the printing process is finished. To further
strengthen and solidify the material, the object is frequently sintered or cured in an oven or
other specialized machinery [45]. Figure 13(a) shows the schematic representation of the
Binder Jetting Process. Compared to other techniques like laser sintering or fused
deposition modeling (FDM), binder jetting is a relatively quick and affordable 3D printing
process. In industrial settings, it is frequently used to create small to medium-sized
components, including functional prototypes and intricate geometric shapes. However, it
might not be appropriate for components that need a lot of strength or precision. BJ lies in
its laser-free and low-temperature printing process, enabling the cost-effective production
of large parts. BJ can print intricate structures without the need for support and
accommodates a variety of powdered feedstocks [46]. With a higher build rate than MJ, BJ
prints only a fraction of the entire object as a binder, achieving a component production
rate of 200 cm® per minute with a 100-nozzle print head [47]. For metal items, BJ's high-
build volume machines measure 780x400x400 mm [48]. Despite these advantages, BJ-
printed products exhibit suboptimal mechanical qualities, and the absence of sintering or
melting options for structural reinforcement makes this method time-consuming and costly

[45]. Fig. 13 shows the BJ method and printed part.
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Fig. 13 (a) Binder jetting, and (b) sandstone made parts by binder jetting [49].

Q. Porter et al. [50] studied binder jetting made ceramic composites. The authors
found the ceramic composites' compressive strength 826.0 MPa and the flexural strength
317.5 MPa. The results were better than those of any alumina-based specimens made via
binder jetting. J. Liu et al. [51] incorporated TiO: particles into cement-based materials for
binder jet 3D printing. The outcomes showed a superb filling effect that boosted hydration
and densified the printed specimens, increasing their compressive strength. Furthermore,
the filling and catalytic effects of larger TiO; particles can manufacture customized and
environment-friendly highly functionalized structures with good strength. Kazi et al. [52]
investigated that in binder jetting using post-process sintering, shell printing significantly
affected green part density increase by 3.7%, 5% final part density increase, 290% increase
in grain size, and tensile strength increase of 8.84% when compared to conventional
strategies of homogeneous binder placement. This was discovered using pure copper and

analyzing parts with varying shell thicknesses.
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2.1.6. AM Technologies Based on DED Process

DED melts and fuses materials together by a laser to 3D print a part layer after
layer. Usually, DED melts a metal powder or wire to a substrate or previously printed layer
using a nozzle or another delivery system to begin the process. In the DED procedure, the
energy source heats and melts the substance as it is being deposited, forming a molten pool
that solidifies as the energy source travels along the desired path. DED can produce parts
with intricate geometries and substantial material densities by precisely controlling the
energy source and material feed. DED can do quick transitions between different materials
to enable multi-material printing [53]. DED is a flexible process that can use metals, alloys,
ceramics, composites, tantalum, titanium, stainless steel, aluminum, and cobalt as metal
powders. It is frequently used to produce inexpensive intricate, high-performance parts as
well as for prototyping and repairs in the aerospace, defense, and medical industries.
Nevertheless, challenges arise in DED due to complexity and the growing surface
roughness, necessitating post-processing to mitigate residual stress [53].

There are several types of DED processes like Powder-fed DED (PFDED), Wire-
fed DED (WFDED), Blown powder DED (BPDED), and Directed light fabrication (DLF)
which differ in the delivery and deposition of the material [54]. PFDED delivers powders
and WFDED delivers a wire material using an electron beam [54]. Wire and arc additive
manufacturing (WAAM) is a WFDED process that uses wire as a filament [55]. Popular
WAAM methods are gas metal arc welding (GMAW), gas tungsten arc welding (GTAW),
and plasma arc welding (PAW) [56]. GTAW or PAW allows for material deposition at
twice the speed compared to GMAW. However, GMAW is less stable due to the influence

of electric current on the feedstock. These processes utilize co-axial and off-axis feeding.
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Despite these benefits, they exhibit drawbacks such as low repeatability, insufficient
adaptive control, accumulative error, and reliance on expensive post-processing

technologies [57]. Fig. 14 shows all the DED processes.

Welding direction

Hot-wire torch
Laser beam

PAW torch

Shielding/plasma
er

flow inlet

Fig. 14 (a) Basic DED process, (b) WFDED process, (c¢) GMAW process, (d) GTAW
process, and (d) PAW process [56, 57].

In BPDED, a powder material is delivered through a high-pressure gas stream, such
as nitrogen or argon. DLF delivers photocurable material and solidifies using a high-
intensity light source, such as a UV laser or LED [54]. Depending on the application and
materials being used, each of these DED processes has unique benefits and drawbacks. For
instance, large metal parts are frequently built using PFDED, whereas existing parts can be
repaired or upgraded using WFDED. DLF is excellent for 3D printing minute and intricate
parts [54].

Rombouts et al. [58] investigated the effects of loading Inconel 625 in either a
horizontal orientation or a vertical orientation. The results demonstrated that the produced

Inconel 625 in the casting and annealing process had higher elongation but lower tensile
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strength at a low cooling rate compared to both directions in laser metal deposition (LMD)
due to the good heat conduction away from the interaction zone. Wilson et al. [59] repaired
and remanufactured turbine blades and by repairing 10% of the entire part, the carbon
footprint was increased by 45% and energy was saved by 36%. In DED, Saboori et al. [60]
discovered that maintaining a laser's power while increasing the rate at which powder is
fed improved the mechanical and surface qualities and that selecting the right nozzle-to-
substrate distance was crucial for successful material deposition.
2.1.7. AM Technologies Based on SL Process

In SL, 3D parts are formed by stacking and connecting sheet materials atop each
other. LOM serves as an illustration of this process, allowing the efficient fabrication of
large parts at a generally lower cost compared to other AM technologies. Various polymer
and polymer-based composite materials are attracting researchers’ attention in
implementing LOM. Using a commercial SD 300 Pro LOM 3D printer, Pilipovic et al. [61]
studied LOM printed PVC parts. Tensile and flexural properties were evaluated on
specimens 3D printed in the X, y, and z directions. The study revealed that polymer sheets
outperformed paper as a feedstock material in LOM, exhibiting significantly enhanced
mechanical properties and expanding the technology's potential applications.

ABS and thermoplastic polyurethane (TPU) polymers were used in Kumar et al.'s
[62] utilized ABS and thermoplastic polyurethane (TPU) polymers in the LOM
manufacturing of flexural test samples. FDM printing was initially employed to create two
types of sandwich specimens (ABS-TPU-ABS (ATA) and TPU-ABS-TPU (TAT)) using
different polymer filaments. Both TAT and ATA samples demonstrated higher flexural

strengths than TAT composites, with a 92% increase from 6.8 MPa to 13 MPa. The authors
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suggested potential applications for these sandwich-structured composites. Chang et al.
[63] used continuous carbon fiber-reinforced thermoplastic composites (CF/PA6 prepregs)
in the LOM 3D printing process. Laser-cut prepreg plies were consolidated using an
ultrasonic roller, and the 3D-printed composite parts exhibited superior unidirectional
tensile strengths of 1760.2 MPa and tensile moduli of 105.7 GPa. Krinitcyn et al. utilized
the LOM process to manufacture a three-dimensional gear with a linear shrinkage of less
than 3%. LOM-manufactured polymers and composites hold significant promise for load-
carrying structural components across various industries. Fig. 15 shows ultrasonic assisted

LOM printed parts.

Step 1: Laser cutting Step 2: Stack -up
? ;

8 layers prepregs,
Final parts Step 3: Ultrasonic consolidation

Ultrasonic roller
Rotation direction

Vibration direction

Fig. 15 Ultrasonic assisted LOM process and printed parts [63].

The LOM process does not entail chemical reactions and does not require support
material, as the laminated material self-supports during curing before the final component
is cut [64]. Complex geometric shapes are challenging to produce with LOM because of
the difficulty in accessing the interior of a part and removing excess material. Moreover,

LOM's dimensional accuracy has room for improvement. Parts manufactured with LOM
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may exhibit low strength and subpar surface finish, particularly depending on the chosen
material. Additionally, materials such as paper can absorb moisture if not treated [64].
2.2 Background Information on AM of Biocomposites

Abaca, bamboo, coir, flax, grass, hemp, jute, kenaf, ramie, sisal, and sugarcane are
the most prevalent and readily available commercial biofibers worldwide [65]. A matrix,
typically polymers and a biofiber reinforcement are combined to create biocomposites.
Biocomposites are gaining interest in research and industrial applications of vehicles,
aerospace, military equipment, construction, sports, and packaging. Biofibers possess
qualities such as renewability, recyclability, cost-effectiveness, environmental friendliness,
and biodegradability [65, 66].
2.2.1 ME Process Based Biocomposites

In the process of material extrusion, fused deposition modeling (FDM) can be used
to manufacture biofiber reinforced polymer composites. There are two processes by which
we can manufacture this: 1) Polymer pellets and chopped fibers can be blended in a mixer
and subsequently fed into an extruder, where they are transformed into filaments for the
production of biofiber composites, and 2) prepreg composite filaments made from
continuous biofiber can also be directly extruded for 3D printed parts after being infused
with or coated with polymer paste [67, 68]. In a composite part, two of the most important
factors are fiber orientation and void fraction of composites. The higher fiber content
reinforced biocomposites process is difficult as continuous filaments with high fiber for
FDM are hard to manufacture and can’t be printed due to nozzle clogging issues [67].

Correa et al. [69] developed a 4D printing method using FDM with filaments made

from wood fibers and polymers. The wood FDM filaments were placed with exacting
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precision to manage the anisotropic characteristics of the material by establishing specific
grain patterns. Montalvo and Hidalgo [70] studied FDM with compound filaments using
different plastic matrices and sugarcane bagasse as the filler, varying fiber and polymer
amounts to analyze the composites. The FDM process can be used to produce
biocomposites with a PLA/PHA matrix reinforced with recycled wood fibers [71]. The
study revealed improved strength for extruded or injection molded PP with wood and
HDPE with wood. Matsuzaki et al. [72] FDM printed continuous fiber reinforced
composites (CFRPs). The authors concluded that the tensile strength of jute reinforced
biocomposites was not improved significantly compared to that of carbon fiber ones. Using
hemp and harakeke (phormium tenax) with PLA matrix, Stoof et al. [73] investigated the
use of FDM to create natural fiber-reinforced composite components. According to their
findings, 20 weight percent harakeke samples had a tensile strength that was 5.4% higher
and Young's modulus that was 42.3% higher than plain PLA samples. Additionally, using
pre- or post-consumer PP, they created composite filaments with various weights of fiber
and gypsum and discovered that the tensile strength and Young's modulus of the filaments
manufactured from harakeke in a PP matrix were significantly higher than pure PP.
Furthermore, the authors showed PP with natural fiber had better properties than PP with
glass fiber [74].

The study by Navarrete et al. [75] investigated the feasibility of using FDM to
produce wood flour-reinforced polymer composites (WPCs). Four different concentrations
of wood were used by the authors along with two different PP and PLA matrices. The 20%
wood flour content that they discovered was best for the FDM process. After creating

filaments from the 20% wood flour composites, the authors printed tensile and flexural test
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samples and compared them to samples made by injection molding. The outcomes
demonstrated that the samples produced using FDM printing had lower tensile and flexural
moduli than those produced using injection molding. Kariz et al. [76] used Liquid
Deposition Modeling (LDM) to mix the wood powder with polyvinyl acetate and urea-
formaldehyde. The authors observed part shrinkage due to water removal during curing,
with the largest shrinkage in the z-direction. However, wood increased the extrusion power.
Rosenthal et al. [80] used sawdust and methylcellulose as the binding agent for LDM 3D
printing. They used 0.25mm and 0.4mm sawdust particles and mixed them with
methylcellulose and water to achieve good dimensional stability and bending properties.

Fig. 16 shows all the mechanical properties of these FDM printed specimens.
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Fig. 16 PP, PLA, PLA+WF, FDM printed PLA+WF, and pure PLA (a) Tensile Modulus,
(b) Flexural Modulus [75, 77], PLA, JFRTP, CFRTP, (¢) Tensile Modulus, and (d)
Tensile Strength [72, 77].

2.2.2 PBF Process Based Biocomposites

The SLS process is mostly used to print biofiber reinforced composites. Guo et al.
[78] used wood and copolyester (Co-PES) powder with a viscosity reducer to form a

wood/plastic composite using the SLS process. The volume ratio of wood to Co-PES
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powder was 10:9. These parts obtained adequate strength and wax infiltration was used to
drop in void fraction from 51% to 7% and a notable improvement in mechanical properties
and part quality. Zeng et al. [79] used rice husk powder to make rice husk plastic
composites (RPCs) through the SLS process. RPCs significantly improved mechanical
properties compared to wood plastic composites (WPCs) made using the same process.
RPCs had 2.6 times the bending strength, 10.7 times the tensile strength, and 78% the
impact strength of WPCs. The mechanical properties of RPCs were further enhanced by
wax post-processing, which led to tensile strength values of 1.47 MPa, bending values of
3.86 MPa, and impact values of 3.74 kJ/m?, which are, respectively, 21%, 41%, and 165%

higher than those of the WPCs. Fig. 17 shows these results.
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Fig. 17 Comparisons of mechanical properties: (a) SLS-printed WPCs [78, 77], (b) SLS-
printed WPCs and RPCs [79, 77], and (¢) SLS-printed wax- infiltrated WPCs and RPCs
[79, 77].

Xin et al. [80] used aspen wood powder, adhesive powder, and polypropylene (PP)
powder for SLS printing of biocomposites. Because there was inadequate wood and plastic
bonding, the authors varied the wood powder content from 10% to 40% and discovered
that doing so adversely affected the tensile and flexural strengths. The base material

contained no combining agent, and the wood powder's particle size ranged from 80-100
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um. The PP powder ranged in size from 100-180 pm, while the hot-melt adhesive powder
had a size of 120-180 pm.
2.2.3 VP Process Based Biocomposites

Two of the most used vat polymerization techniques to create biocomposites are
SLA and DLP. Quan et al. [81] SLA printed with different fibers to improve the strength
and toughness of printed parts. UV lighting projectors were used with the same light
intensity while using carbon, glass, or high-strength PE (HSPE) yarns. The use of different
fiber yarns with the same resin resulted in significantly improved elastic modulus and
tensile fracture strength compared to parts made from pure resin. HSPE yarn reinforcement
was better than both glass fiber and carbon fiber. The use of biofibers in SLA 3D printing
is an area that requires further research and development. Fig. 18 shows the results of this
study. Li et al. [82] utilized DLP technology to create glycerol composites reinforced with
cellulose nanocrystals, improving strength and observed a positive correlation between
cellulose nanocrystals concentration and Young's modulus, as well as a decrease in
Young's modulus with increasing 3D printing layer thickness.
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Fig. 18 (a) Tensile Test Curves, and (b) Tensile Fracture Strength of Pure Resin, CF, GF,
HSPE [77, 81].
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2.2.4 SL Process Based Biocomposites

LOM is the 3D printing process that is mostly used to create biocomposites. LOM
technology is inexpensive, accurate, and has high fiber content and short building time.
Jiang et al. [83] examined pure resin and woven jute fiber-reinforced composites. The
results showed that both types of pure resin were relatively weak, with hydrovanilloin resin
being very brittle. However, incorporating woven jute fibers into the resins significantly
improved their tensile and flexural properties. The maximum tensile strength was 28.32
MPa for woven jute fiber reinforced Elium resin, and the maximum tensile modulus was
2.68 GPa. The maximum flexural strength was 39.66 MPa for 3-ply woven jute fiber
reinforced Elium resin, and the maximum flexural modulus was 2.72 GPa. The results of
this study suggest that LOM can be used to produce high-strength composite materials
from natural fibers for rapid prototyping applications. Fig. 19 shows the results.

Weisensel et al. [84] utilized the reaction bonding technique to develop a LOM
product by binding a paper and adhesive made from ethanol, polyvinyl butyral, benzyl
butyl phthalate, and phenolic resin. After being pyrolyzed once more to turn the phenolic
resin into carbon, the product was then post-infiltrated with liquid Si. The composite’s
average bending strength was 130 + 10 MPa after 1 hour of infiltration which is comparable

to other 3D-printed SiC materials.
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Fig. 19 Comparison of: (a, b) tensile, and (c, d) flexural properties of hydrovanilloin,
elium and jute/hydrovanilloin and jute/elium samples [83].

Composite-Based Additive Manufacturing (CBAM) is another solid-sheet-based
3D printing technology that applies a fiber sheet with glue using an inkjet technique.
Following that, the polymer is coated on the sheet, adhering to the sheet where the glue
was printed. Once the excess powder has been taken out, the procedure is repeated until all
the sheets have been stacked. The desired part is then made visible by removing the
unbonded sheet fiber portions using mechanical or chemical processes after the entire
component has been heated and compressed for consolidation. Impossible Objects [85], a
company based in Northbrook, Illinois, uses the CBAM technology to produce complex
and strong 3D printed parts at a faster rate than conventional processes. This company used
Kevlar, carbon, and glass to achieve tensile strength of up to 150 MPa and tensile modulus

of up to 11.0 GPa for their carbon-nylon parts and these parts are better than FDM printed



30

nylon [86]. Fig. 20 shows the CBAM working principle and CBAM printed parts

properties.
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Fig. 20 (a) CBAM working principle, and (b) CBAM printed carbon-nylon comparison
with FDM printed carbon-nylon [86].

2.3 Mechanical Properties of Natural Fiber Reinforced Composites

Various studies have investigated the use of natural fibers like bamboo, banana,
hemp, jute, kenaf, pineapple, rice straw, sisal, sugar palms, sugarcane, and wood. as
reinforcements in polymer matrices [87, 88, 89]. Different mechanical characteristics can
be seen in different natural fibers. Composite materials based on cotton have demonstrated
improved eco-efficiency and a decreased negative impact on the environment [90].
Bamboo fibers, which are famous for their woven structures, exhibit special qualities in
terms of fiber displacement responses, matrix failures, and fracture features [91]. Heat-
insulating compounds and acoustical absorbing substances are increasingly using natural
fibers in 3D printing filaments [92]. Natural fiber composites have lower wear resistance
than synthetic fiber composites. For this reason, natural fiber composites are suitable for

applications in the automotive industry, particularly in automobile components subjected



31

to wear [91]. Depending on the kind of natural fiber used, the wear behavior of composites
made from natural fibers varies.

Natural fibers with higher modulus and tensile strength typically have better wear
resistance. The wear behavior of natural fiber composites is also significantly influenced
by the fiber matrix bonding. These natural fibers can be shielded from wear and damage
by a strong fiber matrix bond [91]. Longer natural fibers have a higher wear resistance than
shorter fibers because they are less likely to break off during use. Additionally, the amount
of fiber in natural fiber composites offers more protection for the fibers against
deterioration, materials with higher fiber contents tend to be more wear-resistant than those
with lower fiber contents. Moreover, by giving the fibers a chemical treatment that
increases their wear resistance, Hybridization which is the process of combining two or
more different types of fibers in a composite can also increase the composites’ properties
and wear resistance [91]. Natural fiber reinforced composites can show the exact
mechanical properties of synthetic fiber reinforcements (glass and carbon fibers). This can
be done by varying factors like fiber geometry, density, and chemical structure, as well as
farming conditions [93]. By incorporating nanoscale fillers and gathering precise
mechanical property data, the use of computer simulations, and advanced measurement
techniques these adjustments can be made. Fig. 21 shows the natural fiber composition.

Table I shows the properties of the popular natural fibers available.
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Fig. 21 Schematic of natural fiber composition [94].

Many natural fibers derived from plants, including flax, hemp, and jute, have
superior mechanical qualities and a lower density than glass fibers. The mechanical
properties of natural fibers can vary, though, depending on the plant variety, growing
environment, processing, and measurement techniques. Natural fibers can achieve similar
or even higher specific stiffness values than glass fibers, despite having a potentially lower
tensile strength. Table II shows the comparison between E-Glass fiber and natural fibers.
In comparison to other plants, flax and hemp have the benefit of requiring less space to be
grown. For instance, flax exhibits a significantly higher yield than other plants [95].
Environmentally speaking, growing natural fibers like flax are preferable to manufacturing
synthetic fibers like glass fibers and even other textiles like cotton. In comparison to cotton
fibers, which need 700-29,000L of water per kg to produce, flax fibers only need 600—

1000L [96].
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NATURAL FIBER PROPERTIES [94, 97]
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Density Tensile Strength | Tensile Modulus Elongation at
Fiber
(g/cm?) (MPa) (MPa) Break (%)
Sugar
1.30 15.5-290 0.5-3.4 5.7-28
palm
Sisal 1.50 400-700 9.0-38.0 2.0-14.0
Oil palm 1.55 400 9.0 18.0
Jute 1.60 393-800 10.0-30.0 1.2-1.8
Kenaf 1.45 930 53.0 1.6
Hemp 1.48 550-900 70.0 1.6-4.0
Cotton 1.60 287-800 5.5-12.6 2.0-10.0
Bamboo 1.25 290 17.0 -
Flax 1.50 345-1500 27.6 1.2-3.2
Pineapple 1.44 413-1627 60.0-82.0 14.5
Banana 1.35 529-914 27.0-32.0 59




TABLE II
COMPARISON OF PROPERTIES OF E-GLASS FIBER TO NATURAL FIBERS [98]

(GPa/g-cm ™)

Property E-Glass Flax Hemp Jute
Density (g/cm?) 2.5 1.5 1.5 1.3-1.5
Length (mm) Continuous 5-900 5-55 1.5-120
Tensile strength (MPa) | 2000-3000 | 345-1830 | 550-1110 | 393-800
Specific tensile strength
800-1400 | 230-1220 | 370-740 | 310-610
(MPa/g-cm™>)
Tensile stiffness (GPa) 70 27-80 58-70 10-55
Specific tensile stiffness
29 18-53 39-47 7.1-39
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Ahmad et al. [97] developed composite filaments with varying weight percentages

of oil palm fiber (0%, 3%, 5%, and 7%). The fibers were cleaned by soaking in water for

two days and sodium hydroxide was used to avoid unwanted components. On the other

hand, Nasir et al. [94] applied silane and alkaline treatments to sugar palm fiber composites.

After three hours in the solution, the fibers were distilled water-rinse, and woven-dried.

Natural fiber-reinforced thermoplastic filaments can be used in FDM, and Fig. 22 shows

the fundamental steps involved in creating these composite materials. Han et al. [99], Yu

et al. [100], and Tao et al. [101] developed natural fiber composite filaments: kenaf/ABS,

astragalus/PLA, and wood/PLA respectively for FDM 3D printing (Fig.23). Muck et al.

[102] made filament combining wood and PLA. The authors showed that this filament had
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gaps between the fiber and the matrix generating a low interfacial bonding between the

PLA matrix and wood fiber. Fig. 24 shows the SEM images of this study.
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Fig. 23 (a) PLA reinforced wood, (b) ABS reinforced kenaf, and (c) PLA reinforced
astragalus biocomposites filaments [99, 100, 101].

Fig. 24 SEM images of wood and PLA (a) 500 pm, and (b) 50 pum [102].

Stoof et al. [73] 3D printed composite samples reinforced with natural fibers using

fused deposition modeling (FDM). They mixed different weight percentages of consistent
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3 mm hemp and harakeke (phormium tenax) filaments in a PLA matrix. In comparison to
plain PLA samples, the FFF samples with 20 weight percent harakeke displayed higher
tensile properties. according to the results of their tests. Additionally, using pre- or post-
consumer PP (polypropylene). Furthermore, Stoof et al. investigated FDM printed
composite filaments with different weight contents of fiber and gypsum using pre- or post-
consumer PP (polypropylene). High tensile properties are observed using 30% weight of

PP with harakeke [74].
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Fig. 25(a) Hemp/Harakeke mixed with PLA tensile characteristics, (b) Hemp/Harakeke
mixed with PLA Young’s modulus, (c) PP/harakeke and PP/hemp tensile properties, and
(d) PP/harakeke and PP/hemp Young’s modulus [74, 73].

Rahman et al. [104] highlighted the importance of filler selection and fiber loading
in optimizing the jute fiber-reinforced polyethylene properties, emphasizing the role of
interfacial bonding and compatibility between the components. The authors examined the

effects of clay, silica, and maleic anhydride (MA) fillers on jute fiber polyethylene (PE)
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composites. The preparation of various composite formulations included silica- and MA-
based composites as well as those treated with MA, clay, or both. Clay served as a
reinforcement filler, silica improved elongation characteristics, and MA improved the
hydrophobic properties of PE. Jute fiber and PE mixtures were molded and heat-pressed
under specific circumstances to create the composites. The results demonstrated that up to
a 15% fiber loading percentage, the tensile strength and Young's modulus increased.
However, these characteristics decreased at a reinforcement weight of 20%. Weak
interfacial bonding, lower compatibility, and a higher level of fiber agglomeration within
the matrix were blamed for this decrease. Notably, the composite's tensile strength
significantly increased because of the addition of MA and silica. Additionally, samples
with MA, silica, and clay showed the highest Young's modulus, demonstrating improved
compatibility between the fiber and matrix. At higher fiber weight percentages, the
researchers found that agglomeration of the fiber within the matrix was to blame for the
decline in tensile strength and Young's modulus. Fig. 26 shows the SEM study that was
done in the study to investigate the fracture surfaces of these biocomposites and the tensile

strength and Young's modulus at various fiber loadings.
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Fig. 26 SEM images of composites: (a) jute fiber with PE, (b) jute fiber with PE and MA,
(c) jute fiber with PE and MA clay, (d) jute fiber with PE and MA silica; (e) tensile
properties comparison, and (f) comparison of Young’s modulus [104].

Rassiah et al. [105] used the hand lay-up technique to prepare compositions of
woven bamboo with 2 layers and strip bamboo fiber with thicknesses ranging from 1.5 to
2.5 mm in a 3 mm thick mold. The outcomes showed that the woven bamboo-reinforced
epoxy composite had superior properties to the strip bamboo-reinforced polyester
composite. Comparing the woven bamboo composite to the strip bamboo composite, the
tensile modulus, hardness, flexural strength, and tensile strength of the woven bamboo
composite were all higher, ranging from 11.4% to 45.1%. The flexural modulus in the
woven bamboo composite, however, displayed the opposite trend, declining by 13.5%.
According to these findings, the woven bamboo-supported epoxy composite has excellent

mechanical qualities and stands as a useful substitute for traditional composites.
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Fig. 27(a) Laminated woven bamboo and strip bamboo samples, (b) tensile strength, (c)
tensile modulus, (d) flexural strength, and (e) flexural modulus [105].

To achieve the best tensile strength possible in jute fiber-reinforced polypropylene
composites, Chatterjee et al. [106] emphasized the significance of choosing the proper fiber
lengths and plies and focused on how thermal processing may affect the mechanical
characteristics of composites. The authors concentrated on creating composites that are
environmentally friendly by adding jute fibers to a polypropylene (PP) matrix. By varying
the fiber lengths (3 cm, 6 cm, and 9 cm), number of plies (1, 2, or 3), and loading
percentages (0%, 5%, and 10%), the researchers looked at the mechanical characteristics
of the composites. The optimal tensile strength was with a fiber length of 3 cm and two
plies, across all weight ratio percentages. However, the strength decreased when four plies
of jute fiber were used. Table III shows the tensile strength values of jute/polypropylene

composites with different plies and loading percentages.
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TABLE III
JUTE FIBER CUT LENGTHS ON THE TENSILE STRENGTH (MPa) OF JUTE
FIBER COMPOSITES [106]

Fiber 3cm jute fiber 6¢cm jute fiber 9cm jute fiber

concentration | lIply | 2ply | 4ply | lIply | 2ply | 4ply | Iply | 2ply | 4ply

0% 523 | 721 | 623 | 523 | 7.68 | 6.49 [6.02| 7.59 | 6.92
5% 10.44 | 12.01 | 11.54 | 10.09 | 11.88 | 10.16 | 9.68 | 11.36 | 10.34
10% 10.23 | 17.86 | 12.47 | 10.21 | 13.48 | 12.16 | 9.92 | 13.65 | 11.93

Jiang et al. [107] introduced a novel approach to manufacturing biocomposite
sandwich structures consisting of a natural fiber textile (such as jute, flax, and cellulose) as
the skin, mycelium-bound agricultural waste as the core, and a bio-resin as the matrix. A
natural binder for biocomposite materials can be made from mycelium, the vegetative
portion of a fungus made up of thread-like hyphae. It can colonize reinforcement fibers and
core material without the need for additional energy input by ingesting and adhering to
damp agricultural byproducts. The core materials for sandwich structures are natural fiber
reinforcement and organic waste; a web of threadlike cells, resembling mushroom roots,
connects them to create laminates. A two-piece growth mold set was created using heavy
gauge plastic, featuring an enclosed cavity for the brick specimen and respiration holes to
facilitate fungal growth. After sterilization, the molds were filled with various core,
reinforcement, and mycelium binder materials. The molds were then left to grow together
for five days under high humidity and room temperature conditions. These bricks

underwent thermal pressing once they were fully grown to set their dimensions, and then a
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convection drying cycle in a regular thermal oven. The authors created biotex jute, biotex
flax, and biomid fiber reinforced sandwich structure composites 30 specimens using this
process following ASTM D7250 and ASTM (C393 standard dimensions 20.3 x 6.4 x 2.5
cm? (8 x 2.5 x 1”). These dried specimens were tested according to ASTM standards using
the three-point bending method. Flax reinforcement demonstrated significantly higher
strength compared to the other two skin materials, as the fungal mycelium used in the
experiments showed a preference for flax. However, it was observed that stiffness was
primarily determined by core strength, with weakly bound skin contributing little. The
results of this research indicated that mycelium exhibits a preference for flax as the skin
material, resulting in a stronger branching network and enhanced interfacial bonds. This
preference may be attributed to the higher nutritional profile of flax, which includes starch,

fatty acids, and ash, compared to jute and raw cellulose.

€]

(k)

Fig. 28 (a) SEM image of jute/mycelium biocomposites, (b) laminated biocomposites
orientation, (¢) mycelium-based biocomposites sandwich structures, (d) biocomposites
design following ASTM C393 standard, (e) jute, flax and BioMid reinforced beam
specimens, (f) core shear yield stress comparison, (g) core shear ultimate strength
comparison, and (h) flexural modulus comparison [107].
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Sayeed et al. [108] provided valuable insights into the mechanical properties and
potential applications of PP-based composites reinforced with jute, kenaf, and pineapple
leaf fiber (PALF). Fig. 28 shows the manufacturing steps required to create these
composites. According to the findings, for all variations in fiber content (30%, 35%, 40%),
the composites' tensile strength and impact strength significantly improved. In comparison
to pure PP matrix, these had higher tensile (ranging from 43 to 58 MPa), flexural (53 to 67
MPa), and impact (25 to 46 kJ/m?) strengths. The high tensile strength of PALF gave
PALF-PP composites the best mechanical characteristics. Fig. 29 shows the specimens and
comparison of the tensile and flexural strengths of the PP-based composites. The
comparison of different natural fibers enables researchers to select the most suitable fiber
for fiber-reinforced composites based on specific product requirements.
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Fig. 29 Manufacturing steps to create PP-based composites reinforced with jute, kenaf,
and PALF [108].
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and (h) flexural Modulus of all specimens [108].

The authors took the fractured specimens to an SEM machine, and they observed
at high magnification that there were voids between fiber-matrix bonding. Fig. 30 shows
the SEM images of all the fracture specimens. The voids were less in the PALF-PP
composites, indicating better adhesion between the fibers and the matrix. This improved
fiber-matrix adhesion is likely to contribute to the ability of the PALF-PP composites to
withstand higher loads compared to Jute and Kenaf PP composites. Fig. 31 SEM pictures

of fractured jute, kenaf, and PLAF composites.
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This research shows that biocomposites, which are made of natural fibers and
biodegradable polymers, have better mechanical qualities in terms of tensile strength,
flexural strength, and impact resistance, compared to individual fibers or polymers. The
reinforcement provided by the natural fibers improves the biocomposites' overall
performance, and the biodegradable polymer matrix guarantees their environmental
friendliness. For this reason, the main objective of this research is to investigate LOM

printed natural fiber reinforced biocomposites.
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CHAPTER 3
METHODOLOGY

3.1 The LOM Prototype Design and Development

For this research, a LOM prototype was designed and developed to print PLA
infused woven jute fiber reinforced biocomposites. This section is divided into 6
subsections: 1. customer needs; 2. brainstorming and selection of solutions; 3. design
specifications; 4. CAD models of parts and the final product; 5. prototype building and
assembly; 6. debugging and testing.
3.1.1 Customer Needs

There is a growing consumer demand for sustainable and eco-friendly products.
Many industries and sectors, including automotive, construction, and packaging, are facing
increasing regulations and standards for sustainability and reduced environmental impact.
Natural fiber reinforced biocomposites align with these preferences and can be marketed
as environmentally conscious alternatives. Natural fibers are lightweight, possess good
mechanical properties, and can provide adequate strength and stiffness for various
structural components. 3D printing of natural fiber reinforced biocomposites is an
emerging field that combines the benefits of 3D printing technology with the sustainable
and biodegradable properties of natural fibers. Natural fibers, such as jute, hemp, flax, and
bamboo, can be used as reinforcing agents in the biocomposites filament or resin used for
3D printing. 3D printing also allows for complex and intricate designs that are difficult or
impossible to achieve with traditional manufacturing methods. Natural fiber reinforced
biocomposites can be 3D printed into custom shapes, structures, and geometries, providing

design flexibility and customization options. 3D printing of natural fiber reinforced
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biocomposites is still in its early stages, ongoing research and development are exploring
new material formulations, processing techniques, and printer settings to optimize the
properties and performance of the printed parts. For this reason, this research focused on
building a LOM 3D printer prototype to explore the processing of natural fiber reinforced
biocomposites using LOM. Fig. 32 shows the application of natural fiber reinforced

biocomposites in the current world.

—

Biopackaging —

product Pavilion Sugarcane-based panels  Linen shell for mobile

Nanocellulose diaphragm used
in the Sony headphone

Light weight cardoor  Roof made from bamboo

Mercedes 5 class automotive components made

Under floor protection trims of Mercedes made from banana fiber reinforced composites from natural fiber reinforced composites

Fig. 32 Application of natural fiber reinforced biocomposites [109].
3.1.2 Brainstorming and Selection of Solutions

For the LOM prototype design, brainstorming is needed to select the solutions. The
first step of the prototype build is to define the problem and requirements by brainstorming.
The author searched for existing LOM machines to get an overall idea of how to build the
prototype. LOM technology was invented by Helisys, now known as Cubic Technologies.

They created the first LOM machines for sale and have improved the procedure ever since
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[110]. A variety of LOM machines are available from Cubic Technologies, and they are
renowned for their high build volumes and precision. The distinctive LOM process used
by Mcor Technologies, which uses common office paper as the build material, to create
highly detailed, full-color models. CleanGreen3D Limited later purchased Mcor

Technologies [111]. Fig. 33 shows the CleanGreen3D Limited CG-1 LOM 3D printer.

i gEm3D

Fig. 33 CleanGreen3D limited CG-1 LOM 3D printer.

The LOM prototype followed the CleanGreen3D CG-1 3D printer’s working
principle. The working principle involves two identical rollers (i.e., material feed roller and
material waste take-up roller) that can be rotated using two stepper motors. Once the
material feeding roller rotates it will supply the material in the build plate of the LOM
prototype. Simultaneously, a laser head will cut the fiber according to the required design
and then the waste take-up roller will take the unnecessary materials out of the build plate.
G-codes are used to send the required CAD design in the LOM prototype. The
brainstorming sessions led to the selection of the necessary components and solutions for

the LOM prototype. These are described below:
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3.1.2.1 Laser Head Selection

Usually for the LOM, the laser head needs to have a specific power so that it can
easily cut the woven fibers. The research team started investigating with lower-watt laser
heads (i.e., 5.5W, 7.5W, and 10W) to see if they could penetrate the fiber. However, these
low-powered lasers are good for engraving but not for penetrating. Then, the research team
decided to purchase a high 40W laser head that could easily penetrate the woven fiber used
in this experiment. This 40W laser head enabled the LOM prototype to cut the woven fiber
infused PLA biopolymer with its high power in a single pass. Fig. 34 (a) shows all the

failed laser heads and 34 (b) shows the 40W laser head that is used for the prototype.

5.5W laser head | 7.5W laser head = 10W laser head

¥ U {

(a) (b)

120mm

Fig. 34 (a) Failed 5.5W, 7.5W and 10W laser heads, and (b) selected 40W laser head.

3.1.2.2 Motherboard, Motors, and Motor Drivers Selection

After market research of the available 3D printer motherboards, the author selected
MKS DLC32 motherboard. For controlling the prototype from the motherboard, a touch
screen controlling panel named MKS TS35 RV2.0 was purchased. Additionally, five
Tronxy SL42S TH40 Stepper Motors were purchased for driving the X, Y, and Z axes,

material feed roller motor and material wastage take-up roller respectively. For driving
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these motor drivers, A4988 motor drivers were used. Fig. 35 shows the MKS DLC32

motherboard with the MKS TS35 touchscreen and A4988 motor drivers.

Fig. 35MKS DLC32 motherboard with MKS TS35 RV2.0 touchscreen and A4988 motor
drivers.

3.1.3 Design Specifications

The design specifications of the prototype are described below in Table IV.

Table IV
DESIGN SPECIFICATIONS FOR THE LOM PROTOTYPE
Design Parts Specifications Description
Frame 552%485%510 mm
Build Plate 220%220%300 mm
Material Feed Roller 292x70x70mm
Material Wastage Take up Roller 292x70x70mm
Laser Head 40W, 120x40mm




Motherboard

MKS DLC32

Controlling Panel

MKS TS 35 R V2.0 Touchscreen

Motor Drivers

A4988 Stepper Motor Drivers

Stepper Motors

Tronxy SL42S TH40 Motors

Power Input/ Output

12V-24V

3.1.4 CAD Models of The Parts and The Final Product

50

SolidWorks software is used to do the CAD design of the LOM prototype. The

following CAD designs are made before the prototype is built:

3.1.4.1 Main Frame CAD Model

The dimensions of the main frame of the prototype are 552x485x510 mm. Fig. 36

shows the SolidWorks design of the main frame.

Fig. 36 Design of the main frame of the LOM prototype.
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3.1.4.2 Build Plate CAD Model
The build plate dimension was 220%x220%300 mm. Fig. 37 shows the build plate’s

SolidWorks design.

Fig. 37 Design of build plate of the LOM prototype.
3.1.4.3 Material Feed and Wastage Take-up Roller CAD Models

Material feed and wastage take-up rollers are identical with a dimension of
292x70x70 mm. These rollers are designed in such a way that two stepper motors can
rotate the rollers. Stepper motors are connected to the roller using a timing belt and a pulley.
Stepper motor covers are designed to hold the stepper motors with the frame. Fig. 38 shows

the two rollers CAD design for the LOM prototype.

Fig. 38 Design of the material feed and wastage take-up roller with necessary
components, i.e., pulley, timing belts, and stepper motor covers.
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3.1.4.4 Laser Head CAD Model
The 40W laser head dimensions are 12040 mm. Fig. 39 shows the SolidWorks

design of the laser head.

Fig. 39 CAD design of 40W laser head.
3.1.4.5 The Final LOM Prototype CAD Model
After the 3D CAD design of every part, the final prototype was assembled using

SolidWorks software. Fig. 40 shows the final prototype designed and assembled using

SolidWorks.

Fig. 40 3D CAD design of LOM prototype.



53

3.1.5 Prototype Building and Assembly
3.1.5.1 Frame, Build plate, and Laser Head Assembly

After the completion of the design phase, the author started constructing the LOM
prototype. The initial step involved assembling the frame, followed by the installation of
the build plate. To ensure precise movement, stepper motors for the X, Y, and Z axes, as
well as the material feed roller and waste take-up roller, were installed. Additionally, the
incorporation of several belts facilitated smooth travel between the X, Y, and Z axes.
Custom 3D-printed covers for the stepper motors were created using the Stratasys Uprint
SE Plus 3D printer. Five Tronxy SL42S TH40 stepper motors are used to control the X, Y,
and Z axes of the printing platform, both the material feeding and the take-up rollers,
respectively. All the stepper motors, equipped with their FDM printed covers, were
securely attached to the body frame. As a crucial component of the LOM prototype, the
40W laser head was carefully installed with the addition of a small block on the frame,
ensuring precise and controlled laser operation. The material feed-up roller feeds the
prepregs continuously. After the laser cuts the prepreg, the material take-up roller takes the
unused materials away, leaving the laser-cut part in the building platform. This process
allows the next layer of printing material to be placed just above the previous one, and the
same process keeps repeating until all the layers of the model to be built are completed.
The entire model is then moved to a thermal press for a final press so the biopolymers can
be melted again to have all layers bonded together. Fig. 41 shows the assembled LOM

prototype.
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PLA infused
Woven Jute Fiber
Prepreg Sheets

40W Laser Head

FDM printed
Feeding Roller

Stepper Motors

FDM printed Waste
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MKS DLC32
Motherboard

MKS TS35
Touchscreen

Fig. 41 The assembled LOM prototype.

3.1.5.2 Motherboard Connection Setup

The research team proceeded to establish the connection between the LOM
prototype and the MKS DLC32 motherboard. Fig. 42 shows a typical interface of MKS
DLC32 whose input voltage range is 12-24V and maximum current is SA. The USB-PC
interface is used for programming and online control and in the TF card slot a SD card can
be installed for offline engraving file storage in the form of G-code. As depicted in Fig. 42,
the X, Y, and Z axis stepper motor wires were carefully connected to their respective ports
on the MKS DLC32 interface. To drive the motors effectively, three A4988 motor drivers
were expertly positioned in the X, Y, and Z motor drive slots. Additionally, another set of
wire connections from the stepper motors was made to the X, Y, and Z end stops on the
motherboard. These end stops serve as essential limit switches, with an input signal voltage

of 5V, ensuring precise movement and control. Moreover, the motor drivers were
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configured to accommodate the required micro-step settings for the LOM prototype, as
shown in Fig. 43, enabling optimal performance and precision during operation.

Motor drive X-axis Y-axis Z-axis 12V/24V TTL
slot motor motor motor Output Output

dojs pua

pua sixe-z  S3XE AX

a0kl

Buzzer 12V/24V Power
adoasoihB;doys

aqoid

CNC
principal axis interface Output indicator
ERLITET]

ozt

ELENET

soBMA)U|

u82.2s Yono}
SES1/YZSL

Power 12vi24V

USB-PC  TFcard Runback
fuse Input

interface slot button interface

Power switch
interface

(The fuse needs
to be pulled out)

Fig. 42 MKS DLC32 interface introduction.

The 40W laser head utilized in the LOM prototype is of the TTL-PWM type,
characterized by its 3PIN configuration. Consequently, the laser head's wire was
appropriately connected to the TTL output port. The wiring diagram, depicted in Fig. 43
(c), illustrates the connections: V corresponds to the power input, with the voltage aligning
with the power input voltage (e.g. if the power input is 24V, the output here will also be
24V), G represents the ground, and TTL input serves as the PWM signal input. The default
main frequency is set at 1K Hz, although it can be adjusted within the range of 1K Hz to
10K Hz. The voltage output during PWM signal modulation ranges from OV to 5V. For
the MKS TS35 touchscreen, the wiring procedure is illustrated in Fig. 43(d). The EXPI
and EXP2 interfaces on the touchscreen correspond to the respective motherboard
interfaces, facilitating seamless communication and control between the touchscreen and

the LOM prototype.
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Fig. 43 (a) Motor drive Settings, (b) micro-step setting for A4988 drivers, (c) laser
module connection, and (d) touch screen interface (EXP1 and EXP2).

Upon completing the wiring installation, the MKS DLC32 motherboard was
programmed using the pre-installed firmware that came with the motherboard.
Additionally, the software "LaserGRBL" was employed to configure the MKS DLC32 to

meet specific requirements. Fig. 44 shows the successful integration and operation of the

motherboard and touchscreen with the prototype.

‘ A4988 Motor Drivers ‘

(b)

‘ SD card for G-code Upload ‘

Fig. 44 (a) MKS TS35 touchscreen panel interface, and (b) MKS DLC32 with necessary
wire connections and motor drives.
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3.1.6 Debugging and Testing
3.1.6.1 CAD Designs for Testing

Three 3D CAD designs, spur gear, key tag, and wrench were made using
SolidWorks for the debugging and testing of the LOM prototype print. Fig. 45 shows the
CAD design of the spur gear, key tag, and wrench. These CAD designs are then uploaded
to the Fusion360 Slicer software to slice each of the layers. Fig. 46 shows the slicing layers

of these parts.

(a) (b) (c)

Fig. 45 (a) Spur gear CAD Design, (b) key tag CAD design, (c) wrench CAD design.
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Fig. 46 (a) Spur gear sliced layers, (b) key tag sliced layers, (¢) wrench sliced layers.
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3.1.6.2 G-code Implementation

Upon slicing the CAD model into printable layers using the Fusion360 slicer
software, the subsequent step in the process involved the utilization of the Inkscape laser
tool software plugin. This tool was instrumental in generating the necessary G-code, a
crucial set of instructions that dictate the precise movements of the 3D printing equipment.
This process of G-code generation serves as a bridge between the digital design and the
physical manifestation of the object. Providing a tangible connection between the virtual
and physical realms, the G-code serves as a blueprint for the additive manufacturing
process to follow. To facilitate this visualization, an NC viewer, a web-based platform with
the specific purpose of rendering G-code output, was employed. This allowed the author
to gain a clear visual insight into how the G-code commands were set using the plugin. The
author then modified the G-code commands according to the specific requirements of the
prototype and part building. The NC viewer functioned as a tool for validation, enabling
the identification and correction of any discrepancies or errors in the G-code, ensuring a
seamless and accurate translation from design to production. Fig. 47 shows the outcome of
this G-code implementation and its execution, offering a comprehensive representation of
how these instructions materialize into the desired output.

The G-code configuration was a critical aspect of this process, with laser power set
to 100% (denoted by S255), signifying the maximum laser intensity for the task.
Additionally, the feed rate for each movement across the X, Y, and Z axes was set to 70
units (indicated by F-70.0 in Fig. 47). This deliberate choice of a relatively slower feed rate
played a pivotal role in the successful execution of the cutting process for the PLA-infused

jute fiber-reinforced composite sheets. The rationale behind this decision was to ensure
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that the laser had sufficient time to effectively cut through the composite material. A faster
feed rate could potentially lead to inadequate cutting as the laser's rapid motion might not

allow for the necessary precision in the cutting process.

Fig. 47 (a) Spur gear G-code implementation in NC-viewer, (b) key tag G-code
implementation in NC-viewer, and (¢) wrench G-code implementation in NC-viewer.

3.1.6.3 LOM Printed Parts for Testing

Once the process of generating the G-codes, which serve as essential instructions
for the 3D printing procedure, has been completed, the subsequent step involves the
transfer of these G-codes to the MKS DLC32 motherboard. This integration is achieved
through the utilization of the SD card slot on the motherboard, providing a seamless means
of initiating the printing process. To set the printing process into motion, specific
commands were conveyed to the motherboard through the device's touchscreen interface.

This user-friendly approach allows for a straightforward and intuitive initiation of the
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printing sequence. Fig. 48 (a) shows the G-code in MKS TS-35 touchscreen which is
uploaded to the MKS DLC 32 motherboard.

To visually validate the efficacy of this approach, Fig. 48 (b) serves as a
representation of the concrete results achieved through the LOM printing technique. The
image captures the tangible output of the LOM printing process, showcasing the successful
creation of a spur gear, a key tag, and a wrench. Each of these objects, produced using the
LOM prototype, stands as a testament to the effectiveness of the 3D printing methodology

in generating intricate and functional items.

Figure 48 (a) Wrench G-code uploaded shown in MKS TS35 touchscreen, and (b) LOM
3D printed PLA infused Jute fiber reinforced wrench, key tag, and spur gear.

3.2 Preparation of Materials and Mechanical Test Samples

To reinforce the composite material, woven jute fabrics were employed as the fiber
reinforcement. The jute fabric exhibited a fiber density of 5 threads/cm, while its average
area density measured 338 g/m?. This chosen jute fabric possessed a singular ply with an

average thickness of approximately 0.071 millimeters. The deliberate selection of such
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woven jute fabrics as the reinforcing medium underscores the intention to enhance the
mechanical properties of the resulting composite material, capitalizing on the inherent
attributes of jute fibers in the pursuit of achieving desired performance characteristics. The

visual representation of the woven jute fiber used in this study is depicted in Fig. 49 (a).

Fig. 49(a) Woven jute fiber used in this research, (b) weighted single layer jute fiber, and
(c) weighted PLA coated jute fiber.

To initiate the fabrication process, the mixing of jute fiber and PLA polymer was
accomplished through a multistep procedure. In the initial phase, the jute fiber underwent
a coating procedure utilizing powdered PLA polymer. Prior to this, continuous rolls of jute
fiber were meticulously pre-cut into uniformly sized sheets, each measuring 220%254 mm.
Employing a manual layup technique, these sheets were uniformly coated with PLA
powders. The PLA powder weight percentage of the jute/PLA biocomposites can be found
by dividing the PLA powder weight by the total weight of the jute fiber and PLA powder
mixture, where the PLA powder weight can be calculated from the difference of the
mixture and the clean jute fiber used to make the mixture. The weight-taking procedure is
shown in Fig. 49 (b) and 49(c). The calculated data are given below:

Jute fiber (single layer) = 8.97¢g

Jute fiber mixed with PLA powder (single layer) = 17.62¢g



62

PLA powder weight = 17.62-8.97 = 8.65¢g

PLA powder weight percentage = (8.65/17.62) x100 = 49.09%

Then, Dupont Kapton HN Films was used to enclose the coated jute fiber sheets. The
subsequent stage involved subjecting the encapsulated sheets to a controlled heating
process using a Carver 4120 thermal press. By setting an operating temperature of 180°C
and applying a pressure of 5 bar, these sheets were for a duration of 10-15 minutes. Through
this thermal consolidation process, the coated jute fiber sheets underwent a transformation,
resulting in the creation of PLA-infused jute fiber reinforced prepreg sheets. Using the
LOM prototype, the prepreg sheets underwent a transformative 3D printing process to
create jute fiber-reinforced biocomposites. This process facilitated the transformation of
raw materials into complex biocomposite structures with enhanced mechanical attributes.

The manufacturing process of the prepreg sheets is depicted in Fig. 50.

5 bar
180°C
10-15 minutes

g -,
Gk
. R PLA infused Jute
Jute Fiber PLA powder Th P ] Jute-PLA Fiber-reinforced
il prepreg Laminated Object Biocomposites
sheet Manufacturing

Kapton® polyimide film developed by DuPont™

Aluminum Foil sheets

Fig. 50 Manufacturing steps for LOM printed PLA infused woven jute fiber reinforced
biocomposites.
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3.3 Mechanical Test Methodology
3.3.1 Tensile Test

The evaluation of tensile properties was meticulously undertaken through a
series of tests carried out on flat specimens, employing the INSTRON 5582 Universal
Testing Machine (UTM) as portrayed in Fig. 51. The experimental setup aimed to ensure
accuracy and reliability in the subsequent data collection process. In order to account for
the distinctive characteristics of different materials, the testing speeds were thoughtfully
calibrated. The testing speeds for the jute/PLA composites, pure PLA, and woven jute
samples were set at 2.0 mm/min, 5.0 mm/min, and 300 mm/min, respectively. The UTM
system automatically collected tensile stress-strain data. The fundamental parameters
assessed during the tensile testing were the ultimate tensile strengths and elastic moduli.
The ultimate tensile strengths were determined from the maximum tensile stresses reached
during testing, and the elastic moduli were calculated by averaging the slopes of the tensile
stress-strain curves from five tested samples. This research adhered to ASTM standards for
testing: ASTM D3039/D3039M - 14 for PLA-infused samples, ASTM D5035-06 for
woven natural jute fibers, and ASTM D638-14 for pure PLA filament 3D printed

specimens.
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Fig. 51 INSTRON 5582 universal testing machine.

The stl. files for the PLA infused jute fiber reinforced biocomposites tensile tests
(following ASTM D3039/D3039M-14 standards) were generated using SolidWorks. These
files were subsequently transformed into cutting contours for each individual layer through
the Fusion 360 slicer software and subsequently uploaded to the prototype. The dimensions
of the jute/PLA tensile and flexural test samples are 250%25x%2.5 mm. The cross-sectional
profiles of the test samples were generated using the LOM prototype and layered to achieve
the desired thicknesses, as illustrated in Fig. 52(a) and (b) show the CAD design, and Fig.
52(c) shows the G-code generated for the print. A total of five 6-ply PLA-infused tensile
specimens were fabricated using the LOM prototype. To enhance the quality, all samples
produced using the LOM technique underwent thermal pressing. The final samples

generated using the LOM approach are depicted in Fig. 53.
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Fig. 52(a) ASTM D3039/D3039M-14 tensile specimens’ dimension, (b) SolidWorks
design for preparing the G-code, and (c) G-code for LOM print.

Fig. 53 LOM printed PLA infused woven jute fiber reinforced biocomposites [110].

For the pure PLA filament FDM printed specimens, the initial steps involved
designing 3D CAD models of untainted PLA samples through SolidWorks, adhering to the
dimensions stipulated by ASTM D638 — 14 standards. These models were 3D printed

utilizing pure PLA filaments by means of a Raise3D Pro2 Plus 3D printer shown in Fig.
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55(a). The dimensions of the pure PLA tensile test specimens were set at 165%13x3.2 mm,
as depicted in Fig. 54. Likewise, five test samples were fabricated in a solid form without
any internal hollowness (0% hollow). Raise3D Pro2 Plus 3D printed PLA filament

specimens are shown in Fig. 55(b).
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Fig. 54 (a) ASTM D638-14 tensile Specimen Dimension, and (b) SolidWorks design for
preparing the G-code.

A) .

Fig. 55 (a) Raise 3D pro2 Plus FDM 3D printer, and (b) Pure PLA filament FDM 3D
printed tensile specimens [110].

Finally, individual layers of jute fabric were shaped into rectangular pieces
measuring 150%24 mm, adhering to the dimensions outlined by the ASTM D5035 — 06
standard. The average thickness of the fiber was 0.86 mm, as illustrated in Fig. 56. Same

as before, five single-ply rectangular jute fiber sheets were created.
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Fig. 56 Woven jute fibers cut for tensile tests following ASTM D5035 — 06 [110].

3.3.2 Flexural Tests

In the pursuit of comprehensively characterizing the mechanical properties of the
jute/PLA composite specimens, 3-point bending tests were carried out to determine both
the ultimate flexural strengths and the flexural moduli. These parameters play a pivotal role
in understanding the material's response to bending forces and its ability to withstand such
stresses. To ascertain the ultimate flexural strengths, the points corresponding to the
locations of maximum tensile stresses were identified during the testing procedures. This
comprehensive approach ensured a reliable assessment of the material's ability to withstand
bending loads and its overall stiffness.

The flexural tests were conducted at a uniform speed of 1.0 mm/min for both the
jute/PLA composites and pure PLA samples. The respective flexural stress-strain data were
automatically captured through the utilization of the same Universal Testing Machine
(UTM) system. The experimental setup involved the fabrication of five specimens each for
the jute/PLA composites, utilizing the LOM prototype, and for the pure PLA, employing

the Raise3D Pro2 Plus 3D printer. The ultimate flexural strengths were documented at the



68

points of maximum tensile stresses reached during the tests, while the flexural moduli were

subsequently derived by computing the average slope of the flexural stress-strain curves

derived from the analysis of the five tested samples. For the PLA-infused jute fiber-

reinforced samples, the test procedure outlined in the ASTM D7264/D7264M-07 standard

was adopted. The specimen's dimensions were 60x13%4 mm, as visualized in Fig. 57(a).

Fig. 57(b) shows the CAD design and Fig. 57(c) shows the G-code generated for LOM

printing. Using the LOM prototype, a set of five 12-ply flexure specimens was

manufactured. Fig. 58 shows the printed 5 flexural specimens. The flexural tests were

executed by a three-point bending setup in the Instron UTM.
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Fig. 58 LOM prototype printed flexural test specimens [110].
The flexural tests for pure PLA samples adhered to the ASTM D790 - 10 standard

procedure and were conducted through three-point bending tests in the Instron UTM. These
samples, with dimensions measuring 127x12.7%3.2 mm, were produced using the RAISE
3D Pro2 Plus printer. The dimension of the specimen is shown in Fig. 59(a) and the CAD
design of the specimen is shown in Fig. 59(b). Raise 3D printing of five flexural specimens

of the specified dimensions is shown in Fig. 59(c).

¥

(a) (b)

Fig. 59 (a) ASTM D790-10 standard flexural specimen dimension, (b) CAD design of the
flexural specimen, and (c) Raise 3D FDM printed flexural specimens [110].



70

3.3.3 SEM Imaging Tests

To delve into the microscopic details of the jute/PLA composite materials that had
undergone tensile and flexural tests, an analytical scanning electron microscope (SEM)
was harnessed for its imaging capabilities. Specifically, the JEOL JSM-6010LA Analytical
SEM was employed for this purpose, offering a platform to examine the internal structure
and characteristics of the failed composite specimens. The utility of SEM imaging is rooted
in its capacity to visualize minute features at high resolutions, enabling the author to gain
insights into the underlying phenomena that govern material behavior. In this investigative
phase, two distinct failed LOM printed jute/PLA composite samples were sectioned
through the application of a precise utility knife. This strategic slicing procedure allowed
for the unveiling of cross-sectional views of the specimens, providing a glimpse into their
internal composition and arrangement. Within a controlled vacuum environment
characterized by a pressure of 30 pascals, SEM imaging was executed at an acceleration
voltage of 7 kilovolts. This choice of parameters ensured optimal imaging conditions that
facilitated the capturing of detailed structural information. This approach proved
invaluable in revealing both the broader structural layout and the finer features present
within the jute/PLA composite samples. SEM imaging facilitated the identification of any
anomalies, irregularities, or failure modes that could have contributed to the observed
mechanical behavior. Fig. 60 shows the SEM machine used in this research to test the failed

specimens.
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Fig. 60 (a) JEOL JSM-6010LA SEM machine, and (b) failed mechanical test samples
loaded into the SEM.

3.4 FEA Simulation of LOM Printed Jute/PLA Biocomposites

The simulation of LOM printed jute/PLA biocomposites involves utilizing
computational techniques using ANSYS software to model and assess the mechanical
characteristics of biocomposite materials. These simulations helped the research team to
test biocomposites under diverse conditions and loads even before physical production
takes place. Through inputting material properties, geometric details, and boundary
conditions, these simulations offer valuable insights into how LOM printed jute/PLA
biocomposites will perform in various applications. The author can optimize the
composition and design of biocomposites by integrating experimental data with simulation
outcomes. The objective of ANSYS analysis and simulation of LOM-printed jute/PLA
biocomposites is to predict the mechanical properties and mechanical response of jute/PLA
biocomposites such as tensile and flexural tests The simulation results will be compared
and verified with experimental results.

For both the tensile and flexural Finite Element Analysis (FEA) simulation, the

engineering data needs to be given to put the mechanical properties of jute/PLA



72

biocomposites. The simulation is based on the engineering data. The shear modulus (G) of
the LOM-printed biocomposites can be determined through the multiplication of Young's
modulus (£) by a factor of 0.4 [111]. Likewise, the shear strength is ascertainable by
multiplying the tensile strength (7S) by a factor of 0.7 [111]. Equations 1 and 2 show the
formula required to calculate shear modulus and shear strength.

G~=04E () [111]

S=07TS (2)[111]

In order to calculate the density, five individual samples of both tensile and flexural
specimen mass were measured. Then, the average mass (m) of these 5 specimens was
computed. Subsequently, the density (p) is obtainable through division, where the average
mass (m) is divided by the volume (V) of the biocomposite specimen. Equation 3 shows
the formula to calculate density.

P=3 3)

To determine the compressive strength of jute/PLA biocomposite material, the
author utilized the compressive strength of the raw PLA material. This choice is made
because, during the compression of the biocomposite material, the jute fibers were bearing
a minimal load as they were wrapped inside the biocomposite structure. For the same
reason, the author used the Poisson's ratio of 0.35 from the original PLA in the simulations.

Table V shows the engineering data required for this FEA simulation.
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TABLE V
WOVEN JUTE FIBER REINFORCED PLA BIOCOMPOSITES” MECHANICAL
PROPERTIES DATA FOR FEA SIMULATION

Property Value (Unit)
Young’s modulus (£) 1.33 (GPa)
Flexural modulus (£)) 1.67 (GPa)

0.35

Poisson’s Ratio

Shear Modulus (G)

G=0.4E = 0.4 x 1330 = 532 (MPa)

Tensile Strength (75)

22.23 (MPa)

Shear Strength (5) S=0.7TS = 0.7x22.23 = 15.56 (MPa)
Flexural Strength (o) 43.11 (MPa)
Compressive Strength 428.49 (MPa)

Tensile specimen volume

175%25%2.5 mm? = 10.938 (cm?)

Flexural specimen volume

76.2x13x4 mm?> = 3.962 (cm?)

5 Tensile specimen’s mass

11.47g, 11.95g, 10.77g, 10.95g, 11.86g

Avg. Tensile specimen’s mass

11.4¢g

Tensile Specimen’s Density

11.4/10.938 = 1.0425 (g/cm’)

5 Flexural specimen’s mass

4.25g,4.33g, 4.37g, 4.37g, 4.16g, 4.64g

Avg. Flexural specimen’s mass

435g

Flexural Specimen’s Density

4.35/3.962 = 1.097 (g/em’)
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3.4.1 Tensile Properties FEA Simulation

The tensile properties simulation of LOM printed jute/PLA biocomposites involves
utilizing computational methods and software to model and analyze the mechanical
behavior of the composite material under tension. The tensile stress simulation aims to
predict how the biocomposites will respond to tensile forces and provide valuable insights
into their tensile strength, Young's modulus, and other relevant properties. The author used
ANSYS ACP (Advanced Composite Preprocessor) to input Jute/PLA biocomposite
material properties, geometric details, and boundary conditions, the simulation can
simulate the behavior of the biocomposites during a tensile test. ANSYS ACP is a
specialized module within the ANSYS software suite that is designed specifically for
modeling, analyzing, and optimizing composite materials and structures.

In Section A, the initial step involves initiating the ACP module. Within this section,
essential engineering data pertaining to the jute/PLA biocomposites, as outlined in Table
V, is input. Then the geometry was done for jute/PLA biocomposites with 6 laminate
stackup layers. In the model, the mesh was generated. In the setup section, all the layer's
material properties were given and layer stackup of jute/PLA biocomposite materials was
ensured. Then the setup was transferred to section B static structural. Here, the solution
was done to find out the results. For the results, equivalent tensile stress and strain were
simulated. Fig. 61 provides an illustrative overview of the project schematic detailing the
FEA simulation procedures pertaining to the tensile specimen. A detailed overview of the

distinctive tasks within each section is described below.
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Fig. 61 Project schematic for the FEA simulation of LOM printed jute/PLA
biocomposites tensile specimen.

After the material properties were assigned, the geometry of the jute/PLA tensile
test specimen was done. The dimensions of the specimen was 175%25x%2.5 mm. The tensile
specimen is made of 6 layers of jute/PLA biocomposite and each layer thickness was 0.42
mm. Fig. 62 shows the geometry of the single-layer jute/PLA tensile test specimen. After
the geometry was done, the model moved to the setup part to create the remaining layers
of the jute/PLA biocomposite specimens. After the first layer had been created in the
geometry, the stackup option of the ANSYS ACP was used to create the remaining 5 layers
to make it a 6-layer jute/PLA biocomposite tensile specimen. Fig. 63 shows the 5 layers

stacked.

I

-

Fig. 62 Geometry of the single layer jute/PLA tensile test specimen in ANSY'S.
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Fig. 63Six-layer jute/PLA biocomposite tensile specimen.

After the establishment of the layer stackup, the mesh generation process was
initiated within the geometric model. During the mesh creation, a prerequisite task involved
the application of edge-sizing operations. The two vertical lateral edges of the composite
specimens were subjected to 10 divisions each. Conversely, the two horizontal side edges
underwent partitioning of 40 divisions attributed to each edge. After the mesh was done,
face meshing was done to ensure a finer and more accurate representation of the interaction
between fibers and matrix, as well as stress concentration around interfaces. Face meshing
enables the capture of intricate features and localized effects within the model with greater

accuracy. Fig. 64 shows the mesh of the biocomposite tensile specimen.
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Fig. 64 Meshing of LOM printed jute/PLA biocomposites.

After meshing was done, ANSYS ACP setup and model were transferred to
ANSYS Static Structural. The main purpose of ANSYS Static Structural is to predict how
jute/PLA biocomposite tensile specimens will respond to applied forces, constraints, and
displacements. First, the author defined the material properties such as Young's modulus,
Poisson's ratio, and yield strength. The boundary conditions for this simulation were fixed
constraint, and force. The fixed support was applied to one end of the composite. For the
boundary conditions, one end of the biocomposite specimen was considered as fixed
support and on the other hand force was applied. The amount of force applied in this tensile
biocomposites specimen was 1,400N. Fig. 65 shows the fixed support that was done at one
end of tensile specimen of biocomposite and Fig. 66 shows the 1,400N force applied to the

other end.
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Fig. 65 Fixed support applied to one end of the jute/PLA biocomposite tensile specimen.
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Fig. 66 Force applied to the other end of the jute/PLA biocomposite tensile specimen.

Following this, the finite element solver performed the simulation to compute
equivalent (von Mises) tensile stress and equivalent elastic strain within the biocomposite
specimen. This process provided valuable insights into the material's mechanical behavior.
In Fig. 67 the distribution of tensile stress generated by the simulation is shown, while Fig.

68 illustrates the distribution of elastic strain.
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The simulation results revealed that the average tensile stress experienced by the
biocomposite specimen was approximately 23.598 MPa, with an average tensile strain of

1.75%. Force was applied to the cross-sectional area and that’s why the simulation of

average tensile stress and strain achieved the same color throughout the specimen.

Type:!
Unit: MPa
Tirne: 15
11/21/2023 12:31 AM

35.022 Max
32168

2831

26454
23.508
20,742
17.886
15,03
12174
9.3179 Min

Fig. 67 Tensile stress FEA Simulation of LOM printed jute/PLA biocomposites.

Tirne: 15
11/21/2023 12:32 AM

0.026485 Max
0.024552
0.023439
0.022006
0.020513
0.01002
0.017528
0.016035
0.014542
0013049
0.011356
0.010063
0.0083705
0.0070776 Min

Fig. 68 Elastic strain FEA Simulation of LOM printed jute/PLA biocomposites.
3.4.2 The 3-point Bending Properties FEA Simulation

3-point bending properties refer to the flexural behavior exhibited by jute/PLA
biocomposites. In this test, the jute/PLA biocomposite flexural specimen is supported at

two points while a force is applied at the midpoint, causing the sample to bend. The
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properties being evaluated typically include the load-displacement relationship, flexural
strength, and flexural modulus. These properties provide insights into how the jute/PLA
biocomposite flexural specimen behaves under bending forces. Similar to the tensile
simulation, the geometry of the flexural specimen was created using ANSYS.

Fig. 69 presents an illustrative representation of the transformation process and
schematic workflow conducted within the ANSYS Workbench for this study. In Section A
designated as composite beam, the initial step involves initiating the ACP module. Within
this section, essential engineering data pertaining to the jute/PLA biocomposites, as
outlined in Table V, is input. Additionally, the geometric configuration for the 3-point
bending test is established. A duplicate of this geometry is created in Section C to facilitate
its transfer to Section D designated as load and supports, which is dedicated to the
application of loads and supports. Subsequently, in Section A, all surfaces except the final
one are removed, along with the load and support structures.

The model is then subjected to meshing processes on this single remaining surface
layer, and material properties are assigned. Moving on to Section B, the primary action
involves the transformation of the geometry to enable the implementation of the stackup
option. Here, the stackup procedure was applied to create the 12 layers of jute/PLA
biocomposite materials. In Section C, another geometric duplicate was generated, with the
purpose of integrating the stackup-layered jute/PLA components into the 3-point bending
geometry. Transitioning to Section D, the mechanical model was constructed. Within this
model, meshing was conducted on the entire 3-point bending geometry, encompassing all
laminate stackup layers of the jute/PLA biocomposite flexural specimen. The simulation

then proceeds to Section E, designated as static structural, where the anticipated simulation
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results are obtained. For the results, flexural stress and strain were simulated. A concise

overview of the distinctive tasks within each section is described below.

Project Schematic
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4 @ Mot v 4 @ Moo ™ v 4 | souson v,
5 |gP Setp vy Support B Load .I' 5| Resis v,
Compositz Bzam I Static Structural

Fig. 69 Project schematic for the FEA simulation of LOM printed jute/PLA
biocomposites flexural specimen.

For creating the geometry, the dimensions of the specimen were set at 76.2x13x4
mm (ASTM D7264/D7264M-07 standard). For the materials for the specimen, jute/PLA
biocomposite material properties were selected. Additionally, the load and two supporting
points were configured with a diameter of 10 mm, with material properties data selected as
Carbon Steel, 1020, annealed for the load and supports. Fig. 70 shows the geometry of the

jute/PLA flexural specimen with one load and two supports.

Fig. 70 Geometry of LOM printed jute/PLA biocomposites flexural specimen with a load
and two supports.
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Only one layer of jute/PLA biocomposite flexural specimen was taken out from the
specimen to stack up the layers. Then, the meshing was done in that one layer of the flexural
specimen to ensure that the mesh was fine enough to capture the bending behavior
accurately in a single layer. Fig. 71 shows the single layer of flexural specimen and Fig.72

shows the single layer meshing.

Fig. 71Geometry of single-layer LOM printed jute/PLA biocomposites flexural
specimen.

20.000 (ramy)
]

5.000 15.000

Fig. 72 Meshing of single-layer LOM printed jute/PLA biocomposites flexural specimen.

On this single-layer flexural specimen, 12 layers were stacked using the ANSYS
ACP laminate stackup option. Each layer's thickness was 0.33 mm. Fig. 73 shows the first

10 layers of the 12 layers stackup in the jute/PLA biocomposite flexural specimen. Fig. 74
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shows the remaining 2 layers. (ANSYS couldn’t capture the image of all the 12 layers

together. Due to this limitation, two figures are used.)

. P1L1_MadelingPly.9(Camposite Bearn)
. P1L1_MadelingPly. 10{Camposite Bearm)

A

Fig. 73 Stacking of layers for the LOM printed jute/PLA biocomposites flexural
specimen (first 10 of 12 layers).

10,000 {rrrm)

A

Fig. 74 Stacking of layers for the LOM printed jute/PLA biocomposites flexural
specimen (final 2 of 12 layers).

10.000 {rairn)
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Subsequently, the layering information was imported into the ANSYS mechanical
model module (Section D) to create the mesh for the flexural specimen of the jute/PLA
biocomposite. This meshing process encompassed both the stackup configuration as well
as the incorporation of supports and applied loads. Fig. 75 shows the meshing generated
for the LOM printed jute/PLA biocomposite flexural specimen. Then, the ANSYS static
structural module (Section E) was used to do analysis settings and also the remote
displacements in load and supports. Fig. 76 shows all the necessary remote displacements

added to the load and supports.

20,000 ()

5.000 15.000

Fig. 75 Meshing for the FEA simulation of LOM printed jute/PLA biocomposites
flexural specimen.
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Fig. 76 Remote displacements applied in load and two supports for the FEA simulation.

Three remote displacements are applied in load and two supports and then the
solver proceeded to calculate the equivalent flexural stress and strain using the von Mises
criterion. The resulting equivalent flexural stress distribution illustrated in Fig. 77 and Fig.
78 displays the corresponding distribution of equivalent flexural strain within the
biocomposite material. These data showed that the simulated maximum flexural stress of
the 5 biocomposite flexural specimens is 55.06 MPa with maximum flexural strain at

4.91%.
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Fig. 77Flexural stress FEA simulation of LOM printed jute/PLA biocomposites.
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Figure 78Flexural strain FEA simulation of LOM printed jute/PLA biocomposites.



87

CHAPTER 4
RESULTS AND DISCUSSIONS

The outcomes of all mechanical tests conducted in this investigation are
documented in Table VI. LOM printed jute/PLA biocomposites showed significant
improvement over both pure PLA printed parts and jute fiber. These improvements are
particularly noteworthy in essential parameters such as tensile strength, elastic modulus,
flexural strength, and flexural modulus. The data presented in the table unequivocally
confirms that LOM printed jute/PLA biocomposites outperform both woven jute fiber and
pure PLA printed specimens in these critical mechanical attributes. The comparisons of the
mechanical properties between pure PLA, jute fabric, and LOM printed jute/PLA
biocomposites are illustrated in Fig. 79.

TABLE VI
MECHANICAL PROPERTIES OF PLA AND JUTE/PLA SPECIMENS [110]

Tensile Elastic Flexural Flexural
Material Strength 78 | Modulus E Strength o Modulus Ef
(MPa) (GPa) (MPa) (GPa)
Pure PLA 19.28 0.70 41.95 0.89
Jute fabric 15.05 0.19 N/A N/A
Woven jute fiber-
reinforced PLA 22.23 1.33 43.12 1.67
(LOM Printed)
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Fig. 79 Comparisons of (a) tensile, and (b) flexural strengths of pure PLA, jute fabric
(tensile only), and fiber-reinforced PLA (FR-PLA) [110].

4.1 Tensile Test

The measured tensile properties of pure PLA, jute fabric, and jute fiber-reinforced
composites are outlined in Table VI. It is evident that the tensile characteristics of 3D-
printed pure PLA materials are relatively weak with achieving complete non-porosity in
3D-printed PLA components, as well as the flawless bonding of adjacent printed filaments.
Furthermore, the measured tensile strength of jute fabric is also comparably lower than the
numbers reported in prior research (300 — 700 MPa [112]), potentially due to the specific
areal density of the jute fibers employed in this study and the absence of chemical treatment
applied to the fabric.

The incorporation of woven jute reinforcement notably enhanced the tensile
characteristics of pure PLA. The average tensile strength measured for the woven jute
fiber-reinforced PLA polymer was 22.23 MPa, while the average elastic modulus was 1.33
GPa. These values demonstrate a substantial improvement compared to the properties of

pure PLA whose average tensile strength was 19.28 MPa and the average elastic modulus
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was 0.70 GPa. The stress-strain curves from the tensile tests conducted on both pure PLA

and woven jute fiber-reinforced PLA are illustrated in Fig. 80.
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Fig. 80 Tensile test stress-strain curves (a) PLA, and (b) woven jute fiber-reinforced PLA
[110].

In the stress-strain curve for pure PLA printed specimens the material undergoes
elastic deformation and enters plastic deformation beyond the yield point under increasing
stress. The ultimate tensile strength point is reached when the material experiences its
highest resistance to deformation before it ruptures. All five pure PLA specimens'
maximum tensile stress was below 20 MPa. The presence of jute fibers in the woven jute
fiber-reinforced PLA specimens strengthens and toughens the material, leading to an
extended initial elastic region and higher ultimate tensile strength, and the stress-strain
curve may exhibit a more gradual decline due to the enhanced energy-absorbing capacity
provided by the fibers, thus contributing to the overall structural integrity of the composite
material. This is the reason the average tensile strength was higher than the pure PLA
specimens.

To examine the mechanical properties of dry fiber, tensile tests were conducted.

The average tensile strength, derived from the tensile data of five specimens, was found to
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be 15.05 MPa. This information indicates that the tensile strength of jute is less than that
of pure PLA. Therefore, to achieve greater tensile strength than that of either PLA or jute
fiber alone, LOM printed jute/PLA specimens are preferable. Fig. 81 illustrates the tensile

stress-strain curve for dry jute fiber.
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Fig. 81Tensile stress-strain curves for natural jute fiber.

4.2 Flexural Test

The findings from the analysis of flexural strengths and moduli of both pure
Polylactic Acid (PLA) samples and LOM printed woven jute/PLA biocomposites are
presented in Table VI. The results of the analysis indicate that the flexural strength values
of jute/PLA materials produced through LOM prototype are comparable to those obtained
in previous studies (43.6 MPa — 59.6 MPa [113]). The flexural modulus values recorded in
this study are significantly lower than those reported in other sources (2.96 GPa [114] — 4
GPa [115]). It was found that the flexural properties of pure PLA experienced a marginal
enhancement from the application of woven jute reinforcement. Specifically, the average

flexural strength registered a value of 43.12 MPa for the woven jute fiber-reinforced PLA



91

polymer, while the flexural modulus underwent a notable increase to 1.67 GPa
(representing an 87.6% increment). The result from the flexural stress strain curve shows
that the woven jute fiber reinforced PLA is scattered compared to that of pure PLA. The
author assumes it may be due to inconsistency in hand lay-up fabrication and poor jute
fiber quality. The reason for this result is the poor bindings among reinforcement fabrics
compared to pure PLA 3D-printed parts. The stress-strain curves of flexural tests

performed on pure PLA and woven jute fiber-reinforced PLA are shown in Fig. 82.
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Fig. 82 Flexural test stress-strain curves of (a) woven jute fiber-reinforced PLA, and (b)
pure PLA [110].

The flexural stress-strain curves provide insights into the material’s response to
bending stress and deformation. Through a comparative analysis of the stress-strain curves
generated from conducting flexural tests on pure PLA and PLA reinforced with woven jute
fibers, the influence of the added fibers on the flexural behavior of the material is clearly
shown. These curves highlighted the reinforcing effects that the woven jute fibers have on

strengthening the mechanical properties of the PLA polymer.
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4.3 SEM Imaging

The SEM imaging findings are illustrated in Fig. 80 below, capturing crucial details
about the LOM printed jute/PLA biocomposites. As depicted in Fig. 83(a), where the
magnification is set at 700, it becomes evident that the PLA polymer matrix is properly
infused and interlinked with the jute fibers. The natural texture and structure of the jute
fibers are observable. However, there are conspicuous voids present at various locations
within the composites. These voids hinder the direct contact and cohesive bonding between
the reinforcing fibers and the polymer matrix. Based on this observation, the author
assumes that this factor might be among the reasons why the mechanical properties of the
jute/PLA biocomposites are not exhibiting a substantial surpassing of the anticipated
flexural strength. The existence of these voids might contribute significantly to the
mechanical properties of the jute/PLA biocomposites falling short of expectations,
particularly in terms of flexural strength. These voids disrupt the seamless interaction
between the fibers and the matrix, thereby potentially impeding the material’s structural
integrity and load-bearing capabilities.

Furthermore, at an even more intricate magnification level of 1,500 showcased in
Fig. 83(b), a segment with PLA infused properly with jute fiber is shown. In this specific
section, there are no gaps between the reinforcing jute fibers and the PLA biopolymer.
Consequently, the interaction between the fibers and the matrix exhibits a high degree of
cohesion and binding. This microstructural analysis provides invaluable insights into the
intricacies of the composite’s internal composition and offers a clearer understanding of
how the fiber-matrix interface impacts the material’s overall mechanical performance. By

scrutinizing these SEM images of jute fibers and PLA, the overall behavior and
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performance of composite materials that incorporate jute fibers and PLA are evaluated

properly.
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Fig. 83 SEM imaging of (a) jute fiber and PLA polymer with voids (x700), and (b) the
interface of jute reinforcement fiber and PLA polymer matrix (x1,500) [110].

4.4 Discussion of The Stress Fields Obtained From The FEA Simulation

The comparative analysis between FEA simulation and experimental findings
reveals a noteworthy alignment in results. The average tensile stress was recorded at 23.598
MPa with a tensile strain of 1.75% in the FEA simulation. The average value of the
maximum experimental tensile stress of the 5 specimens was 22.23 MPa and the average
tensile strain was 1.67%. The maximum flexural stress FEA simulated result was 55.06
MPa. The FEA results closely resembled the experimental data for 5 flexural specimens
with a maximum flexural stress of 53.81 MPa. The FEA simulated maximum flexural strain
was 4.91% and the experimental maximum flexural strain of 5 specimens was 5.18%.
Table VII shows the FEA simulated data and experimental results comparison of LOM

printed jute/PLA.
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COMPARISON OF FEA SIMULATED DATA AND THE EXPERIMENTAL DATA

Mechanical Properties

FEA Simulation

Experimental Results

Tensile Stress

23.598 MPa (Average)

22.23 MPa (Average of the
five specimen’s maximum

tensile stress)

Tensile Strain

1.75% (Average)

1.67% (Average of the five
specimen’s maximum

tensile strain)

Flexural Stress

55.06 MPa (maximum)

53.81 MPa (Maximum
flexural stress of 5 flexural

specimens)

Flexural Strain

4.91%

5.18% (Maximum flexural
strain of 5 flexural

specimens)

The congruence between FEA simulation and experimental LOM printed jute/PLA

biocomposites can be attributed to several key factors that contribute to the accuracy and

reliability of the simulation, aligning it closely with the actual experimental results.

1. Material properties: Accurate material properties are essential for a successful

simulation. The engineering data of the FEA of jute/PLA biocomposites was

assigned for the mechanical properties of jute fibers, PLA polymer, and their

interaction.
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2. Geometry and layering: LOM printing involves layer-by-layer fabrication.
Accurately representing the layer-by-layer geometry in the FEA model ensures that
the simulation mimics the actual process. For tensile properties, 6 layers of
jute/PLA biocomposites were properly ensured with accurate material properties
for each layer. Similarly, 12 layers were considered for the jute/PLA biocomposite
flexural specimen. For each layer, layer thickness, and orientation were defined
properly. FEA simulation achieved the desired experimental output by applying ply
stackup and orientation properly.

3. Layer bonding and interfaces: LOM-printed jute/PLA biocomposites consist of
multiple layers bonded together. The simulation must capture the behavior of each
layer and the interactions between them. The author ensured proper bonding and
interlayer interfaces in the simulation.

4. Loading and boundary conditions: Replicating the loading conditions applied
during the experimental tests is crucial. The author properly defined the external
forces, constraints, and interactions that the biocomposites experience to ensure that
the simulation closely matches the experimental output. In the flexural specimen 3-
point bending test simulation, the author ensured proper load and support in the
specimen so that it could replicate the experimental properties of the flexural
specimen.

5. Meshing quality: Just like any FEA analysis, a high-quality mesh is essential for
the jute/PLA Biocomposites simulation. The author ensured a proper number of
divisions on horizontal and vertical edges by using the Ansys edge sizing option.

Then face meshing was done to ensure critical areas or features of the geometry
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were represented with a finer mesh. Edge sizing and face meshing can allow for

more accurate analysis in those regions to capture stress concentrations and strain

variations accurately so that it can prevent numerical errors and deliver more
reliable results.

In summary, when these factors align, FEA simulations become a powerful tool to

predict the mechanical behavior of LOM-printed biocomposite materials, aiding in design

optimization and performance prediction.
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CHAPTER 5

CONCLUSIONS

Through a comprehensive exploration of the mechanical characteristics of both the pure

PLA polymer and the LOM printed woven jute fiber-reinforced PLA composites, several

key conclusions can be drawn:

1.

The tensile and flexural properties of the pure PLA polymer samples appear
comparatively weak. This phenomenon can be attributed to the inherent challenges
of achieving solid test specimens through the FDM 3D printing technique, which
may result in porosity within the material.

The jute fabrics utilized in this investigation exhibit weaker mechanical properties
than those documented in prior studies. This divergence could be attributed to
processing variations applied by the fabric supplier. To enhance the quality of the
biocomposites, it is recommended to procure and incorporate higher-grade natural
fiber fabrics.

Integrating woven jute fibers into PLA polymers via the LOM 3D printing process
yields a substantial improvement in tensile properties, with a nearly twofold
enhancement in tensile modulus. This enhancement is primarily attributed to the
reinforcing influence of the woven jute fibers. However, marginal improvements
in flexural properties were observed due to poor interlaminar bonding.

While the fiber-matrix interface binding within the biocomposites produced in this
research is generally favorable, there remain regions with voids where the jute fiber

and PLA polymer do not make contact. Therefore, these regions exhibit no binding,
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consequently limiting further enhancements in the mechanical properties of the
biocomposites.

5. The FEA simulation outcomes concerning the maximum tensile and flexural
strength closely align with the empirical results obtained. This congruence between
simulated and experimental data enhances the credibility of the simulation model
and its predictive capabilities.

In summary, the results of this research demonstrate enhanced mechanical
characteristics in LOM 3D printed woven jute/PLA biocomposites. However, the
mechanical properties of the woven fabric employed in this research, as indicated by the
pure jute fiber tests, were relatively low. Additionally, the presence of significant voids in
the fabricated samples adversely affected fiber/matrix adhesion, constraining the potential
for further advancements in the mechanical attributes of LOM-produced biocomposites.
FEA simulation proved that the experimental results were accurate based on the
mechanical properties of woven jute fiber and PLA polymer. A better quality of woven
jute fiber with good bonding with PLA biopolymer will ensure higher mechanical
properties for the LOM printed jute/PLA biocomposite. The research team for this research
will keep on working to improve the LOM prototype and 3D print other natural fiber (e.g.,

flax, hemp, etc.) reinforced biocomposites.
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