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Mechanical property characterizations of woven natural fiber-reinforced 
polymers 3D printed through a laminated object manufacturing process
Lai Jianga, Sazidur Shahriara, Md Shariful Islama, Tony Gradyb, and Bryan Pereza

aDepartment of Mechanical Engineering, Roy G. Perry College of Engineering, Prairie View A&M University, Prairie View, TX, USA; bDepartment 
of Chemistry, Brailsford College of Arts and Sciences, Prairie View A&M University, Prairie View, TX, USA

ABSTRACT
The mechanical properties of woven natural fiber reinforced polymers additively manufactured 
through Laminated Object Manufacturing (LOM) technology are investigated in this paper. The 
benefits of both the material and manufacturing process were combined into a sustainable 
practice, as a potential alternative to traditional synthetic composite materials made from non
renewable crude oil with limited end-of-life alternatives. Woven jute fiber reinforcements are used 
to strengthen both synthetic and bio- thermoplastic polymers in creating highly biodegradable 
composite structures. Such materials, as one of the prospective alternatives for synthetic compo
sites, can be used in many engineering fields such as automobile panels, construction materials, 
and commodity and recreational products including sports and musical instruments. A LOM 3D 
printer prototype was designed and built by the authors. All woven jute/polymer biocomposite 
test specimens made using the built prototype in this study had their mechanical (both tensile and 
flexural) properties assessed using ASTM test standards and then compared to similar values 
measured from pure polymer specimens. Improved mechanical characteristics were identified 
and analyzed. Finally, SEM imaging was performed to identify the polymer infusion and fiber- 
matrix bonding conditions.
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1. Introduction

The practice of creating three-dimensional engineering 
things directly from a 3D CAD or digital model is known 
as additive manufacturing. It is currently a large family of 
several different technologies that all function by adding 
layers of material to an existing item or substrate.[1] 

Laminated-object manufacturing (LOM) is one such 
technology that creates a solid physical model by stacking 
layers of sheet material that have each been cut to outlines 
that correspond to the cross-sectional forms of a CAD 
model that have been divided into layers.[2] To construct 
the part, cut layers are successively layered and bonded on 
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top of the preceding ones. Excess material in each layer 
remains in situ to support the entire item during con
struction. Paper, cardboard, and plastic sheet stock with 
thicknesses ranging from 0.05 to 0.50 mm are common 
feedstock materials in LOM,[3] while many other engi
neering materials are being investigated and tested by 
researchers around the world: Klosterman et al.[4] created 
a curved layer LOM technique for monolithic ceramics 
(SiC) and ceramic matrix composites (SiC/SiC). The out
put of the process is a three-dimensional “green” ceramic 
that can be processed into a seamless, fully dense ceramic 
using conventional techniques. Windsheimer et al.[5] 

described the development and processing of a unique 
SiC-filler-loaded cellulosic paper (i.e., preceramic paper) 
using LOM with the ultimate goal of fabricating dense Si- 
SiC objects with complicated forms. In comparison to 
regular paper, preceramic paper contains a significantly 
higher level of the filler phase. These objects have pro
nounced anisotropy due to their laminar structure, which 
has a strong influence on their mechanical behavior. Yi 
et al.[6] studied the key LOM technologies for functional 
metal parts, employing sheet metal as the modeling mate
rial and diffusion welding technology to link cut sheet 
metal. Their sample part creation implies that the 
researched LOM technique with diffusion welding could 
be a valuable quick metal part manufacturing approach.

Other engineering materials being used for LOM 
include fiber-reinforced polymers. Pilipovic et al.[7] stu
died PVC parts made through LOM using a commercial 
SD 300 Pro LOM 3D printer. Tensile and flexural prop
erties were measured using specimens 3D printed in 
different directions (x, y, and z). They found that poly
mer sheets are much better feedstock materials com
pared to paper for LOM as their mechanical properties 
are significantly improved and thus the application of 
such technology can be expanded. Kumar et al.[8] pre
sented the LOM manufacturing of flexural test samples 
using ABS and thermoplastic polyurethane (TPU) poly
mers. The two polymer single layers were first FDM 
printed using two polymer filaments, and then LOM 
printed to form two types of sandwich specimens TPU- 
ABS-TPU (TAT)) and (ABS-TPU-ABS (ATA)). They 
found that ATA-based samples held greater flexural 
strength compared to TAT LOM samples, while the 
flexural strength of TAT composites significantly 
improved from about 6.8 MPa to 13 MPa (approxi
mately 92% increase). Chang et al.[9] reported using 
continuous carbon fiber-reinforced thermoplastic com
posites (CF/PA6 prepregs) in a LOM 3D printing pro
cess, in which a laser beam was used in cutting the 
prepreg plies, and an ultrasonic roller was used for cut 
ply consolidation. 3D-printed composite parts were 
then measured for their tensile properties, with their 

unidirectional tensile strength reaching 1,760.2 MPa 
and elastic modulus of 105.7 GPa, both of which are 
superior in performance.

While synthetic fibers provide outstanding mechan
ical properties and allow for versatile design possibili
ties, environmental and economic considerations are 
driving research into the development and production 
of new materials for industries such as transportation, 
construction, and commodity and recreational pro
ducts. New materials that are based on renewable nat
ural resources and prevent further environmental 
stressors are of special importance.[10] Among these 
materials, natural fiber-reinforced polymers are gaining 
popularity as a potential replacement for glass fiber- 
reinforced polymer composites due to their numerous 
advantages such as low cost, biodegradability, low car
bon footprint, acceptable mechanical properties, and 
society’s emphasis on environmental issues and 
sustainability.[11–17] Biocomposite materials that com
bine natural fiber and biopolymers, which lead to fully 
biodegradable final products, are attracting much inter
est from many researchers.

Jute fibers were selected to be studied in this research 
as they can be obtained easily in fabric and fiber forms. 
They have a low density (ρ = 1.3 g/cm3[11]) and good 
mechanical properties (TS = 450–550 MPa, E = 26–32 
GPa[11]) compared to other natural fibers. Because of 
their high proportion of cellulose (61–72%), hemicellu
lose (14–20.4%), lignin (12–13%), and pectin (0.2%), 
these fibers are the most promising reinforcement mate
rials extracted from the ribbon of the plant stem,[12] and 
has been used in many prior biocomposite materials 
manufacturing studies to reinforce other types of 
matrix.[13–18] In this paper, the prepreg sheet feedstocks 
for a custom-designed LOM 3D printing process were 
made using woven fabrics made from degummed jute 
fibers reinforcing both synthetic and bio- thermoplastic 
polymers. Mechanical properties of LOM 3D-printed 
biocomposite structures were measured, compared, 
and then analyzed.

2. Experimentation

2.1. The LOM 3D printer prototype

The authors designed and built a LOM 3D printer pro
totype (shown in Figure 1(a)), which can cut pre-made 
prepregs made from thermoplastic polymer-infused 
woven fibers with a 40W laser head. This prototype is 
equipped with an MKS DLC 32 motherboard and oper
ated through an MKS TS35-R V2.0 touchscreen. The 
LOM system is programmed using G code. Five Tronxy 
SL42S TH40 stepper motors are used to control the X, Y, 
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and Z axes of the printing platform, and both the mate
rial feeding and the take-up rollers, respectively. The 
size of the printing platform is 220 × 220 × 300 mm. 
The pre-made prepreg is rolled onto both the material 
take-up rollers and feed rollers with its ends taped onto 
the roller surfaces. The tension of the prepregs is pro
vided by both rollers that are connected to stepper 
motors via timing belts so the prepreg stays flat on the 
building platform. The material take-up roller pulls the 
prepreg roll forward while the feeding roller releases the 
same amount of prepregs when it’s time to put a new 
layer of material onto the print platform. The laser head 
is controlled by the motherboard of the prototype 
through G-code for its movement, power, and on/off 
positions for cutting the prepreg. After the laser cuts the 
prepreg, a heated hand-held metal roller (shown in 
Figure 1(b) and (c)) is used to roll and press on the 

layer to partially melt the thermoplastic polymer so that 
the cut portions can be bonded onto the cut contours 
from the previous layer below. The material take-up 
roller then takes the unused materials away, leaving 
the laser-cut portions only in the building platform. 

Figure 1. (a) The LOM 3D printer prototype designed and built by the research team, (b) metal rollers used to roll and press on the 
laser cut layer; (c) metal rollers being pre-heated to 200°C in an oven; (d) demo parts LOM printed by the LOM 3D printer.

Figure 2. Woven jute textile used as reinforcements in this 
study.
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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 finished. The entire model is then 
removed from the LOM 3D printer prototype for post- 
processing. The printed parts will be placed onto 
a Carver 4120 thermal press to be thermally pressed at 
temperatures slightly above the melting temperature of 
the thermoplastic polymer for 15 min so the polymer 
can be remelted to have all layers better bonded 
together. Finally, parts are removed from the thermal 
press, cooled down, and manually trimmed to remove 
excessive polymers and fibers on the edges (shown in 
Figure 1(d)).

2.2. Materials

The natural fiber reinforcements used in this research 
are commercially available woven jute fabrics (shown in 
Figure 2) with a fiber density of 5 threads/cm and an 
average area density of 338 g/m2. The average thickness 
is 0.071 mm for a single ply of this fabric.

Two types of thermoplastic polymers were used in 
this study:

(1) A commercial thermoplastic synthetic resin 
called Elium was developed by Arkema S.A.[19] 

The Elium 150 resin tested is a thermoplastic 
liquid polymer of low viscosity for reinforcement 
fiber infusion and resin transfer molding (RTM) 
processes. This resin allows the manufacturing of 
thermoplastic composites reinforced by continu
ous glass, carbon, or natural fibers using the same 
low-pressure techniques and equipment used to 
produce thermoset composite parts. Elium poly
mer with fiber reinforcement can be thermo
formed under pressure and heat. This 
procedure necessitates heating the consolidated 
part for a few minutes at 180–200°C, followed by 
compression at a pressure ranging from 0.5 to 2 

MPa, depending on the kind of reinforcement 
and composite part thickness.[20]

(2) Polylactic acid (PLA) biopolymer in the form of 
a white powder. PLA (C3H4O2)n

[21] is 
a biopolymer that can be made at a reasonable 
cost nowadays using renewable resources. Because 
of the ester linkages that connect the monomer 
units, it is classed as an aliphatic polyester, which 
can degrade naturally in situ via a hydrolysis 
mechanism: Water molecules dissolve the ester 
bonds that make up the polymer backbone, result
ing in a green matrix polymer substance.[22] When 
it comes to plastic filament for 3D printing, PLA is 
the most popular choice. Its low melting point, 
strong strength, little thermal expansion, good 
layer adhesion, and high heat resistance when 
annealed make it the perfect material for 3D print
ing applications such as biodegradable and bio
compatible composite structures.[23] Without 
annealing, PLA is the least heat-resistant of the 
major 3D printing polymers.[23] The melting tem
perature of PLA is between 170°C and 180°C,[24] 

and the preferred forming pressure of jute/PLA 
biocomposites is 1.5 MPa [25].

2.3. Mechanical test samples preparation

2.3.1. Pure polymer test specimens
For pure Elium test specimens, 3D CAD models with 
dimensions shown in Figure 3 for tensile tests and 73.2  
mm × 12.7 mm × 3.0 mm for flexural tests, respectively, 
were created using SolidWorks, and then 3D printed 
using ABS plastic. These two 3D printed parts served as 
mold patterns. Blank rectangular blocks that are slightly 
larger than the desired specimen sizes were created using 
molding clay and the two 3D printed patterns were 
pressed into these blank blocks to make mold cavities. 
After all 10 clay molds were made, pure Elium thermo
plastic resin was mixed with its hardener and then 
poured into pre-fabricated molds that were placed on 
the level lab bench and let cure for two days. The finished 
pure Elium polymer test specimens were obtained by 
removing the cured parts after destroying the clay molds.

For pure PLA test specimens, 3D CAD models were 
first created using SolidWorks software, and then FDM 
printed as solid (0% hollow inside) by a Raise3D Pro2 
Plus 3D printer using pure PLA filaments. The dimen
sions of FDM printed pure PLA tensile and flexural test 
samples were 165 × 13 × 3.2 mm and 60 × 13.1 × 3.5  
mm, respectively. All dimensions followed the values 
recommended by the ASTM D638–14 standard for ten
sile tests and the ASTM D790–10 standard for flexural 
tests.

Figure 3. The dimension of dogbones made from pure polymers 
for tensile tests, all numbers in mm.
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2.3.2. Jute/polymer test specimens made through 
hand lay-up
For making test specimens of jute/Elium polymer 
manually, continuous woven jute fabric was precut to 
sheets with a geometry of 127 × 254 mm. The Elium 
resin was applied onto both the top and bottom surfaces 
of a precut sheet by hand lay-up until both surfaces were 
fully covered and infused. The resin-infused layers were 
then stacked to reach the desired thickness and then 
sandwiched by two Dupont Kapton HN Films and ther
mally pressed for 10 min in the thermal press at 180°C 
under 0.5 MPa pressure to create biocomposite panels. 
In the case of abundant resin, some resin was squeezed 
out under pressure, indicating complete impregnation 
of the stacked plies. The Elium resin average weight 
ratio of the finished panels was measured to be 47.6%.

Similarly, PLA powders were evenly distributed onto 
cut woven jute fibers of the same size by hand lay-up 

and then stacked to reach the desired thickness, and 
then sandwiched by two Dupont Kapton HN Films, 
followed by thermal compressing at 180°C under 0.5 
MPa pressure for 10–15 minutes to create biocomposite 
panels. The PLA polymer average weight ratio of the 
finished panels was measured to be 48.3%.

The panels were then used to cut for test specimens 
using a bandsaw. The dimensions of the tensile and 
flexural test specimens made from both prepregs were 
139.7 × 12.7 × 1.5 mm and 73 × 12.7 × 3.43 mm, respec
tively (shown in Figure 4). All dimensions followed the 
values recommended by the ASTM D3039/D3039M–14 
standard for tensile tests and the ASTM D7264/ 
D7264M–07 standard for flexural tests.

2.3.3. Jute/Polymer test specimens made through the 
LOM process
For making prepregs with the thermoplastic Elium resin, 
continuous woven jute fabric of 127 mm width was used. 
The liquid resin was applied onto both the top and bottom 
surfaces of a 127 × 524 mm area (due to the length of the 
thermal press platens) by hand lay-up until both surfaces 
were fully covered and infused. The resin-infused area was 
then sandwiched by two Dupont Kapton HN Films and 
thermally pressed for 10 min at 180°C under 0.5 MPa 
pressure. In the case of abundant resin, some resin was 
squeezed out under pressure, indicating complete impreg
nation of the fiber. This process was repeated until an 
entire roll of jute fabrics had been made into a prepreg 
roll. The Elium resin weight ratio of the finished prepreg 
was measured to be 48.8%. One section of the jute/Elium 
prepreg made is shown in Figure 5(a).

Similarly, PLA powders were evenly distributed onto 
woven jute fabrics of the same size by hand and then 
sandwiched by two Dupont Kapton HN Films, followed 
by thermal compressing at 180°C under 0.5 MPa pres
sure for 10–15 minutes. The PLA polymer weight ratio 
of the finished prepreg roll was measured to be 49.1%. 
One jute/PLA prepreg section made through this pro
cess is shown in Figure 5(b).

Prepregs made were then used by the LOM 3D prin
ter prototype fabricated by the research team to make 
test specimens: laser-cut single-ply prepreg plies were 
stacked to reach the same test specimen thicknesses 
mentioned in Section 2.3.2 following ASTM D3039 
and ASTM D7264 standards, and later moved to the 
thermal press for additional heated pressing at 180°C 
under 0.5 MPa pressure for 5 minutes to have all layers 
bond together. Tensile and flexural test samples of the 
same geometries were obtained (shown in Figure 4).

Figure 4. (a) Woven jute/polymer tensile test specimens from 
left to right: elium resin made through hand lay-up, elium resin 
made through LOM, PLA made through hand lay-up, and PLA 
made through LOM; (b) woven jute/polymer flexural test speci
mens from left to right: elium resin made through hand lay-up, 
elium resin made through LOM, PLA made through hand lay-up, 
and PLA made through LOM.

Figure 5. Pre-made (a) jute/Elium, (b) jute/PLA prepreg sections.
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2.4. Test methods

2.4.1. Woven jute/polymer test specimen fiber 
volume fraction
ASTM D3171–22 Standard was followed in determining 
the fiber volume fractions of all woven jute/polymer test 
specimens made in Sections 2.3.2 and 2.3.3. The woven 
jute fabric’s density was determined as below: First, 
a rectangular piece of cut jute woven fabric was 
weighted on a lab scale. Secondly, the average diameter 
of the yarns in the cut fabric was determined by mea
suring the diameters of different yarns at various loca
tions and then calculating the average number. With 
this information, the average cross-sectional area of the 
yarns can be calculated. Thirdly, the number of yarns in 
both warp and weft directions were counted, with the 
length and width of the cut fabric, the volume of the cut 
jute fabric can be calculated. Finally, the density of the 
jute fabric can be calculated by dividing the fabric 
weight by the fabric volume. The thicknesses of all 
woven jute/polymer test specimens were measured 
using a digital caliper and the fiber volume fraction 
can be calculated using Eqution. 1: 

2.4.2. Tensile test
An Instron 5582 Universal Testing Machine (UTM) was 
used for all tensile tests in this research (shown in 
Figure 6(a)). The fixture separations for all tensile tests 
used were 127.0 mm. Test speeds of the pure polymers 
and jute/polymer biocomposite were 5.0 mm/min 
(ASTM D638) and 2.0 mm/min (ASTM D3039), respec
tively. The tensile stress-strain data were automatically 
obtained by the UTM system. The ultimate tensile 
strengths were recorded with the maximum tensile 
stresses achieved in the tests, and elastic moduli were 
later obtained by calculating the average slope of tensile 
stress-strain curves of the five samples tested.

2.4.3. Flexural test
The same Instron UTM was used for all flexural tests 
(shown in Figure 6(b)), with the support spans of all 
flexural tests being 61.0 mm. Test speeds of both 

Figure 6. (a) Tensile testing fixture; (b) flexural testing fixture.

Table 1. Measured thicknesses and fiber volume fractions of woven Jute/Polymer test specimens.
Material & Process Average Thickness & Standard Deviation (mm) Average Fiber Volume Fraction & Standard Deviation (%)

Jute/Elium Hand Tensile 1.428 ± 0.043 33.67 ± 0.99
Jute/Elium LOM Tensile 1.388 ± 0.033 34.63 ± 0.82
Jute/Elium Hand Flexual 3.425 ± 0.241 42.27 ± 3.21
Jute/Elium LOM Flexual 3.299 ± 0.065 38.85 ± 0.78
Jute/PLA Hand Tensile 1.408 ± 0.067 34.18 ± 1.58
Jute/PLA LOM Tensile 1.256 ± 0.026 38.27 ± 0.79
Jute/PLA Hand Flexual 3.363 ± 0.229 47.80 ± 3.38
Jute/PLA LOM Flexual 3.487 ± 0.210 50.67 ± 3.12
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pure polymer samples and jute/polymer biocompo
site structures were 1.0 mm/min (ASTM D790 and 
ASTM D7264, respectively). The flexural stress-strain 
data were automatically obtained by the UTM sys
tem. The ultimate flexural strengths were recorded 
with the maximum flexural stresses achieved in the 
tests, and flexural moduli were later calculated from 
the average slope of flexural stress-strain curves of 
the five samples tested.

2.4.4. SEM imaging
A JEOL JSM-6010LA Analytical Scanning Electron 
Microscope (SEM) was used for SEM imaging of failed 
biocomposite test specimens from tensile and flexural 
tests. The cross sections of biocomposite samples were 
obtained by cutting the failed specimens with a sharp 
utility knife and observed at 7kV under 30 Pa vacuum 
using different magnification levels. SEM images of 
typical locations at all observed cross-sections were 
obtained.

3. Results and discussion

3.1. Measured fiber volume fractions

The measured thicknesses and fiber volume fractions of 
all woven jute/polymer specimens are listed in Table 1. It 
can be seen that most of the specimens made had actual 
thicknesses that were slightly smaller than the target value 
(1.5 mm for tensile specimens and 3.43 mm for flexural 
specimens). This may be due to the pressure they carried 
during the thermal pressing processes. Additional layers 
are needed if a certain thickness is required for the bio
compatible materials. Most jute/polymer biocomposite 
specimens had an average fiber volume fraction that is 
lower than 50%, which may cause insufficient mechanical 
properties of the finished biocomposite material.

3.2. Tensile properties

Measured tensile strengths and moduli of both pure 
polymers and woven jute/polymer biocomposites are 
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Figure 7. Tensile strengths comparisons of both polymers, their hand-laid-up, and LOM printed biocomposites.
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Figure 8. Elastic modulus comparisons of both polymers, their hand-laid-up, and LOM printed biocomposites.
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shown in Figures 7 and 8, with standard deviation bars. It 
can be found that the cured pure Elium polymer has 
a higher tensile strength and elastic modulus compared 
to the FDM printed pure PLA biopolymer. The Elium 
polymer was significantly strengthened by the woven jute 
reinforcement fibers (41.2% increment in TS and 85.4% 
increment in E for the prepreg; 73.1% increment in TS 
and 83.3% increment in E for the LOM printed biocom
posites). The PLA biopolymer was slightly strengthened 
by the woven jute reinforcement fibers in tensile strength 
(13.3% increment of the hand-laid-up and 2.7% incre
ment of the LOM printed biocomposites) but was also 
greatly strengthened in elastic modulus (46.2% increment 
of the hand-laid-up and 57.1% increment of the LOM 
printed biocomposites). This may be caused by the pure 
PLA test specimens being FDM 3D printed using pur
chased PLA filament, while the jute/PLA hand-laid-up 
and LOM printed biocomposites were started from PLA 
powders. The solid powers may have difficulties in enter
ing the gaps in the woven jute fibers to fill the voids 
therefore leaving relatively large amounts of voids in the 

finished biocomposite material. The tensile strength of 
the LOM printed jute/Elium biocomposite structure was 
further increased (22.6% increment) compared to the 
hand-laid-up ones, while the elastic modulus remained 
almost the same, this may be due to the second heating 
and pressing during the LOM process, leading to 
increased fiber volume fractions of the biocomposites 
and even stronger bondings between woven jute fiber 
and the Elium polymer. On the contrary, the measured 
tensile strength of the LOM printed jute/PLA biocompo
site structure had a lower value than its hand-laid-up 
counterparts (9.4% reduction), while the elastic modulus 
was a little higher (7.5% increment). The low improve
ment of PLA matrix biocomposites may be due to the 
unevenly distributed dry PLA powders among woven jute 
fibers and layers, making it difficult to fill most of the gaps 
among the fiber and matrix, and therefore causing poor 
bonding situations between the fiber and PLA biopoly
mers. The highest tensile strength of woven jute/Elium 
biocomposites was determined to be 37.85 MPa, while the 
maximum elastic modulus was 2.67 GPa. The highest 
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Figure 9. Flexural strengths comparisons of both polymers, their hand-laid-up, and LOM printed biocomposites.
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8 L. JIANG ET AL.



tensile strength of woven jute/PLA biocomposites was 
measured to be 24.35 MPa, while the maximum elastic 
modulus was 1.87 GPa. LOM printed jute/PLA biocom
posite structures are still weaker compared to the jute/ 
Elium ones made.

3.3. Flexural properties

Measured flexural strengths and moduli of both poly
mers and woven jute/polymer biocomposites are dis
played in Figures 9 and 10, with standard deviation bars. 

It can be found that the FDM printed PLA has a much 
higher flexural strength and modulus compared to the 
cured Elium polymer. The Elium polymer was signifi
cantly strengthened by the woven jute reinforcement 
fibers (96.4% difference in σ and 145.6% difference in 
Ef for the hand-laid-up biocomposites; 121.2% differ
ence in σ and 146.6% difference in Ef for the LOM 
printed biocomposites). The PLA biopolymer was not 
quite strengthened by the woven jute reinforcement 
fibers in flexural strength (27.9% decrement of the 
hand-laid-up biocomposites but 2.7% increment of the 

Figure 11. SEM imaging of biocomposites cross sections of (a, b) jute/Elium hand-laid-up biocomposites, (c, d) LOM printed jute/Elium 
biocomposites, (e, f) jute/PLA hand-laid-up biocomposites, (g, h) LOM printed jute/PLA biocomposites; (a, c, e, f are with 
a magnification of 700 ×, and b, d, e, g are with a magnification of 1,500 ×).
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LOM printed biocomposites) but was again greatly 
strengthened in flexural modulus (74.8% increment of 
the hand-laid-up biocomposites and 106.0% difference 
of the LOM printed biocomposites). The high initial 
flexural strength of pure PLA is again due to the test 
specimens being FDM 3D printed using purchased PLA 
filament, while the jute/PLA prepregs and LOM printed 
biocomposites were started from PLA powders. The 
LOM process seems to further strengthen both jute/ 
polymer biocomposites in both flexural properties. 
The highest flexural strength of woven jute/Elium bio
composites was determined to be 68.71 MPa, while the 
maximum elastic modulus was 6.85 GPa. The highest 
flexural strength of woven jute/PLA biocomposites was 
determined to be 43.11 MPa, while the maximum elastic 
modulus was 4.26 GPa. LOM printed jute/PLA biocom
posite structures were weaker compared to the jute/ 
Elium ones made. The major failing mechanism of 
jute/PLA test samples was debonding between adjacent 
layers due to interlaminar shear, which may be caused 
by the poor bonding properties at the fiber-matrix 
boundaries and among adjacent woven fiber plies 
of PLA.

3.4. SEM imaging

The SEM imaging results of the fiber-matrix boundaries 
of woven jute/polymer biocomposites are shown in 
Figure 11. It can be seen from Figure 11(a,b), the 
Elium polymer did not impregnate quite well into the 
jute fibers in the jute/Elium hand-laid-up biocomposites 
as there are very large void spaces. A similar situation 
can be seen in Figure 11(e,f) where the jute/PLA hand- 
laid-up biocomposites also have many voids inside the 
material. These voids prevent direct contact and binding 
between the reinforcement fiber and the polymer matrix 
and lead to poor mechanical properties of these two 
fiber-matrix combinations. It can be seen from 
Figure 11(c,d,g,h) that the void space inside the LOM 
3D printed jute/Elium and jute/PLA structures has been 
reduced significantly compared to the 4 figures men
tioned before, which indicates a better impregnation of 
the PLA polymer into the jute fiber. From Figure 11(c,g) 
at a magnification level of × 700, the polymer matrix is 
filled and binds better with the jute fibers than in 
Figure 11(a,b), while there are still some voids seen at 
some other locations in the biocomposites. At an even 
higher magnification level (×1,500) as shown in 
Figure 11(d,h), the same comparison can be performed 
with Figure 11(b,f). However, the LOM-printed jute/ 
Elium biocomposite structure has higher measured 
mechanical properties compared to the LOM-printed 

jute/PLA biocomposite structure in the mechanical 
tests. This is due to the higher initial mechanical proper
ties of the Elium polymer. Both LOM-printed biocom
posite structures showed improved mechanical 
properties and fiber-matrix bondings compared to the 
hand-laid-up ones made using the same polymer, as 
shown in Figure 11(a–d and e–h), this is because the 
LOM-printed biocomposites were heated and pressed 
twice, allowing better distribution of both polymers in 
the structures and fiber-matrix bondings.

4. Conclusions

Based on the experimental validations reported above, 
the authors have proven that it is possible to 3D print 
laminated structures through the LOM process using 
woven natural fiber reinforced (bio)polymers. Such 
experimental validations have opened the door to further 
investigations of the LOM 3D printing technology appli
cations in a sustainable manner using (bio)polymers 
reinforced by natural woven fibers in the future. From 
the measured mechanical properties of both types of pure 
polymers in this study, their woven jute fiber reinforced 
hand-laid-up biocomposites, and LOM printed biocom
posite structures, the following conclusions can be made:

(1) The commercial Elium thermoplastic polymer has 
better measured tensile properties (TS = 21.86 
MPa, E = 1.44 GPa) but weaker measured flexural 
properties (σ = 16.85 MPa, Ef = 0.89 GPa) com
pared to FDM-printed pure PLA. The addition of 
the woven jute fiber reinforcement significantly 
strengthened the Elium polymer in all four 
mechanical properties measured in this study, mak
ing its biocomposite structures strong in both ten
sile and flexural properties. This may be due to the 
good wet-through abilities of the liquid resin into 
the dry jute fiber when being applied to the bio
composites, which formed good bonding situations 
at the fiber-matrix interfaces.

(2) The FDM-printed pure PLA biopolymer has 
weaker measured tensile properties (TS = 21.49 
MPa, E = 1.19 GPa) but better measured flexural 
properties (σ = 41.96 MPa, Ef = 1.31 GPa) com
pared to the commercial Elium thermoplastic poly
mer. Its combination with woven jute 
reinforcement fiber somewhat improved its 
mechanical properties but not as much as the case 
in the Elium polymer. This may be due to the 
already higher mechanical properties of the FDM- 
printed pure PLA material, and also the uneven 
distributions of the PLA powder when being 
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applied to dry jute fabrics which caused an incom
plete impregnation during thermal pressing and 
therefore poor bonding between the reinforcement 
fiber and polymer matrix.

(3) The LOM printing process has positive impacts on 
the mechanical properties measured in this study. 
This is due to the same biocomposite material being 
heated up twice, allowing better distribution of 
polymers in the jute fiber and therefore improved 
fiber-matrix bondings. Excessive molten polymer 
was also squeezed out from the biocomposite struc
tures and therefore their fiber volume fractions were 
increased. Major improvements can be found in 
both strengths and stiffnesses measured in this 
study. This finding has positive meanings for future 
studies and implementations in additive manufac
turing using natural fiber reinforced polymers.

(4) The fiber-matrix bonding observed via SEM ima
ging shows gradual improvements in the fiber- 
matrix bondings of both jute/Elium and jute/ 
PLA hand-laid-up biocomposites and LOM 
printed structures. Although the amount of 
voids at fiber-matrix interfaces is reduced and 
bonding improves, the overall fiber volume frac
tions of all made jute/polymer biocomposites 
made in this study are still not high enough 
(<50% in most cases). This is mainly due to the 
prepregging process as limited methods can be 
used to ensure the even and full impregnation of 
woven jute fibers, especially when using the solid 
PLA powder. Perhaps gradually increasing com
pressing pressure and platen temperature, and 
a longer compression molding time that slowly 
softens and melts the polymer and then forces it 
into the reinforcement fibers would provide bet
ter impregnation results. More research is still 
needed to further improve the fiber-matrix con
tacting areas and increase the fiber volume frac
tions of the biocomposite structures.
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