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ABSTRACT 
Continuous fibre reinforced polymer compo-

sites are gaining attention in various industries for 
their ability to create complex geometries and reduce 
material usage through 3D printing. The previous 
work focused on either short or continuous fibers in-
dividually when examining the role of fiber length in 
stress transfer mechanisms. This study addresses the 
gap by investigating the integration of chopped long 
carbon fibers (0.1 to 1 mm) mixed with nylon as the 
matrix, and varying continuous fibers as reinforce-
ments to evaluate their impact on the mechanical, ther-
mal, and morphological properties. The experiments 
are performed on laminates with fiber angles [0°, 45°, 
90°, 135°], varying build plate orientations [0° and 
90°], and concentric reinforcement patterns. Results 
indicated that low temperatures improved transverse 
elastic modulus, strength, and in-plane shear proper-
ties, while high temperatures reduced all mechanical 
characteristics. Kevlar fibre reinforced composite ex-
hibited the highest tensile strength, High strength high 
temperature glass fibre reinforced composite de-
creased by 14.66%, and flexural strength peaked at 
86.22 MPa with concentric zero-degree fill. 

 
INTRODUCTION 

The lightweight engineering of aeroplanes and 
vehicles has recently focused heavily on thermoplastic 
polymers and composites. Among the several 3D 
printing methods that have been created, fused depo-
sition modelling (FDM) has become the most used 3D 
printing methodology (Parandoush and Lin 2017)  
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because of its low price and the broad availability of 
components. Short fibre-reinforced thermoplastics 
(SFRTs) and continuous fibre-reinforced thermoplas-
tics (CFRTs) are the two basic groups into which they 
may be separated (Heidari-Rarani, Rafiee-Afarani, 
and Zahedi 2019). Multiple attempts have been made 
to look into printing parameters (Peng et al. 2020), the 
porous effect (Tekinalp et al. 2014), the influence of 
fibre orientation (Compton and Lewis 2014), and the 
impact of fibre content (Sodeifian, Ghaseminejad, and 
Yousefi 2019). For instance, (Wang et al. 2020) used 
the FDM printing technique to create composites 
made of carbon fibre (CF), glass fibre (GF), and poly-
etheretherketone (PEEK), as well as evaluate their me-
chanical characteristics. They discovered that the ten-
sile and flexural strength were greatly enhanced with 
the right fibre addition, but ductility was sacrificed 
(Peng et al. 2021). The tensile mechanical characteris-
tics increase initially, then decline, and then increase 
as the fibre content rises (Khoathane, Vorster, and 
Sadiku 2008; Ku et al. 2011). Therefore, modifying fi-
bre length, content, and orientation may enhance the 
SFRT composite's mechanical characteristics. Re-
searchers investigated the effects of penetration depth, 
extruded breadth, printing temperatures, and velocity 
on the tensile mechanical behavior of consistently 3D-
printed carbon fiber reinf-forced polylactic acid CF-
PLA composites (Dou et al. 2020). They concluded 
that the transmission of external loads to the carbon 
fibres via the fibre-matrix contact is the mechanism 
that strengthens the tensile mechanical characteristics. 
The impact of fibre orientation, however, was not 
studied. Numerous research studies have attempted to 
create CFRTs based on polyamide (PA) to enhance the 
qualities of FDM printing composites. The shape of 
the specimen significantly impacts the outcomes of the 
experiment. Additionally, studies on the bending fea-
tures and delamination traits of CFRTs have been con-
ducted (He et al. 2020). The findings demonstrated a 
substantial improvement in fracture toughness and 
fracture energy compared to neat PLA, particularly in 
composites with 0°/90° and 45°/-45° bead orientations 
(Papon and Haque 2019). An enhancement in tensile 
modulus and shear modulus was observed in the neat 
PLA polymer with a 15 wt% CF content in both the 
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printing and transverse directions. However, the lim-
ited CF length (60 mm) restricted further mechanical 
improvements in the composites (Ferreira et al. 2017). 
In composite materials, fibers with a critical length are 
preferred to ensure efficient stress transfer from the 
matrix to the reinforcement, primarily through the 
shear transfer mechanism, thereby enhancing the over-
all load-bearing capacity of the material (Hu et al. 
2020). 

 
Figure 1. Flowchart of the overall experimental pro-
cess of this study. 
 

While previous studies have explored the role of 
fiber length in stress transfer mechanisms, they pri-
marily focus on either short or continuous fibers indi-
vidually. Short fibers are known to hinder effective 
stress transfer and introduce stress concentrations due 
to an increased number of fiber ends at the same fiber 
content (Arao et al. 2013). However, to the best of our 
knowledge, no studies have investigated the infusion 
of chopped long carbon fibers (0.1–1 mm) mixed with 
nylon as the matrix, along with (a) various continuous 
fiber reinforcements and (b) different build plate ori-
entations for the development of 3D-printed continu-
ous fiber reinforced polymer (C-FRP) composites. 
The novelty of this work lies in the fabrication of 3D-
printed continuous fiber reinforced polymer (C-FRP) 
composites by integrating chopped long carbon fibers 
(0.1 to 1 mm) mixed with nylon as the matrix along-
side varying continuous fiber reinforcements. Unlike 
previous studies that focus separately on either short 
or continuous fibers, this research uniquely explores 

their combined effect on the mechanical, thermal, and 
morphological properties of additively manufactured 
composites. Additionally, fused deposition modelling 
(FDM) is utilized to produce multiple types of contin-
uous fiber-reinforced composite specimens, including 
tensile and bending specimens, allowing for a compre-
hensive analysis of tensile and flexural properties. The 
study also investigates failure behavior using scanning 
electron microscopy (SEM), evaluating strain fields, 
bonding strength, physical defects, and failure mecha 
nisms. Examining the effects of fiber filament fill pat-
terns and specimen shapes on composite performance, 
providing critical insights into how fill patterns influ-
ence strength, modulus, and failure mechanisms. 
These findings contribute to the optimization of fiber 
reinforced additive manufacturing for improved struc-
tural applications. Results revealed that at low temper-
atures, transverse elastic modulus and strength, along 
with in-plane shear properties, improved, whereas 
high temperatures reduced all mechanical characteris-
tics. These findings emphasize the role of filling pat-
terns and reinforcements in optimizing composite de-
signs. The overall experimental procedure adopted in 
this study is shown in Figure 1. 

 
METHODOLOGY 

Raw materials and 3D printing  
A Markforged X7 printer as shown in Figure 2, 

is used to create the specimens it has an accuracy of 
10 µm and is an industrial-grade printer. A 0.4 mm di-
ameter nozzle is used to extrude nylon filament during 
the first stage of the C-CFRP composites printing pro-
cess, and a 0.9 mm diameter nozzle is used to extrude 
continuous fibre filament. Through the printing nozzle, 
the filament can be melted into a tape with a width and 
thickness of around 1 mm and 0.125 mm, respectively. 
A nylon layer is applied to the bottom of the specimens 
to facilitate the deposition of C-CFRP layers onto the 
print bed and prevent disintegration during printing. A 
nylon layer was added to the top to maintain symmet-
metry. The material was chosen from a 1.75 mm di-
ameter Markforged nylon filament that was transpar-
ent in black for easy inspection. Print a layer of nylon 
floor first, followed by layers of continuous fibre, and 
then a layer of nylon roofing. Markforged Eiger soft-
ware was used to develop the sample slicing strategy 
and fibre orientation. It is obvious that the printer of 
fers superb finishing. This gives the user little control 
over the orientations and distributions of the fibres, 
which might reduce the component's stiffness, partic 
ularly for very complicated geometries. The material 
was printed using onyx, and it is reinforced with glass 
fibre, high-strength, high-temperature fibre, and kev-
lar fibre. The composite typically extrudes at temper-
atures around 270°C, with a deposition layer height of 
0.125 mm. Each test has been conducted three times 
under identical conditions to check the authenticity of 
the results. The fabricated samples are: continuous 
kevlar fibre polymer (C-KFRP) composites concentric 



 
J. CSME Vol.47, No.1 (2026) 

-77- 
 

fibre angle zero degrees build plate orientation; con-
tinuous high strength high temperature fibre polymer 
(C-HSHT-GFRP) composites concentric fibre angle 
zero degrees build plate orientation; continuous glass 
fibre reinforced polymer (C-GFRP) composites con-
centric fibre angle zero degree build plate orientation. 
The thickness of each layer is 0.1 mm, and there are 
24 layers. The 3D-printed composites were fabricated 
with a volume fraction of 17.98%.  

 
Figure 2. Schematic for the fabrication of 3D-printed 
continuous fiber reinforced polymer (C-FRP) compo-
sites with varying fiber reinforcements and build plate 
orientation. 
 
Density of composites by displacement method 

The density of a plastic specimen are deter-
mined by Archimedes principle as per ASTM D792 
standards (Câmara et al. 2012).  

Table 1. The measured density of 3D printed C-FRP 
composites with varying reinforcements. 

Serial no Composite Type Density 
(g/cm3) 

1 C-GFRP (00) 1.2691 
2 C-HSHT-GFRP(00) 1.2412 
3 C-KFRP (00) 1.1214 

 
Thermal Stability of 3D printed composites 

The thermal gradient analysis (TGA) method 
was used to assess 3D printed composites thermal sta-
bility, degradation characteristics, and adsorption 
quality. Fibers remain stable without decomposing up 
to 800°C, whereas nylon starts thermal decomposition 
at 260°C. 

Figure 3 presents the TGA test results for the (a) 
3D-printed C-KFRP (0°) and C-HSHT-GFRP (0°) 
composites (Saeed et al. 2021). After the complete de-
composition of nylon, the remaining mass represents 
the fibers. At temperatures between 100°C and 350°C, 
a modest decrease in weight is noted, most likely as a 
result of water evaporation. The mass of the nylon 
component in the composites decreased as a result of 

decomposition at 350°C, and full decomposition hap-
pens at 500°C. TGA analysis of 3D-printed C-FRP 
composites with varying reinforcements revealed that 
fiber mass fraction remained unaffected by the rein-
forcement type. Both C-HSHT-GFRP (00) and C-
GFRP (00) composites exhibit similar degradative be-
haviour. The C-HSHT-GFRP (0°) composite samples 
demonstrate excellent thermal stability, as indicated 
by a weight loss of only 6% for C-HSHT-GFRP (0°) 
and 9% for C-KFRP (0°) when heated from room tem-
perature to 400°C. The higher residue at 900°C—29% 
for C-HSHT-GFRP (0°) compared to 19% for C-
KFRP (0°) further supports the superior thermal sta-
bility of the C-HSHT-GFRP (0°) composite. Addi-
tionally, the specific surface area calculated from the 
TGA plot reveals that the C-KFRP (0°) composite has 
the highest surface area, indicating its greater adsorp-
tive capacity compared to C-HSHT-GFRP (0°) and C-
GFRP (0°) composites. This higher surface area sug-
gests that C-KFRP (0°) may interact more effectively 
with surrounding materials or gases, contributing to its 
unique properties. 

 
Figure 3. TGA curves illustrating the thermal degra-
dation behavior of 3D-printed C-KFRP (0°) and C-
HSHT-GFRP (0°) composites. 

Table 2. Measurement of specific surface area of 3D 
printed C-FRP composites with varying reinforce-
ments. 

Serial 
number 

Composite 
Specific surface 

area (cm2/g) 
1 C-HSHT-GFRP (00) 5.73 
2 C-KFRP (00) 7.29 
3 C-GFRP (00) 7.12 
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RESULTS AND DISCUSSION 
Mechanical properties 
Tensile properties. Tensile tests are performed in ac-
cordance with the ASTM D638 standard, as illustrated 
in Figure 4. 

  
Figure 4. Experimental setup for assessing the me-
chanical properties such as tensile strength and modu-
lus etc of 3D-printed C-FRP composites. 

 
The results of tensile tests for nylon, onyx and 

3D printed C-FRP composites with varying reinforce-
ments and build plate orientations were given in Fig-
ure 5, Figure 6 and Table 3. Compared to the neat onyx 
matrix, C-KFRP composites had the largest tensile 
strength with an enhancement of 208% from 40MPa 
to 124MPa with the addition of kevlar fiber reinforce 
ments. This 208% increase suggests that kevlar fibers 
play a crucial role in reinforcing the polymer matrix, 
likely due to their high strength-to-weight ratio and 
excellent energy absorption properties. Kevlar fibers 
are well known for their toughness and resistance to 
impact and tensile loads, which explains their effect 
tiveness in enhancing the composite's mechanical 
properties. Furthermore, the variations in reinforce 
ment types and build plate orientations in the 3D print-
ing process could influence the overall performance of 
the composites. The fiber alignment, layer adhesion, 
and fiber-matrix interaction are critical factors that de-
termine the final strength of the printed material. The 
substantial improvement in tensile strength suggests 
that the fiber-matrix bonding in C-KFRP composites 
is effective, allowing for efficient stress transfer betw-
een the matrix and the reinforcement. In comparison 

to nylon and pure onyx, it is likely that all fiber-rein-
forced composites demonstrate superior tensile per-
formance, with kevlar reinforcement standing out as 
the most effective. Future studies could further ex-
plore plore how different fiber volume fractions, ori-
entations, and hybrid reinforcements impact the ten-
sile properties of these 3D-printed composites 
(Tekinalp et al. 2014; Sodeifian, Ghaseminejad, and 
Yousefi 2019). 

 
Figure 5. Tensile properties of 3D printed C-FRP com-
posites with varying reinforcements: (a) tensile 
strength, (b) tensile modulus and (c) elongation at 
break . 
 
Figure 5 shows that stress and strain both rise as con-
centric fibre rings and fibre layers increase (Wang et 
al. 2020). While the nylon matrix remained intact, the 
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fibers within the specimen fractured. Being a polymer, 
nylon exhibits greater elasticity. However, when the 
number of concentric fibre rings and layers increases, 
the specimen breaks abruptly and clearly exhibits brit-
tleness. The C-KFRP composite shows the maximum 
tensile strength of 124 MPa, followed by C-GFRP 
having a tensile strength of 116 MPa, and the C-
HSHT-GFRP composite shows the least value of ten-
sile strength of 99 MPa. A similar type of explanations 
are also reported elsewhere (Peng et al. 2020); it is due 
to the difference in the strength of individual fibres 
where the kevlar has a strength of 610 Mpa followed 
by C-HSHT-GFRP of 600 MPa fibre glass, is having 
the least value of 590 MPa (Parandoush and Lin 2017). 
The key point is that the strength difference between 
each successive fiber is only 10 MPa, whereas these 
differences become more pronounced in the final fab-
ricated composites. The tensile strength of continuous 
GFRP is 116 MPa, which is greater than the value 
found in ref. (Heidari-Rarani, Rafiee-Afarani, and 
Zahedi 2019). The order of tensile strength is C-KFRP 
> C-GFRP > C-HSHT-GFRP composites. The longi-
tudinal tensile failure strain of 3D printed C-HSHT-
GFRP composites is approximately 5.65%, and it is 
the highest value of failure strain compared with the 
other two composites. The longitudinal tensile failure 
strain of C-KFRP composites is 5.22%. The longitu-
dinal tensile failure strain of C-GFRP composites is 
2.4%. Therefore, from the stress-strain curve, it is 
found that C-GFRP composites show the most brittle 

behavior. Moreover, the nature of the curve is also the 
confirmation of the brittle behavior of the material. 
The C-GFRP composites have a sharp yield point 
compared to the other two composites, which is easily 
visible in an enlarged view. The order of sharpness in 
the yield point is as follows: C-GFRP > C-KFRP > C-
HSHT-GFRP composites. As the ductility of a mate-
rial decreases, the value of stiffness increases (Tian et 
al. 2017; Dickson et al. 2017). Elastic modulus is 
listed in the following sequence: C-GFRP > C-KFRP 
> C-HSHT-GFRP Composites. 
 

 
Figure 6. Tensile strength of 3D printed C-FRP com-
posites with varying build plate orientations. 

 

Table 3. Mechanical properties of nylon, onyx and 3D printed C-FRP composites with varying reinforcements and 
build plate orientations. 

Samples Tensile strength 
(MPa) 

Tensile modulus 
(GPa) 

Elongation at 
break (mm) 

Flexural strength 
(MPa) 

Flexural mod-
ulus (GPa) 

Nylon 51 1.7 1.5 50 1.4 
Onyx 40 2.4 0.25 71 3 
C-GFRP 116(00) 5 2.4 86 4 
C-HSHT-GFRP 99(00), 25(900) 1.86 5.7 50(00), 84(900) 1.3 
C-KFRP 124(00), 24(900) 2.58 5.2 46(00), 79(900) 1.25 

 
Three-point bending properties 

Assessing the flexural properties of composites 
is essential to prevent deflection and bending fractures 
under high loads and sliding velocities in certain engi-
neering applications. With this in mind, flexural tests 
were performed using the three-point bending method 
to compare neat nylon, onyx and 3D printed C-FRP 
composites with varying reinforcements and build 
plate orientations. The specimens were prepared as per 
ASTM D 790 standard, as illustrated in Figure 7 and 
the Flexural properties of 3D printed C-FRP compo-
sites with varying reinforcements and build plate orie- 
entation is shown in Figure 8. The flexural test results 
highlight the influence of fiber type and infill orienta-
tion on the mechanical performance of 3D-printed 
composites. The C-GFRP composites demonstrate a 
significant improvement in both flexural strength (98 

MPa, +43%) and modulus (4 GPa, +33%) compared 
to the neat onyx matrix when using a concentric zero-
degree filling pattern. This suggests that glass fibers 
effectively enhance the load-bearing capacity and 
stiffness of the composite under bending loads. Influ-
ence of fiber Type: Interestingly, despite kevlar’s high 
tensile strength, the kevlar-reinforced composite ex-
hibits a 35% reduction in flexural strength compared 
to neat Onyx. This may be attributed to kevlar’s rela-
tively lower compressive strength compared to glass 
fiber. In flexural testing, the material undergoes both 
tension and compression, kevlar's superior tensile 
properties help in tension but its lower compressive 
strength likely reduces the overall flexural perfor-
mance. Effect of Infill orientation. 
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Figure 7. Experimental setup for assessing the Flex-
ural properties of 3D-printed C-FRP composites of 
different reinforcements and build plate orientation. 
 

 
Figure 8. Flexural properties of 3D printed C-FRP 
composites with varying reinforcements: (a) Load-
displacement curve, (c) flexural strength and (d) flex-
ural modulus (b) flexural strength with varying build 
plate orientation. 
 

The study also reveals that the concentric 90-
degree infill pattern out performs the zero-degree pat-
tern in flexural performance. This is likely due to bet-
ter load distribution and fiber alignment perpendicular 
to the loading direction, which enhances resistance to 
bending stresses. In contrast, the zero-degree pattern 
may align fibers in a way that does not effectively 
counteract bending forces, making the material more 
susceptible to failure. Stiffness Performance: Among 
the tested configurations, the glass fiber composite 
with a zero-degree concentric infill pattern exhibits the 
highest stiffness. This indicates that glass fibers pro-
vide superior resistance to deformation under bending 
loads, making them ideal for applications requiring 
high rigidity. These findings emphasize the im-
portance of fiber selection and print orientation in op-
timizing 3D-printed composite performance. While 
kevlar fibers are beneficial for tensile strength, glass 
fibers appear more effective in improving flexural 
properties. Additionally, adjusting the infill pattern 
can significantly influence the mechanical behavior, 
with a 90-degree concentric infill proving superior in 
flexural resistance. The failure mechanisms observed 
under bending strain in 3D-printed fiber-reinforced 
composites reveal a complex interplay between the fi-
bers and the matrix. The fracture surface is divided 
into two distinct regions: the upper compressive zone 
experiences compression failure in the fibers and ma-
trix fracture. The fibers undergo buckling and crush-
ing, while the matrix, which is more brittle, fails due 
to compressive stress. The Lower Tensile region is 
dominated by fiber tensile failure, fiber pull-out, and 
matrix fracture. The fibers play a critical role in bear-
ing the tensile load, and their failure often leads to a 
catastrophic breakdown of the composite. Fiber pull-
out occurs when the bonding between the fiber and 
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matrix is weak, leading to a reduction in load transfer 
efficiency. The order of bending properties is as fol-
lows: C-GFRP > C-KFRP > C-HSHT-GFRP Compo-
sites. 

 
FRACTOGRAPHY AND FAILURE 

ANALYSIS 
The fracture surfaces of the various fibre-rein-

forced composites were investigated using a scanning 
electron microscope (SEM) to determine the fibre 
pull-out behaviour from the matrix. This depicts the 
bonding of the fibre and matrix interface; it is clear 
from the diagram that several types of failure occurred 
following destructive testing. The different types of 
failure are cohesive failure, adhesive failure, matrix 
debonding, and fibre pulled out, as can be observed in 
Figure 9.  

 
Figure 9. SEM images depicting fracture morphology 
of 3D-printed C-FRP composites with different rein-
forcements after tensile failure. 
 
The pull-out behaviour of glass fibre is demonstrated 
when the fibre separates material depositions that were 
observed imply a somewhat excellent interface con-
nection between the fibre and matrix, which means 
that a small amount of fibre from the matrix material 
slips off during the tensile test. The fibre pull-out from 
the matrix material has a smooth surface with very lit-
tle matrix material deposition on the Surface of the fi-
bre. This smooth surface is an indication of poor fibre 
and matrix interface bonding. The creation and spread 
of cracks are readily apparent and result in failure. Fig-
ure 10 shows the fibre pull-out behaviour of HSHT 

glass fibre. The fibre pulls away from the matrix ma-
terial. It shows extra matrix material deposition on the 
surface of the fibre. The observed more matrix mate-
rial deposition on the fibre's surface suggests a strong 
interface bonding of the fibre and matrix and implies 
nearly no slippage of fibre from the matrix, consistent 
with prior research published (Dickson et al. 2017). 
The HSHT glass fibre reinforced 3D printed polymer 
composite is stiffer due to the strong interface bonding, 
which causes brittle fracture. As a result, it is clear 
from Figure 10 that when compared to specimens re-
inforced with glass and kevlar fibres, HSHT glass fi-
bre reinforced 3D printed polymer composite speci-
mens had the strongest interface bonding. The figure 
illustrates how fibre pull-out impressions are more 
common than fracture impressions. Additionally, the 
fibres and matrix have been substantially deformed by 
the collision. Based on the fracture surface analysis, it 
seems like the material is flowing slowly. According 
to mor-phological studies, the main reason composites 
fail is fibre breakage, which results from the com-
posite's brittle nature. 

 
Figure 10. SEM images depicting fracture morphol-
ogy of 3D-printed C-FRP composites with different 
reinforcements after (a) bending fracture surface and 
fibre pull out. 
 

CONCLUSION 
In this work, the infusion of chopped long cabon 

fibers (0.1–1 mm) mixed with nylon to form the ma-
trix, along with (a) various continuous fiber reinforce-
ments and (b) different build plate orientations, was 
utilized for the development of 3D-printed continuous 
fiber reinforced polymer (C-FRP) composites using 
FDM-based printing. To study the mechanical proper-
ties of these 3D-printed C-FRP composites, tensile 
tests, flexural tests, TGA, and SEM characterization 
techniques were employed. The TGA analysis of 3D-
printed composites shows that fibers remain stable up 
to 800°C, while nylon decomposes at 260°C, fully de-
grading by 500°C. Both C-HSHT-GFRP (0°) and C-
GFRP (0°) exhibit similar degradation, but C-HSHT-
GFRP (0°) shows superior thermal stability with only 
6% weight loss at 400°C and 29% residue at 900°C. 
C-KFRP (0°) has the highest specific surface area, in-
dicating greater adsorption capacity. These findings 
suggest C-HSHT-GFRP (0°) is ideal for high-temper-
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ature applications, while C-KFRP (0°) excels in ad-
sorption-based applications, offering diverse utility 
based on thermal and surface interaction needs. 

The tensile analysis of 3D-printed C-FRP com-
posites demonstrates a significant enhancement in me-
chanical properties with fiber reinforcement. Among 
the tested materials, C-KFRP composites exhibit the 
highest tensile strength of (124 MPa, +208%) fol-
lowed by C-GFRP at 116 MPa and C-HSHT-GFRP at 
99 MPa, highlighting the superior reinforcing effect of 
kevlar fibers due to their high strength-to-weight ratio 
and energy absorption capabilities. The differences in 
fiber strength become more pronounced in the final 
fabricated composites, emphasizing the role of fiber-
matrix bonding and alignment in determining tensile 
performance. The failure strain analysis reveals that 
C-HSHT-GFRP composites have the highest failure 
strain at 5.65%, indicating greater ductility, whereas 
C-GFRP composites display the most brittle behavior 
with a sharp yield point. The order of tensile strength 
and stiffness follows the trend: C-KFRP > C-GFRP > 
C-HSHT-GFRP, confirming that kevlar reinforcement 
provides the greatest mechanical improvement. These 
findings suggest that fiber selection, volume fraction, 
and orientation play a crucial role in optimizing the 
tensile performance of 3D-printed composites for var-
ious applications. 

The flexural test results highlight the critical 
role of fiber type and infill orientation in determining 
the mechanical performance of 3D-printed fiber-rein-
forced composites. Glass fiber reinforced composites 
(C-GFRP) exhibited the highest flexural strength (98 
MPa, +43%) and modulus (4 GPa, +33%) compared 
to the neat onyx matrix, demonstrating their superior 
load-bearing and stiffness properties. Despite kevlar’s 
high tensile strength, its reinforcement resulted in a 
35% reduction in flexural strength due to its lower 
compressive strength, highlighting the limitations of 
kevlar in bending applications. The study also re-
vealed that a 90-degree concentric infill pattern en-
hances flexural resistance more effectively than a 0-
degree pattern, likely due to improved load distribu-
tion and fiber alignment. Additionally, failure analysis 
indicated distinct fracture mechanisms, with compres-
sion failure occurring in the upper region and fiber ten-
sile failure dominating the lower tensile zone. The 
findings emphasize that glass fibers are more effective 
in enhancing flexural properties, while infill orienta-
tion significantly impacts bending resistance. The 
overall order of flexural performance is C-GFRP > C-
KFRP > C-HSHT-GFRP composites, reinforcing the 
need for tailored fiber selection and printing strategies 
for optimizing mechanical behavior in 3D-printed 
composites. SEM analysis confirmed stronger fiber-
matrix interface bonding in HSHT glass fiber-rein-
forced composites, leading to a more brittle fracture, 
while kevlar-reinforced composites exhibited 
smoother fiber pull-out surfaces, indicating weaker 
bonding and higher energy absorption potential. 

Future scope: future research can explore opti-
mizing fiber volume fractions, orientations, and hy-
brid reinforcements to enhance thermal and mechani-
cal properties of 3D-printed composites. Computa-
tional modelling and AI-driven design can optimize 
material properties for aerospace, automotive, and 
structural industries applications. 
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