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A B S T R A C T

Bone tissue engineering has gained popularity as a potential alternative in bone defect treatment, where the 
synthetic graft can be generated by a 3D biomaterial framework (scaffold) that yields shape and initial me
chanical strength to facilitate cell bone formation. Biopolymer-based, Poly Lactic Acid (PLA)/Hydroxyapatite 
(HA) scaffolds were found to have a similar structure, composition, and mechanical properties as natural bone. 
The objective of this work was to fabricate 3D scaffolds with PLA and HA using a low-cost fabrication process 
such as Fused Deposition Modeling (FDM), which can be used to construct scaffolds tailored to an individual’s 
specific need in a controlled and customizable process. The study primarily focuses on the synthesis, and me
chanical and morphological characterization of PLA/HA filament and its scaffolds. The fabricated 3D printed 
PLA/HA scaffolds had an interconnected and highly porous structure, resembling natural bone porosity. The 
addition of HA had a significant effect on the PLA/HA composites although there are no notable differences in 
mechanical properties between 10–15 % PLA/HA composites. The microstructural morphology of the PLA and 
PLA/HA composite filaments observed under Scanning Electron Microscopy (SEM) showed a relatively well 
mixed and homogenous mixture and Energy-dispersive X-ray Spectroscopy (EDS) testing of the filaments’ surface 
topography further showed a mostly homogeneous presence of HA throughout. The 3D printed scaffolds showed 
a larger pore size due to the inclusion of HA. Additionally, with the increased percentage of HA, the pores became 
more uneven and irregular. The preliminary results of this study show a promising potential for personalized 
scaffold design for bone tissue regeneration.

1. Introduction

Bone fractures and segmental bone defects are one of the major 
causes of patient morbidity, and a source of staggering economic burden 
worldwide on healthcare systems particularly in orthopedics. In 2019, 
around 178 million bone fractures occurred globally—a 33.4 % increase 
since 1990 [1]. Numbers are predicted to increase due to higher inci
dence of accidents, diseases, and age-related developmental damage [2]. 
These fractures and defects have a significant negative impact on both 
the patients’ quality of life and society by contributing to economic 
burdens, including rising healthcare costs, workforce loss, and an 
increased strain on social services [3]. Bone grafting is the common 
method to repair bone fractures either by filling in the areas of missing 
bone with transplanted bone or providing mechanical support to stim
ulate new bone formation [4]. Each year, nearly 2.2 million bone 
grafting procedures are done worldwide including autografts (from the 

patient him/herself), allografts (from a donor), and synthetic grafts [5,
6]. However, the availability of suitable bones—both autografts and 
allografts—are limited. Furthermore, there is an increased risk of 
infection and possibility of graft rejection as well as donor-site morbidity 
that can result in chronic pain and discomfort [2,6]. In addition, an 
autograft or allograft may not be in the correct shape needed to repair 
the injury. Consequently, synthetic graft became a popular substitute for 
its easy fabrication, low disease transmission, and relatively low cost.

Bone tissue engineering has gained popularity as a potential alter
native in bone defect treatment, where the synthetic graft can be 
generated by a three-dimensional (3D) biomaterial framework (scaffold) 
that yields shape and initial mechanical strength to facilitate cell bone 
formation [7]. Scaffold materials can be synthetic or biologic [8] as well 
as degradable or nondegradable [9] to facilitate the proliferation, 
migration, and differentiation of bone cells for bone repair. Polymers 
have been widely used as biomaterials for the fabrication of 
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tissue-engineered scaffolds [10,11]. Polymeric scaffolds [12–15] are 
being widely used because of their unique properties such as high 
surface-to-volume ratio, high porosity with smaller pore size, biocom
patibility, and engineered mechanical properties. The properties of 
polymers primarily depend on the composition, structure, and 
arrangement of their constituent macromolecules. Compared with nat
ural polymers, synthetic polymers are widely used in tissue engineering 
since their morphology and mechanical properties can be easily tailored 
for specific applications. Furthermore, synthetic polymeric scaffolds are 
often cheaper than biological scaffolds and can be produced in large 
quantities with a long shelf time. Therefore, the goal of this work is to 
develop low-cost synthetic (composite) biopolymer-based scaffolds for 
bone tissue engineering.

Bone scaffolds are engineered to closely mimic natural bone to 
promote tissue growth either in vitro or in vivo, where the scaffold should 
have sufficient mechanical properties to support weight or compressive 

load in addition to biocompatibility and biodegradability [16–18]. 
Ideally, the scaffold would be custom fitted to the damaged area and 
structurally stable enough to temporarily take the place of the bone to 
facilitate the natural growth of the patient’s bone. To help stimulate 
optimal bone growth on the scaffold, a porous structure is required since 
the available surface area affects cell seeding and penetration [16,
18–23]. Furthermore, scaffolds should be compatible for the bone to 
grow (osteoconductive) on its surface [24] and capable of inducing 
multipotent Mesenchymal Stem Cells (MSCs) to the surrounding tissues 
to differentiate into osteogenic cells to later develop into osteoblasts, 
bone forming cells [25]. These requirements can be significantly 
affected by the type of material used in scaffold.

Poly Lactic Acid (PLA) is a synthetic polymer and a good candidate 
for bone tissue engineering for its biocompatible (mostly bioinertness) 
and biodegradable [26–29] properties. However, the major limitation of 
PLA that primarily restricts its use in the fabrication of bone scaffolds 
include low cell affinity [30,31]. The integration of ceramics surpris
ingly helps overcome the hydrophobicity of PLA and stimulate the 
osteoinduction and osteointegration of the implanted scaffold [32]. 
Considering PLA as a base for a composite, hydroxyapatite (HA, 
Ca5(PO4)3(OH)) is selected as a potential bone-regenerating function
alization agent. HA is a bioactive, nontoxic, osteoinductive, and osteo
conductive ceramic mineral commonly used in bone scaffolds due to 
HA’s close analogy to the mineral portion of bones and teeth [33,34], 

Table 1 
Weight compositions of PLA/HA composite filaments.

Type PLA (wt%) HA (wt%)

PLA (Control) 100 0
PLA/HA5 95 5
PLA/ HA10 90 10
PLA/HA15 85 15

Fig. 1. Overview of workflow from the synthesis of PLA/HA composite filament to the fabrication of 3D printed scaffolds.

Fig. 2. CAD model and corresponding 3D printed dog-bone specimen (a) and cubic lattice (b).
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and its capacity to form direct chemical bonds with living tissues [35]. In 
this context, the combination of PLA with HA (PLA/HA) could result in 
polymer composites with increased level of bioactivity and regeneration 
potential for bone tissue engineering, overcoming the limitation of in
dividual constituents [16,36–41]. Furthermore, PLA/HA scaffolds were 
found to have a similar structure, composition, and mechanical prop
erties as natural bone [27].

Even though PLA/HA composites have been widely studied, there 
are few studies considering the higher weight-percentage of HA ratios 
[42–44]. The main advantage of adding HA to PLA is to achieve 
improved osteoconductivity and osteoinduction, which can better 
facilitate integration with bone tissue [17]. Therefore, using a higher 
ratio of HA can improve the inferior biological performance of a strictly 
PLA scaffold, which exhibits poor performance for tissue integration and 
regeneration. Recent studies show that HA ratios can go up to 20 – 50 % 
[45], and a variety of fabrication methods with their own benefits and 
limitations are utilized for printing with higher percentage of HA com
posites. However, there are very few studies on higher weight percent
ages utilizing a simple and mechanistic process for scaffold fabrication 
as demonstrated in this study, reducing the processing time and 
involvement of any chemical reagents. Our overarching goal is to grow 
cells on a mechanically stable structure, which can be produced artifi
cially via different process including additive manufacturing. Therefore, 
in this work, we aim to fabricate 3D scaffolds with optimized biome
chanical properties for bone tissue engineering using a low-cost fabri
cation process such as Fused Deposition Modeling (FDM), which can be 
used to construct scaffolds tailored to an individual’s specific need in a 
controlled and customizable process [46–48].

Additive manufacturing, or 3D printed technology, [49] was selected 
for its flexibility, allowing easy adaptation to various designs, materials, 
and applications. FDM technique can solve some of the limitations in 
existing scaffold fabrication methods [17]. For example, FDM eliminates 
the need for solvents, thereby minimizing toxicity risks left by solvent 
residue and simplifying post-processing. Compared to fabrication tech
niques such as solvent casting or leaching, FDM’s solvent-free approach 
makes it safer and more environment friendly, while maintaining the 
material’s biocompatibility. FDM also allows for a precise layer-by-layer 

deposition of PLA/HA composites that can result in a highly controlled 
pore architecture and size. This precision surpasses the random or 
inconsistent porosity observed in techniques like solvent casting or 
freeze-drying. Therefore, we primarily focused on the synthesis and the 
mechanical and morphological characterization of PLA/HA filament 
and scaffolds via 3D FDM printer in this work.

2. Materials and methods

2.1. Materials

A biopolymer, PLA pellets (LX175) was purchased from Filabot 
(Vermont, USA) with the density of 1.24 g/cm3, mean size of 3.981 ±
0.145 mm and melting temperature of 155 ◦C. A bio-ceramic, HA 
powder (289,396) was procured from Sigma-Aldrich (USA). Polymer 
matrix composite biomaterials were fabricated by mixing PLA and HA 
with different weight ratios as shown in Table 1.

2.2. Synthesis of the PLA/HA composite filament

The PLA pellets and HA powder were melted together in a micro
wave oven for four hours at 175 ◦C. The mixture was stirred after 30 
mins of being in the oven and 30 mins before being taken out of the oven 
to make a well-mixed homogeneous composite. The composite mixture 
was then cut into pieces of approximately 5–7 mm in length and dried 
for nearly 7 h in a dry vacuum oven (DZF Vacuum drying oven, Huan
ghua Xingchen Instrument Co., Ltd, Huanghua, China) at 60 ◦C. After
wards, the composite pellets were fed into the Filabot EX2 Extruder 
(Filabot, Barre, Vermont, USA) to produce composite filament (Fig. 1). 
The temperature of the extruder was set to 175 ◦C. The diameter of 
fabricated filament varied from 1.5 mm to 1.75 mm. A single fan 
(FilaFab, Somerset, United Kingdom) was turned on near the extruder 
nozzle for rapid cooling of the filament to prevent deformation before 
winding.

2.3. 3D printing of the PLA/HA composite structures

Both control and the PLA/HA composite filaments were used to 
fabricate dog bone specimens according to ASTM D638–14 standard 
Type V by using a low-cost 3D FDM printer, Creality Ender 3 (Shenzhen 
Creality 3D Technology Co. Ltd., Shenzhen, China) (Fig. 1). In this work, 
the tensile test samples were printed in the face down orientation. For 
PLA (control) and each PLA/HA composites (PLA/HA5, PLA/HA10, and 
PLA/HA15), five dog-bone samples were printed with an infill density of 
100 % in each batch of printing. Throughout the 3D printing process, a 
print speed of 50 mm/s was maintained and each batch of five samples 
took about an hour and a half to print.

3D cubic lattice was fabricated according to ASTM D695–15 Stan
dard, as shown in Fig. 2(b). Each CAD model of the 3D cubic lattice was 
designed in Solidworks 2020 (Dassault Systèmes - SolidWorks Corpo
ration, Massachusetts, USA) with a dimension of 15 mm in each side. 
Considering the porosity of cortical bone, ranging from 200 μm to 600 
μm [50], the scaffolds were designed with a spherical pore of 300 µm in 
diameter. This pore size was also chosen as a control variable to deter
mine how the scaffolds’ properties were affected by the inclusion of 
naturally occurring mineral—HA that influences the structural strength 
of bone and bone regeneration as well. All the cubic lattices were printed 
with 50 % infill density and consequently, the same porosity to provide 
adequate space for cell growth and proliferation, resembling the porous 
structure of natural bone [50]. The scaffolds were printed at a print 
speed of 30 mm/s with a layer height of 0.2 mm to gain a better quality, 
which was optimized after several trial prints. Each sample took 
approximately one hour and a half to print.

The remaining 3D printing settings were optimized specifically for 
PLA filament to ensure high-quality and well-finished printed samples. 
All samples were printed using a heated bed temperature of 50 ◦C and a 

Fig. 3. (a) 3D printed dog bone specimens of PLA and PLA/HA composites, and 
(b) Fracture patterns of specimens after the tensile test.
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nozzle temperature of 200 ◦C. The initial layer speed was 20 mm/s, 
retraction speed was 45 mm/s, and travel speed was 150 mm/s. Layer 
height was set to 0.2 mm. The printing parameters were usually chosen 
based on several factors such as type of filament materials, print quality, 
nozzle diameter as well as filament diameter, and infill density and 
pattern. While some printing parameters were chosen as per the stan
dard operating procedure, some were optimized via trial printing and 
subsequent print quality analysis.

2.4. Scanning electron microscopy (SEM)

SEM micrographs from different filaments and 3D printed scaffolds 
were used to assess microstructure, pore size, and morphological details 
of PLA/HA composite structures. Having been coated with 10 nm layer 
of gold, the SEM micrographs were gathered by the Scios 2 DualBeam 
(Thermo Fisher Scientific, Massachusetts, USA) SEM system. For the 
filaments, SEM images were acquired to see how evenly the HA was 
distributed in PLA, and if there was a significant contrast between the 
two that results in obvious phases being seen in the cross section. The 

Fig. 4. Stress-strain plot of PLA and PLA/HA composite dog bone specimens under tensile loading.

Fig. 5. Mechanical properties of PLA and PLA/HA composites obtained via tensile tests (a) Young’s modulus, (b) Modulus of toughness, and (c) Elongation at break.
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SEM was operated using the T1 detector, a backscatter detector, to take 
images and the voltage was set at 10kV. At each ratio, three samples 
taken at different sections of the filament were observed, and images 
were taken at 80x and 10,000x magnification. SEM images of cubic 
scaffolds were also taken to assess the porous architecture of the struc
ture. The SEM was operated using the Everhart Thornley Detector in 
secondary electron mode. For each PLA/HA ratio, one sample was 
observed, and top view and side view images were taken at 200x, 31x, 
and 27x magnification.

2.5. Energy dispersive X-ray spectroscopy (EDS)

When HA is dispersed very well and is present at nanoscale on a 
surface, the elemental compositions cannot be differentiated through 
SEM only. For this, we performed energy dispersive X-ray spectroscopy 
(EDS) to verify the presence of HA particles in these composites scaf
folds’ surface as well as to conduct elemental analyses. EDS was per
formed using a ThermoFisher Scientific Ultradry detector inside a 
ThermoFisher Scientific Scios 2 microscope operating at 20 kV and 
analyzed using ThermoFisher Scientific Pathfinder software. In EDS 
analysis, X-rays from the elements are generated which can be mapped 
to verify the presence of specific elements. Here, in HA-containing 
composite scaffolds, X-rays generated from calcium (Ca) and phos
phorus (P) were detected and EDS mapping was performed.

2.6. Tensile and compression tests

To evaluate the mechanical properties of the composite filaments 
and scaffolds, tensile and compression tests were performed with the 
dog-bone specimen and cubic lattice, respectively, using the 240 Family 
Electromechanical Universal Test Machine (UTM) (TestResources, 
Minnesota, USA) with 5 kN load cell. A tensile stress-strain diagram was 
plotted for each type of tensile specimen to determine the elastic 
modulus, E (the slope of the stress-strain curve in the elastic region). 
Tensile test was performed at a speed of 12.7 mm/min (0.5 in/min). 
Compression test was performed on the cubic scaffolds at a speed of 1.27 
mm/min (0.05 in/min). Similarly, a compressive stress-strain diagram 
was plotted for each type of cubic scaffold to determine its’ stiffness, E. 
Test results were compared at 50 % compression strain.

2.7. Porosity estimation

The porosity of each scaffold was calculated by dividing the mass of 
the scaffold by what it would have been if the scaffold was made from 
the same material and solid. The average values of each composition 
were calculated, and the percentage difference between the average 
values of height, width, and volume of the printed scaffolds and the 
height, width, and volume of the 3D scaffold model were taken.

FIG. 6. Stress-strain plot of 3D printed scaffolds under uniaxial compression. I: Linear elastic zone, II: Plateau zone, and III: Densification zone.

M. Khamvongsa et al.                                                                                                                                                                                                                          Annals of 3D Printed Medicine 18 (2025) 100194 

5 



3. Results and discussion

3.1. Tensile test

Mechanical properties of the PLA and PLA/HA composite filaments 
were evaluated by conducting tensile test of 3D printed dogbone spec
imen. Each specimen was tested until the complete fracture observed 
and five specimens were tested for each group. Fig. 3 shows the intact 3D 
printed dogbone specimens of PLA (control) and PLA/HA5, PLA/HA10, 
and PLA/HA15 composites (Fig. 3a), and the corresponding specimens 
after the complete fracture (Fig. 3b). During tensile testing, fracture was 
observed and it was determined that the specimens’ fracture charac
teristics depend on the amount of HA present in them. As we can see, the 
control specimens (PLA only) exhibited straight breaks when pulled 
apart during testing, resembling ductile fracture. PLA/HA5 experienced 
jaggedness focused on the break area. PLA/HA10 and PLA/HA15 per
formed similarly, exhibiting similar mechanical properties. They both 
have more of a jagged breakdown in the middle where it split in the side, 
and the jaggedness is more pronounced than the other two groups. The 
addition of HA in the specimens showed a correlation with the 

specimens having more jagged breaks, indicating a brittle fracture.
Fig. 4 displays the tensile stress versus tensile strain behavior for the 

control (PLA only) and the PLA/HA composite specimens. It is evident 
that tensile strength of PLA specimen (Fig. 4a) is significantly higher 
than PLA/HA composites (Fig. 4b–4d). In addition, with increasing 
percentage of HA, the elongation at break decreases for PLA/HA 
composites.

The stress-strain plots show that the tensile yield strain and yield 
stress are significantly decreased as HA is added. The PLA specimens can 
handle more than double the maximum (yield) stress load than the 
specimens containing HA. A notable decrease in yield strain and stress is 
observed as the amount of HA in the PLA/HA composite increases. 
However, we see that the variations of yield stress and stain are minimal 
between PLA/HA10 and PLA/HA15. The addition of HA lowered the 
Young’s modulus, but as the amount of HA increased in the specimens, 
the stiffness increased as well (Fig. 5a). Both modulus of toughness and 
elongation at break (Fig. 5b–5c) also reduced in the PLA/HA composites 
in comparison with control (PLA only) specimen.

The higher the percentage of elongation at break and the modulus of 
toughness, the more ductile a material is. For both elongation at break 
and modulus of toughness, the control group had significantly higher 
values than the specimens containing HA. The addition of HA correlates 
with a decrease in modulus of toughness and an increase in brittleness, 
which aligns with the characteristics of ceramic minerals. The incor
poration of more minerals in a composite tends to result in increased 
brittleness. PLA, a thermoplastic material, combind with more minerals, 
exhibits decreased ductility. However, there is no observable pattern or 
trend that links the increased amounts of HA in the specimens to changes 
in ductility.

3.2. Compression test

Compression tests were performed on 15 mm cube scaffolds with 
~60 % of strain, and the resulting stress strain curves are shown in 
Fig. 6. All the specimens bulged during testing irrespective of the com
positions. As we can see, the scaffolds made of only PLA filament can 
withstand more compressive stress than the PLA/HA composites for 
nearly same amount of deformation. Adding HA reduces the compres
sive load bearing capacity of the scaffolds, with minimal difference 
observed between PLA/HA10 and PLA/HA15. However, it is anticipated 
that the linear elastic zone (I) is slightly increased in PLA/HA15 scaf
folds. More importantly, the plateau zone (II) gradually decreases as the 
percentage of HA increases, indicating reduction of energy absorption 
capacity of the scaffolds. Additionally, the densification started slightly 
earlier in PLA/HA10 and PLA/HA15. It is apparent that the scaffolds 
with PLA/HA composites have less comprehensive strength than PLA 
only scaffolds.

3.3. Morphological characterization

The microstructural morphology of the PLA and PLA/HA composites 
filaments was observed under SEM. The surface topography and the 
distribution of HA in the filaments’ cross sections are shown in SEM 
micrographs obtained with 80x and 10,000x magnifications (Fig. 7). The 
high-resolution images show the PLA and HA are relatively well mixed 
and homogenous. The discrepancies (dark spots, bumpiness, etc.) in 
each filament’s surface can be attributed to the method of sample col
lections from the filament. Normally, a sample is cut using a razor blade, 
but we used a scissor instead, because the filaments were small and thin.

The morphology of the 3D printed porous scaffolds was also evalu
ated under SEM with 200x magnification (Fig. 8). The surface topog
raphy of the cross sections shows the presence of a bumpy surface across 
all ratios, more evident in the samples that contain HA. However, since it 
is also present in control samples, the surface texture can possibly be 
attributed to the PLA not being fully melted, an additive manufacturing 
issue with the 3D printer being at fault, or the presence of too much 

Fig. 7. SEM images taken at 80x (left) and 10,000x (right) magnification of (a) 
PLA, (b) PLA/HA5, (c) PLA/HA10, and (d) PLA/HA15 filament cross section.
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Fig. 8. SEM images taken at 200x magnification of cubic scaffolds 3D printed with (a) PLA, (b) PLA/HA5, (iii) PLA/HA10, and (d) PLA/HA15 filaments.

Fig. 9. EDS results of unevenly (left) and evenly (right) distributed calcium phosphate.

Fig. 10. Spherical objects (unmixed calcium phosphate, circled) embedded in 
PLA/HA composites observed in SEM images at 800x magnifications.

Table 2 
Average percent difference (mean ±SD) between 3D printed scaffold and CAD 
model.

Scaffold Type ΔHeight (%) ΔWidth (%) ΔVolume (%)

PLA 0.43 ± 0.283 3.08 ± 0.609 6.10 ± 1.246
PLA/HA5 0.16 ± 0.088 2.41 ± 0.318 4.75 ± 0.713
PLA/HA510 0.25 ± 0.097 2.77 ± 0.466 5.43 ± 1.118
PLA/HA15 0.27 ± 0.028 3.12 ± 0.72 6.30 ± 1.737

Table 3 
Porosity of PLA and PLA/HA composite scaffolds.

Scaffold Type PLA PLA/HA5 PLA/HA10 PLA/HA15

Porosity (%) 57.99 75.73 74.39 75.34
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moisture before printing.

3.4. Elemental analysis

The EDS test was done to find out the distribution of elements on the 
filament’s surface. The EDS showed mostly a homogeneous presence of 
HA throughout. All the samples of PLA/HA5 were evenly distributed and 
read as one solid material by the equipment with no distinct phases that 
can be seen. For PLA/HA10 and PLA/HA15, three samples out of five 
were similarly read as a homogenous distribution. The constituents in 
the filaments may not have been well mixed, especially when the 
amount of HA increases, and therefore distinct HA and PLA phases can 
be seen. Fig. 9 depicts the difference in EDS results between unevenly 
(Fig. 19a) and evenly (Fig. 9b) distributed mixtures. When HA is un
evenly distributed, it tends to agglomerate, contrasting with samples 
where the mixture is more evenly dispersed. The presence of distinct 
phases helps in distinguishing between even and uneven HA distribu
tion. However, no significant change in the HA percentage is noticaable 
across the different ratios.

This uneven distribution was also observed in SEM images. Overall, 
only two of the 15 samples (one in PLA/HA10 and one in PLA/HA15) 
had small spherical objects embedded (Fig. 10), indicating not evenly 
amalgamated during melting and filament extrusion process.

3.5. Print quality analysis

The printability of the 3D printed scaffolds was evaluated by 
comparing the geometry of the CAD model and fabricated scaffolds. 
Table 2 shows the percentage difference between the average values of 
height, width, and volume of the printed scaffolds and the 3D CAD 
models. As observed, all the printed scaffolds on average were scaled up 
by a factor of 0.0564 in comparison with the CAD model with no clear 
trend of the amount of HA affecting the scale factor. It is our anticipation 
that since the components are homogeneously mixed in the extruded 
filaments, the printability is not much affected by the inclusion of HA 
particles.

The porosity of the scaffold was designed to be 25 % and printed at a 
50 % infill, which increased the porosity. Table 3 shows the porosities of 
the PLA and PLA/HA composite scaffolds. The porosity increases 
significantly in all the three PLA/HA composites in comparison with 
scaffolds printed with PLA only. The scaffold with HA exhibited higher 
porosity than those without which could have caused the control group 
to have such a higher compressive strength. However, there is no trend 
between an increase in volume distortion and HA being added. Also, 
there is no trend between an increase in HA and porosity aside from the 
presence of HA creating greater porosity.

The print quality of the 3D printed scaffolds varies based on PLA/HA 
compositions as observed in Fig. 11. The scaffold printed with only PLA 
displays relatively consistent and smooth layers with minimal structural 
irregularities, whereas scaffolds printed with PLA/HA compositions 
appear rougher and less uniform, resulting in a reduced print quality 
when compared to the PLA scaffold. As the percentage of HA increases, 
the pore size increases and the distribution becomes less uniform, sug
gesting that the higher HA content affects the material’s flow charac
teristics during printing. In addition, the layers of the PLA specimens 
adhere well to each other with minimal gaps or voids, while the layers of 
the PLA/HA specimens have gaps that become more prominent with 
increasing percentage of HA, suggesting a reduced bonding quality, 
which explains the reduction in mechanical strength of PLA/HA speci
mens. Overall, the PLA specimens altered withHA show the challenges 
of maintaining structural integrity as material composition changes.

Since in this work we synthesized biocomposite, the composite’s 
structural integrity and mechanical behavior under various conditions 
were the prime concern before considering its biological applications. In 
this study, we only considered the mechanical performance of the 3D 
printed PLA/HA scaffolds without optimizing the balance between 
structural properties. The future work will consider design optimization 
integrating mechanical testing into the design loop. Furthermore, in 3D- 
printed biomaterials or scaffolds, mechanical properties are often tested 
to evaluate the feasibility of the fabrication process and assess the 
structural integrity of the scaffolding materials [51,52]. This ensures 
consistent and reliable manufacturing before delving into biological 
performance. However, the limitation of this study is primarily the lack 
of biological and biodegradation testing, which is necessary to assess the 
suitability of the fabricated biomaterials for tissue engineering. There
fore, future studies will evaluate biocompatibility, biodegradability, and 
viability and efficiency of cell growth on 3D-printed scaffolds using the 
synthesized PLA/HA filament.

We have identified some processing limitations that may affect the 
mechanical performance of synthesized composite filament and the 3D 
printed scaffolds. First, for good quality filament extrusion, the PLA 
pellets must be dried in the oven for a few hours before being used to 
have as little moisture as possible; otherwise, the extruder cannot 
extrude a good quality filament. Although the pellets were vacuum dried 
for hours, moisture may have accumulated during the extrusion process, 
which is comparatively a slow, gradual process. Second, the addition of 
HA powder being combined with the PLA pellets results in a filament 
diameter smaller than the standard 1.75 mm that the 3D printer’s nozzle 
prints with. The resulting filament diameter is on average 1.5 mm. A 
1.75 mm nozzle on the 3D printer does have the capability to print at a 

Fig. 11. SEM images taken at 31x (left) of the top view and 27x (right) 
magnification of the side view of cubic scaffolds printed with (a) PLA, (b) PLA/ 
HA5, (c) PLA/HA10, and (d) PLA/HA15 filament.
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smaller diameter, minimum 1.3 mm filament. An alternative method of 
combining HA powder and PLA pellets before putting the mixture 
through the extruder or alternative equipment can result in a larger 
diameter to make it easier for 3D printing specimens in a consistent 
manner. In addition, it was increasingly difficult to mix HA into PLA as 
the weight percentage of HA increased and ensured a well-mixed 
mixture before putting it through the extruder.

4. Conclusions

The goal of this work was to fabricate biopolymer-based 3D scaffolds 
using PLA and HA with optimized biomechanical properties for bone 
tissue engineering via FDM, focusing on the impact of higher weight 
percentages of HA on mechanical and morphological properties. The 
addition of HA had a significant effect on the PLA/HA composites but 
increasing the percentage of HA beyond 10–15 % had no notable dif
ferences in mechanical properties. Despite the difficulty of mixing the 
HA into PLA, a homogenous mixture was obtained except for two of the 
fifteen total samples. It is anticipated from this study that a well-mixed 
PLA/HA composites can be synthesized using the filament extruder, and 
the extruded filaments can be used for 3D printed scaffolds with pore 
size similar to cortical bone. All the scaffolds printed with PLA filament 
and PLA/HA composite filaments show an interconnected highly porous 
structure, resembling natural bone [50]. Although this work primarily 
focused on biomechanical properties of 3D printed scaffolds that exhibit 
promising result for bone tissue engineering, biological testing will be 
required to evaluate its complete functionality in tissue regeneration.
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