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Abstract

Bone tissue engineering requires biomimetic materials, but pure polylactic acid (PLA) lacks
osteoinductivity and produces acidic byproducts during degradation. To address these limitations,
this study fabricated PLA scaffolds using fused-deposition modeling with four distinct lattice
structures (rectangular, triangular, gyroid, and honeycomb) and incorporated hydroxyapatite (HA)
at ratios of 0%, 10%, 20%, and 30% via injection molding. Mechanical properties were evaluated
through compression, bending, and tensile testing. The results revealed that increasing HA content
significantly reduced structural strength and increased brittleness. Specifically, specimens with 30%
HA showed a 50% reduction in bending strength, while tensile strength dropped by approximately
46% at just 10% HA. Although the triangular lattice maximized absolute load capacity, the
rectangular lattice provided a superior load-to-weight ratio and greater plastic deformation before
fracture. Consequently, these findings suggest that the rectangular pattern with 70% infill density
demonstrates the most suitable mechanical properties combined with limited HA addition (<10%) to
balance necessary mechanical integrity with the enhanced bioactivity required for repairing large
bone defects. These PLA/HA composite scaffolds offer a promising approach for advanced bone
tissue regeneration.

Keywords: biomaterial; scaffold; polylactic acid; hydroxyapatite; 3D printing; fused deposition
modeling

1. Introduction

Bone defect is a frequent condition resulted from traumatic injuries, age-related degenerative
diseases, tumors or infections that requires reconstruction [1,2]. More than 2.2 million bone graft
procedures are performed worldwide with the incidence rate expected to grow by 13% each year
[3,4]. Bone graft procedures can be done by the use of autografts, allografts and biomaterial-based
bone graft substitutes [5]. Autologous bone is widely recognized as the gold standard for bone graft
material since it provides all three essential properties for bone regeneration: osteogenic,
osteoconductive and osteoinductive [4,6]. Despite these advantages, the use of autografts has
significant drawbacks, including limited availability, secondary injuries and donor-site morbidity
with an associated 8-39% complication rate [7-9].
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Bone tissue engineering is rapidly developing biomaterial-based alternatives to autografts,
aiming to overcome the above-described limitations by leveraging advanced scaffolds, bioactive
materials, and fabrication techniques [10-12]. Among other synthetic polymers, polylactic acid (PLA)
is currently used extensively in medical implants. As a favorable artificial polymer, most synthetic
bone graft use PLA as its base due to its osteoconductive matrix, biocompatibility and acceptability
by bone [13,14]. PLA has medium degradation rate and was influenced by its molecular weight. The
lower the molecular weight, the higher the degradation rate which is suitable as a substitute for bone
tissue growth rate [15]. PLA is widely used for 3D-printed bone scaffolds due to its processability,
but pure PLA has low osteoinductivity and produces acidic degradation byproducts [16-18]. To
overcome these drawbacks, combining PLA with bioactive ceramics like hydroxyapatite (HA)
significantly improves its suitability for bone tissue engineering because it can buffer acidic
degradation, enhances osteoinductivity and improves mechanical properties [14,16].

Hydroxyapatite is extensively used as a bone substitute due to its high osteoconductivity and
biocompatibility, closely mimicking natural bone mineral [19,20]. HA are made up of calcium and
phosphate ions, which are naturally occurring substances in the body [4]. No studies have reported
any harmful local or systemic inflammatory reactions as a result of using this material. Thus, HA has
been proven to be safe as bone substitute material [21]. While pure HA scaffolds are excellent for
bioactivity and bone integration, their mechanical weaknesses restrict their use in load-bearing sites
[22]. Composite strategies, especially with polymers, are essential to achieve the mechanical
robustness required for clinical bone repair [23,24].

Incorporating bioactive ceramics like HA into PLA filaments enhances osteoconductivity and
helps neutralize acidic PLA degradation byproducts, creating composite scaffolds with improved
biological and structural properties [25,26]. PLA/HA composite scaffolds also show enhanced
biocompatibility and bioactivity for bone tissue engineering without increasing inflammatory
responses compared to controls [14,16]. Lattice structure, commonly known as infill pattern, is a
critical design parameter for optimizing PLA scaffolds, enabling the fabrication of constructs that
closely replicate natural bone while meeting both mechanical and regenerative requirements [27-29].
Consequently, PLA/HA scaffolds may be a promising candidate for clinical bone repair applications.
There is significant variability in scaffold fabrication methods and HA ratios making it difficult to
determine optimal HA content for bone regeneration [17]. Across many studies, fused-deposition
modeling (FDM) is consistently described as a promising technology for tissue engineering scaffolds
because it enables solvent-free printing of diverse bioactive and biocompatible polymers into porous,
patient-specific architectures with tunable mechanical properties making it well suited for bone
regeneration [30-32].

This study systemically investigates 3D-printed PLA/HA composite scaffolds fabricated via
FDM with varying HA ratios and four infill patterns (rectangular, triangular, gyroid, and 3D
honeycomb). The scaffolds were further analyzed to assess their structural characteristics by
performing compressive, bending, and tensile test to identify mechanically balanced designs for bone
tissue engineering.

2. Materials and Methods

2.1. Materials

The materials used in this study included PLA as the polymer matrix and HA as the bioactive
filler. The raw material PLA used are in form of +1 mm pellets. Porous PLA scaffolds were fabricated
via FDM-based 3D printing technology that uses a heated nozzle to extrude thermoplastic material
layer by layer. Four HA loading content of 0%, 10%, 20%, and 30%wt HA were prepared; the 0%
mixture served as the pure PLA control. Due to cost and supply limitation in Indonesia, the HA used
was conventional (micron-scale) hydroxyapatite rather than nano-hydroxyapatite (n-HA), which
limited filament uniformity but still provided osteoconductive sites and acid-buffering capability.
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https://doi.org/10.20944/preprints202604.0993.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2026 d0i:10.20944/preprints202604.0993.v1

3 of 18

2.2. Scaffold Design

When designing a 3D-printed component, the designer has several alternatives: completely
filling the parts, which requires substantial time and material, thus increasing costs, but offers
enhanced mechanical strength, or utilizing infill patterns to mimic certain mechanical properties and
ensure stability while reducing weight. Infill patterns are therefore important when it comes to
optimizing for strength.

This study limited the infill patterns to only four patterns that are available on PrusaSlicer
software for specific infill density to produce with 30% porosity. Four lattice geometries were
generated in PrusaSlicer: (1) rectangular pattern, (2) triangular pattern, (3) gyroid pattern, and (4) 3D
honeycomb pattern. Based on prior study on mechanical behaviors through compression test on
fourteen common infill patterns, the author selects the two highest-ranking patterns based on
strength-to-weight ratio: rectangular and triangular [33]. The other two patterns are gyroid and 3D
honeycomb; both are reported to exhibit high mechanical strength [34]. 3D honeycomb infill patterns
are optimal for maximizing compressive and tensile strength in bone scaffolds, while gyroid patterns
provide exceptional resistance to shear and complex loading, along with high fatigue durability and
biological compatibility [35-38]. Figure 1 illustrates the models” geometrical of each pattern serving
as a visual reference in the design process. These models were defined to ensure that the intended
geometrical variations were accurately reflected in the scaffold architecture prior to final modeling.

Figure 1. Scaffolds geometry of each infill patterns. (A) Triangular. (B) Rectangular. (C) Gyroid. (D) 3D

honeycomb.

Previous research has provided evidence that macropore size of porous scaffolds ranging from
100-500 pum have already capable of demonstrated the ability to effectively facilitate osteogenic cell
migration, ensuring ample fluid transport and vascularization [39-41]. The macropore size of the
scaffold manufactured in this study was measured 700-1200 um; above the 300-500 pm range
recommended as the requirements. The shape of each pore follows the underlying infill pattern:
rectangular grids produce straight-line channels, triangular infill creates intersecting triangular
voids, gyroid forms a continuous, triply-periodic minimal surface (TPMS) and honeycomb yields
stacked hexagonal cells.

A cylinder-shaped porous scaffold with both the diameter and height of 10 mm was designed
using Solidworks software. Subsequently, the design was saved as STL file for further alteration in
PrusaSlicer software. The printing path of the 3D model was exported as G-code file using PrusaSlicer
software with built in selection of internal structure and infill density of the design. The printing
parameters was set as follows: the layer height of 0.2 mm, the speed of the nozzle moving of 60 mm/s
and the perimeter was set to 0 because the purpose is to measure the mechanical properties of the
internal structure. The scaffold was then fabricated by importing the G-code file to Prusa i3 MK35+
machine for the printing of the porous scaffold.

Three-dimensional solid models were designed using CAD software before importing to FDM
software. The pure PLA samples for the internal structure experiments were fabricated by FDM
printer (Prusa i3 MK3S+) uses a heated nozzle to extrude thermoplastic material layer by layer. To
achieve comparable porosity, rectangular, and triangular patterns were printed at 70% infill density,
while gyroid and 3D honeycomb were printed at 40% infill. Mechanical tests’ specimens were printed
under the fixed parameters for FDM printing summarized in Table 1.
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Table 1. Printed scaffold measurements used to manufacture mechanical tests’ samples.

Parameter Specification
Nozzle diameter 0.4 mm

Printing speed 60 mm/s

Bed temperature (PLA) 60°C

Nozzle temperature (PLA) 215°C

Layer thickness 0.3 mm

First layer height 0.2 mm

Shell thickness 0 perimeters
Bottom thickness 0.5 mm (3 layers)
Top thickness 0.7 mm (4 layers)

2.3. Fabrication of Scaffolds

Micron-scaled HA powder was blended with neat PLA at 0%, 10%, 20%, and 30%wt HA.
Because the PLA/HA scaffold could not be extruded reliably (nozzle clogging), the test specimens
were produced by a manually-operated injection molding machine. PLA pre-mixed with specified
HA ratios was heated to 165-170°C in a chamber, then held for 1-2 minutes and cooled before
machining to final dimensions. Once the material was fully melted, the mold was secured within the
clamp, and the molten PLA/HA mixture was rapidly injected into the aluminum cavity molds by
actuating the lever.

Mechanical testing specimens comply with the appropriate standard and meet the specifications
given for the shape and dimension of the test specimen as well as test machine requirements. The
compressive properties followed ISO 604-2002 on cylindrical specimens (10 + 2 mm for diameter and
height of the cylinder) at a cross-head speed of 1 mm s to record load-displacement curves and
determine ultimate compressive load and deformation behavior for each internal-structure pattern
and HA content. Flexural properties were built according to ASTM D790-17 using a 3-point flexure
fixture with a 51.2 mm support span; the test measured load versus deflection to obtain ultimate
bending strength and load-to-weight ratios for the four lattice designs. Due to machine limitation and
time constraints, the bending test specimen geometry is determined as follows: 13 mm for thickness,
25 mm for width, 78 mm for outer span and 117 mm for specimen length. The tensile properties were
assessed per ASTM D638-14 on Type V dog-bone specimens at 1 mm min™!, providing ultimate
tensile strength and ductility data for both pure PLA and PLA/HA composites.

For FDM 3D-printed specimens, surface finishing or machining is unnecessary, as no supports
are required, and the areas intended for compression or bending are sufficiently smooth. However,
injection molded specimens retain excess material post-separation from the mold, which requires
machining to achieve clean surfaces. Bench grinders and struers grinding machines are used to
machine the specimen’s surfaces. While struers grinding uses abrasive paper to smooth the
specimen’s surface, bench grinding is used to eliminate superfluous materials following the injection
molding process. 3D printed scaffolds are presented in Figure 2.

Figure 2. 3D-printed scaffolds. (A) Compression tests” specimen. (B) Bending tests’ specimen. (C) Tensile tests’

specimen.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Determination of Mechanical Properties

To evaluate the mechanical properties of 3D-printed PLA/HA scaffold, two experimental series
were conducted. The first series investigated the influence of internal architecture by fabricating
pure-PLA scaffolds with rectangular, triangular, gyroid and 3D honeycomb infill patterns (70%
density for rectangular/triangular, 40% density for gyroid/honeycomb) and comparing their
compressive, bending and tensile responses. The second series examined the effect of HA
reinforcement which produces solid specimens through injection molding containing 0%, 10%, 20%,
and 30%wt HA. Each batch was subjected to the same three mechanical testing to evaluate how
increasing HA ratio alters strength, stiffness and brittleness. In vitro studies consistently show that
HA at low concentrations (0-5%) does not inhibit cell proliferation, while higher HA content can
significantly alter scaffold mechanics and printability [39—41]. Low HA loadings (around 0-10%) in
printable composites consistently support cell attachment and proliferation with no meaningful
cytotoxicity, including for fibroblasts, chondrocytes, and osteogenic cells [42-44]. As HA content rises
toward and above ~30%, materials generally become stiffer, more brittle, and harder to print with
high shape fidelity, which can limit scaffold performance [43,45]. Crosslinking and polymer blending
can help optimize these properties for specific applications [46]. Therefore, this study limits the
selected HA ratio to 0%, 10%, 20%, and 30% to be incorporated with PLA scaffolds. These
experimental procedures together identified the optimal scaffold geometry and HA content for
load-bearing bone defect repair applications.

3. Results and Discussion

3.1. Fabrication and Characterization of 3D-Printed PLA/HA Composite Scaffolds

Unlike any other soft tissue, bone fracture heals through the regenerative process of forming the
new bone rather than developing fibrotic tissue [47,48]. Bone healing requires significant elements:
osteogenic cells, osteoinductive effect to promote bone growth and osteoconductive matrix as a
structural framework supporting bone growth [4,6]. As a gold standard of bone substitution,
autograft has limited supply of tissue, morbidity at the donor site and ineffective operative
procedures [8]. On the other side, allograft carry the risk of rejection issue and disease transmission
[49]. Due to notable disadvantages of both autograft and allograft as reported, many new synthetic
bone substitutes are being researched as an emerging material for bone graft. Although PLA are
considered as the most appropriate material since it has good bone conductivity and degradation, it
is still lacking of osteoinductive effect and produces acidic substance when degraded [50]. Due to its
well-known limitations, modification has been made by adding HA into the scaffolds to improve the
degradation rate and stimulating osteogenesis [6]. In one of the studies assessing the clinical
outcomes of patient-specific bioceramic implants, the majority of patients recovered well with
minimal complications, thereby highlighting the osteoinductive properties of HA [50]. However,
subsequent study indicated that the intrinsic mechanical strength of HA is insufficient for the
reconstruction of extensive bone defects [51]. According to several studies, adding HA to the scaffolds
will lower the mechanical strength. The internal structure is also critical in affecting the mechanical
property and bioactivity of the scaffold. Higher porosity will enhance proliferation of cells, cell
attachment, and degrade rate but will reduce mechanical strength.

The ideal scaffold for bone tissue engineering should exhibit superior biocompatibility,
controlled biodegradability and adequate mechanical integrity to promote effective bone
regeneration [52,53]. Various biopolymers have been explored to fabricate scaffolds with other
properties to develop the ideal bone graft material. For instance, a study developed polylactic acid
PLA/HA composite scaffolds that have huge potential for tissue engineering and restoring
maxillofacial defects [54]. The synthetic HA were known for supporting new bone formation,
osteogenic marker expression and matrix mineralization [55]. While PLA is recognized for its
excellent biocompatibility and biodegradability, it still has relatively low mechanical strength and
osteoconductivity [50]. Based upon the problem, there is the need to optimize and characterize the
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effect of ratio of HA in PLA scaffold and internal structure of the structural framework to ensure the
porosity are high enough while also maintaining the mechanical properties (compressive, bending,
and tensile) of the scaffolds model. Consequently, this study combined PLA/HA scaffold with certain
ratio of HA (0%, 10%, 20%, and 30%) and fabricated the internal structure to achieved the composite
scaffolds with enhanced mechanical properties and overall performance compared to the autologous
bone as the best-known material for bone graft.

The addition of HA into PLA scaffolds offers numerous advantages, notably enhancing
osteoinductive capabilities by facilitating cellular interactions that promote bone formation. Multiple
investigations have demonstrated that integrating bioactive ceramics with biodegradable polymers,
such as in PLA/HA composites, effectively balances bioactivity and mechanical integrity within the
scaffold structure [50]. The addition of HA as a filler results in a uniform distribution of HA particles
on the scaffold surface, thereby providing abundant bioactive sites conducive to bone regeneration.
Furthermore, the degradation rate of PLA/HA scaffolds is positively correlated with HA content,
attributable to the higher biodegradability of HA compared to PLA [13]. This accelerated degradation
is advantageous, as it permits more rapid replacement of the scaffold by newly formed bone tissue.
Additionally, increased HA content enhances scaffold porosity, which improves water absorption
and further accelerates degradation rates.

Hydroxyapatite improves the bioactivity of PLA-based scaffolds by providing osteoconductive
sites that favor cell attachment and by neutralizing the acidic by-products released during PLA
degradation, which helps to maintain a more favorable local pH for bone formation [25]. The presence
of HA also accelerates overall scaffold degradation, not because HA itself is more biodegradable than
PLA, but because the HA particles increase porosity and water uptake and because they buffer the
acidic environment.

3.2. Compression Test Results

Compression tests were conducted on pure PLA scaffold with varying infill patterns (Figure 3B
and C) to determine the behavior of all four types of specimens. Figure 3D shows the result of all
compressive tests that have been done. The result revealed that triangular scaffolds reached the
highest ultimate load (3.25kN) followed closely by rectangular (3.20 kN), whereas gyroid and 3D
honeycomb were weaker (1.32 kN and 1.62 kN). In three-point bending, rectangular and triangular
patterns delivered the greatest ultimate loads (=408 N and 415 N) and specific load ratios, while
gyroid and 3D honey-comb exhibited lower bending strength but higher toughness. Results of the
bending test can be seen in Figure 4. Thus, increasing porosity (lower infill density) reduces
compressive and bending strength, while the rectangular geometry provides the best load-to-weight
performance for a scaffold with 700-1200 um pores. The comparison of force and displacement
curves of each specimen underwent compression test can be seen in Figure 3E.

As shown in Figure 3F, the highest ultimate load for compressive test was observed in
rectangular pattern followed by triangular pattern. On the other hand, gyroid and 3D honeycomb
pattern are significantly lower in terms of specific load and ultimate load for compression tests.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Characterization of pure PLA scaffolds. (A) 3D-printed scaffolds and their AutoCAD design. (B)
Compressive test of 3D-printed scaffold. (C) 3D-printed scaffold after underwent compressive test. (D)
Compressive load and displacement curves of 3D-printed scaffolds. (E) Comparison of compressive load and

displacement rates of four types of internal structure. (F) Comparison of load-per-weight for compressive test.

Although gyroid pattern has highest fracture toughness which makes it suitable for bone
scaffold where failure or even fracture have possibility of injuring the patients, the maximum load
that the specimen can withstand before it fails under bending are the lowest among other patterns.
Considering the requirement for bone scaffold, even if the specimen does not fracture, it is still
considered fail and as bone scaffold will works as temporary support for bone, rectangular pattern is
more suitable to be used as bone scaffold internal structure compared to triangular pattern.

3.3. Bending Test Results

The bending (three-point flexural) test was performed to evaluate how the scaffold behaves
when it is subjected to a bending moment, which simulates the combination of tensile and
compressive stresses that a bone implant would experience in the body. It provides the flexural
strength (the maximum load the part can carry before breaking) and the flexural modulus (stiffness
during bending), reveals the elastic-plastic transition, and shows how much plastic deformation the
scaffold can tolerate before fracture. Figure 4 shows the physical condition of 3D-printed pure PLA
scaffolds of each infill patterns after the bending test.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. 3D-printed scaffold after the bending test. (A) Gyroid pattern. (B) 3D honeycomb pattern. (C)
Rectangular pattern. (D) Triangular pattern.

Results of the bending test can be seen in Figure 5. The three-point bending tests on pure-PLA
scaffolds showed that the rectangular and triangular infill patterns (both printed at 70% infill density)
carried the greatest loads, while the gyroid and 3D honeycomb patterns (printed at 40 % density)
were much weaker. The rectangular specimen reached an ultimate bending load of about 408 N
(*11.3MPa) and the triangular 415N (=11.5MPa), giving these two designs the highest
load-to-weight ratios. In contrast, the gyroid only sustained ~205 N (= 5.7 MPa) and the honeycomb
~243 N (= 6.7 MPa). The load and displacement curves reveal that the gyroid and 3D honeycomb
specimens deformed over a larger displacement before failure, indicating higher ductility but lower
strength, whereas the rectangular and triangular parts fractured at lower deflection (~5-6 mm) with
a sharp drop after the ultimate load. All four patterns displayed a clear elastic region, a short plateau
and a rapid rise in stress at densification, which is typical for porous PLA behavior.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Results of 3D-printed pure PLA scaffolds bending test. (A) Bending load and elongation curves of 3D-
printed scaffolds. (B) Comparison of bending load and deflection rates of four types of internal structure. (C)

Comparison of load-per-weight for bending test.

Prior research that studies the compressive strength result of 3D-printed parts with various infill
patterns found that rectangular and triangular infill was more prone to barreling and had lower
compressive strength than most infill patterns due to it being less dense and have higher porosity
compared to other patterns [56]. However, the test result in this study showed that rectangular and
triangular infill was stronger than gyroid and 3D honeycomb infill. Although the size and shape of
the test samples are the same, this occurs due to the infill density that was not the same for all four
infill patterns at which the rectangular and triangular infill was printed at a higher density than the
gyroid and honeycomb infill. Rectangular patterns with 70% infill density can withstand high
bending loads while exhibiting a greater capacity for plastic deformation compared to the other
evaluated patterns. The result from several studies revealed that the honeycomb infill pattern had the
highest compressive strength, followed by the gyroid infill pattern, the rectangular infill pattern and
the triangular infill pattern if all has the same infill density [57,58]. Other research indicate that the
rectangular pattern may lack appropriate load-bearing capacity and effective stress distribution,
leading to diminished total tensile strength [59].

3.4. Effects of HA on Mechanical Properties of PLA scaffolds

All HA-containing specimens were fabricated by manual injection molding as an attempt to
extrude a PLA/HA filament for FDM repeatedly failed due to nozzle clogging, so the 3D-printed
samples consisted only of pure PLA. HA addition did not result in a uniform particle distribution.
Higher HA ratios produced noticeable clumping, voids and surface roughness in the molded parts.
Mechanically, increasing HA content reduced strength in every test: compressive, bending and
tensile capacities declined progressively. Moreover, the material became markedly more brittle, with
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50% loss in tensile strength at 20%, and 30% HA ratio [14]. As a result, the HA-to-PLA ratio must be
carefully optimized to balance mechanical integrity and bioactivity in bone scaffolds.

Several studies have proven that adding HA as additive materials to PLA for bone scaffold will
enhance the scaffold’s biological activity and can accelerate the degradation rate of the scaffold.
However, on the premise of mechanical properties of the scaffold, adding HA will directly change
the microstructure of PLA matrix which in turn will affect the microstructure of scaffold’s matrix and
was directly reflected in its mechanical properties. As a limitation, this study not cover other
problems that are not connected to the mechanical properties of the scaffold and theoretical
bioactivity of the scaffolds, such as in vitro and in vivo experiments to evaluate biocompatibility,
cytotoxicity, antibacterial, osteogenesis induction, and other biological tests of the scaffolds which
requires further investigation. In addition to mechanical tests, future studies can examine hardness
values of the scaffold.

3.4.1. Compressive Test

After being subjected to compressive load, the deformed specimen is found to experience
barreling even though the FDM printer was set for 100% infill density with rectilinear pattern which
means that the specimen supposed to be solid. But in the 3D-printed specimen with 0% HA, the
specimen still experiences barreling which indicates that there are still voids available on the
specimens. This is because 100% infill density refers to the percentage of the part that is filled with
printed material, not the percentage of the printed material that is solid. This means that there will
still be voids that can be caused by the printing process itself or the printing parameters that creates
gaps. These gaps cause localized instability since the specimen is not able to withstand the load
uniformly and causes the surface to bend.

After analyzing the strength vs displacement graph for several types of PLA/HA specimen, it
can be seen that adding more HA will make the ultimate compressive strength of the scaffold weaker
as it becomes more brittle and makes the scaffold less resistant to compressive strength. Up until 20%
HA ratio, the specimen still shows similar curve which means that mechanical behavior of 0%, 10%
and 20% HA specimen are still similar. Although for 30% HA ratio, the curve change significantly
that can be seen in the graph after failure the specimen immediately fracture which is one of
characteristic of brittle materials as seen in Figure 6.

Figure 6. Compression test result. (A) 0%wt HA. (B) 10%wt HA. (C) 20%wt HA. (D) 30%wt HA.
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Our compressive testing revealed that increasing the proportion of HA into the PLA/HA bone
scaffold leads to a reduction in compressive strength. The comparison between each HA content can
be seen in Figure 7. These finding is consistent with previous reports, which note that while HA
enhances bioactivity, it possesses inherently lower mechanical strength compared to natural bone,
especially in its pure or highly concentrated form [60].
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Figure 7. Comparison of compression test result for 0%, 10%, 20% and 30% HA ratio.

3.4.2. Bending Test

The force-displacement relationship of each HA ratio was displayed on Figure 8, and it is very
clear that the higher the HA ratio, the lower the ultimate bending strength that the materials could
support. There are significant differences between pure PLA and 10% HA specimen but when
increase into 20% of HA, the reduction is only 14.1%. However, if the percentage of HA keep
increased, the bending strength of the specimen drops significantly more than 50% and the specimen
becomes more brittle where the displacement that the 30% specimen could withstand is less than 1
mm. On the other hand, if comparing between injection molded and 3D-printing pure PLA, it can be
seen that 3D-printing has similar ultimate strength compared to injection molded but the
displacement location is much higher. This phenomenon possible to occurs due to the existence of
residual stress on 3D printed specimen where heating and cooling is done continuously layer-by-
layer and also faster cooling rate since the specimen are exposed to air. The occurrence of residual

stress will impact the plastic deformation of the material and makes the specimen deform more before
failing.
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Figure 8. Bending test result. (A) 0%wt HA. (B) 10%wt HA. (C) 20%wt HA. (D) 30%wt HA.

The bending test results demonstrate a negative correlation between HA ratio and bending
strength. As the HA content increases, the scaffold’s ability to withstand flexural forces reduces. This
observation aligns with the understanding that HA, while providing a favorable environment for
bone ingrowth, lacks the flexibility and resilience required to resist bending stresses [21,61]. The
mechanical mismatch between HA-rich scaffolds and the surrounding bone tissue may also
contribute to stress concentrations at the bone-implant interface, potentially leading to microfractures
or implant failure under repetitive loading. Figure 9 shows the comparison of bending test results.
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Figure 9. Comparison of bending test result for 0%, 10%, 20% and 30% HA ratio.

3.4.3. Tensile Test

Analyzing from the deformed specimen for 0%, 10%, 20% and 30% injection molded specimen,
it can be seen that the higher the HA ratio, the brittle the specimen is and the more prone it is to
fracture. On top of that, due to the dimension of the specimen and the manufacturing process, adding
more HA will makes the specimen shape becomes deformed when it is separated from the mold as
it becomes too brittle. During the experiment, the 20% and 30% HA specimen becomes too brittle that

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0993.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2026

doi:10.20944/preprints202604.0993.v1

13 of 18

it can be fractured even by hand and sometimes the specimen broke when places being in the grips
of the testing machine due to the pre-load given. According to Figure 10, adding even 10% of HA
also significantly decrease the tensile strength of the specimen by 43.8% while adding another 10%
HA will reduce the tensile strength further by more than 50% which makes the specimen very brittle
and cannot withstand tensile properties.

Figure 10. Tensile test result. (A) 0%wt HA. (B) 10%wt HA. (C) 20%wt HA. (D) 30%wt HA.

Although judging from comparison between pure PLA specimen manufactures using 3D-
printing and injection molding shows that there are only slight differences in their tensile strength, it
is possible that the tensile strength for 10%, 20% and 30% HA ratio will also exhibit higher strength
compared to injection molded specimen. The comparison between each HA ratio can be seen in
Figure 11.
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Figure 11. Comparison of tensile test result for 0%, 10%, 20% and 30% HA ratio.

The tensile test results further highlight the mechanical limitations of high-HA-ratio scaffolds.
While HA improves bioactivity by offering osteoconductive sites and mitigating acidic degradation,
its proportion must be carefully controlled. An HA content of <10 wt% is considered optimal for
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maintaining adequate mechanical integrity and ensuring compatibility with load-bearing
requirements in bone repair applications.

4. Conclusions

This study fabricated 3D-printed PLA/HA scaffolds to develop an innovative approach for bone
tissue engineering, systematically evaluating their mechanical properties included compressive,
bending and tensile strength. Porous pure PLA scaffolds were manufactured using 3D-printing
technology, while injection molding was used to construct PLA/HA composite scaffolds. Mechanical
tests revealed that incorporation of HA content above 10% in the composite scaffolds progressively
increases brittleness and significantly reduces compressive, bending and tensile strengths, while also
causing noticeable changes in color and surface graininess as HA content increase. PLA scaffolds
with varying internal lattice structures were also developed and evaluated through the same
mechanical testing. Triangular infill (70% density) achieved the highest ultimate compressive and
bending loads, but rectangular infill (also 70% density) provided a slightly lower absolute load while
delivering the best load-to-weight ratio and allowing significantly greater plastic deformation before
fracture. In order to meet the main purpose of a bone scaffold as a temporary support rather than a
permanent replacement, the rectangular pattern was selected as the most suitable structure, balancing
strength, efficiency and flexibility. This study concludes that the optimal scaffold combines a
rectangular internal structure with a limited HA addition (£10%) to retain sufficient mechanical
integrity while still receiving benefit from the enhanced bioactivity of HA for large-bone-defect
applications. Further biological tests are needed to evaluate the biological responses of the scaffold.
However, these investigations are beyond the scope of this study, which primarily emphasizes the
fabrication process as well as utilizes mechanical testing solely to achieve a balance where the scaffold
matches the mechanical strength.
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