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Abstract

This research introduces a new hydroxyapatite-based composite, designed as a bone-
implant scaffold—easy, quick, economical, and closely mimicking the structure of natural
bone. Additive manufacture was used to print bioactive material to form a scaffold struc-
ture. Thus, during the experimental research, three different composite materials were
made to examine both their mechanical and morphological properties. Numerical mod-
eling was used to maximize and prove the mechanical and biological performance of the
HA-polymer grafts. The obtained results indicated that incorporating HA and Mg particles
into a polymeric matrix allows the structure to be used in tissue engineering. Best results
were obtained using a structure, designed from PLA and PHA at 30%, PHB at 25%, Mg
at 5%, and HA at 10%. The composite was distinguished by its lightness, strength, and
biocompatibility, making it suitable for tissue engineering.

Keywords: biopolymers; hydroxyapatite; bone-tissue engineering; bioactive scaffold;
additive manufacture

1. Introduction
Recently, bone-tissue engineering has emerged as an effective solution for the treat-

ment of bone abnormalities by introducing scaffolds that support cell growth, promote
blood flow, and facilitate tissue regeneration. This innovative approach uses biocompatible
scaffolds—often made from hydrogels, ceramics, or polymers—that provide a three-
dimensional structure to support cell attachment and proliferation. These scaffolds not
only serve as a physical foundation for new tissue but also promote angiogenesis, or the
formation of new blood vessels, which is crucial for delivering nutrients and oxygen to the
regenerating tissue. By supporting these biological processes, bone-tissue engineering pro-
motes efficient tissue regeneration, ultimately improving patient outcomes and enhancing
the body’s natural healing capacity.

The performance of the designed scaffold’s bone structure depends largely on the
ability to control parameters such as resistance to external loading, porosity, and pore
size, which promote cell infiltration, vascularization, nutrient and oxygen flow. Thus,
pore geometry directly influences the mechanical behavior of the scaffolds, their structural
stability, and permeability. Porosity is also important for providing food to cells. Moreover,
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today scaffolds are studied not only as structural supports but also as active structures
capable of bone regeneration and cellular production [1–3]. Such structures closely mimic
the function of bone tissue, providing mechanical support while also facilitating cell
attachment, proliferation, and the regeneration of new bone. The concept of an ideal
scaffold should include an intricate system of pores that allows cells to migrate and attach
to the structure and channels that facilitate the delivery of oxygen and nutrients to the
cells. The structure itself should be shaped according to specific requirements based on the
patient’s anatomy and have enough resistance to support tissue under load. In addition,
the biocompatibility ensures that the cells can interact with the surrounding tissue.

In this research paper, only biologically compatible and natural components were
used for the fabrication of scaffolds. Hydroxyapatite (HA)—a key natural component
that, if used alone, mainly contributes its calcium-related properties, but when com-
bined with polymers in composite materials, it can provide both mechanical support
and bioactivity. Usually, HA is incorporated into different polymer matrices to improve
osteoconductivity and bioactivity, making the scaffolds more suitable for bone regen-
eration, alongside biocompatible polymers that offer ease of processing, flexibility, and
biodegradability [4–8]. Therefore, the right combination and proportion of biodegrad-
able polymers such as polylactic acid (PLA), polyhydroxyalkanoate (PHA), and poly(3-
hydroxybutyrate) (PHB) with HA may result in the formation of a natural bone-like com-
posite that promotes cell proliferation and adhesion in tissue engineering applications [9].
Biopolymer PLA is preferred due to its mechanical strength and low cost, PHB because
of its ability to create an environment for tissue growth and cell repair, and PHA due to
its biodegradability and high compatibility [1,9,10]. The integrity of a composite mate-
rial depends largely on the uniform dispersion of its constituent components. Thus, the
primary objective in developing such composites was to obtain materials with improved
performance by enhancing the key properties of the individual components. Mechanical
strength, biodegradability, the ability to build and support cell replication, and other posi-
tive aspects sought by scientists in this field were achieved mainly through dispersion of
components, control of proportions, and crystallinity [11–13]. The effectiveness of these
scaffolds increases with particle functionalization. For example, magnesium hydroxide
accelerates PLA degradation and creates a suitable environment for cells [14,15].

Polymer Matrix Composites (PMCs) are extensively utilized due to their excellent
mechanical properties and ease of fabrication. They are known for their high strength,
stiffness, corrosion resistance, and design flexibility. Zhang et al. [16] conducted extensive
research on PLA/HA composites due to their bioactivity and mechanical properties. The
outcome of this NHA modification demonstrated improved hydrophilicity and reduced
micropores. As NHA content increased, compressive strength increased, surpassing that
of HA ceramics. Designed NHA scaffolds were excellent candidates for enhanced bone
bioactivity and bone regeneration. Ansari et al. 2017 [17] a porous composite scaffold made
of medium-chain-length poly(3-hydroxyalkanoates) (mcl-PHA) and hydroxyapatite (HA)
using the particulate leaching technique with NaCl as a porogen. The strategy showed
enhanced PHA accumulation and monomer composition control, improved crystallinity,
and confirmed successful composite formation. Bhattacharjee. et al. [18] developed 3D
composites with hydroxyapatite (HA) and zinc-functionalized starch composites to create
a mechanically strong and biologically stable bone substitute. The paper highlighted the
role of nanostructures as a biological enhancer in HA-based grafts for biocompatible and
cost-effective bone construction. Urrutia et al. [19] created a 3D porous T/HA composite
using robocasting (an extrusion-based additive manufacturing technique) and then injected
it with an injectable α-tricalcium phosphate (α-TCP) foam. It met clinical requirements for
mechanical strength, porosity, and anatomical compatibility.
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However, one of the main issues in designing novel composite materials for tissue
engineering is the complexity and challenges in achieving high reproducibility during the
fabrication of scaffolds. Researchers typically use techniques such as porogen leaching,
electrospinning, freeze-drying, phase separation, and additive manufacturing. In this
research, 3D printing was used to fabricate the scaffold to the desired shape and size,
ensuring appropriate porosity and architecture, and enabling it to function for a certain
period under load-bearing conditions. The designed scaffold was made from polymer
PLA, PHA, and PHB, and combined with calcium and magnesium. Here, active ceramic
components were used to imitate the structure of natural bone and vary the properties
of composites. Thus, mechanical properties were examined through compression testing,
complemented by numerical analysis performed with ANSYS 2026 R1 software to evaluate
and compare theoretical and experimental results. Surface morphology was examined
using Scanning Electron Microscopy (SEM), and chemical composition was analyzed with
X-ray Diffraction (XRD) and X-ray test. Thus, different experimental techniques provided
valuable insights into porosity, crystallinity, dispersion, and related structural parameters.
Results showed that the integration of the HA and Mg into the polymer matrix may boost
mechanical strength, improve surface morphology, and facilitate proper integration into
the bones. Experimental results provided useful information on porosity, crystallinity,
dispersion, and other related parameters.

2. Materials and Methods
2.1. Materials Synthesis

In this research, biodegradable polymers (PLA, PHA, PHB) were dissolved in DMSO
(see Figure 1), then mixed with an inorganic phase (Mg and HA) in the presence of acetone
to obtain homogeneous composite pastes with varying filler content. Different concentra-
tions of polylactic acid (PLA), Polyhydroxyalkanoates (PHA), Poly(3-hydroxybutyrate)
(PHB), and HA were used in the experimentation to form composite materials suitable
for scaffolding, and only the three best compositions were selected for this research
(Table 1). Firstly, hydroxyapatite was prepared from cow bones, cleaned, sterilized,
and then synthesized using calcination, obtaining HA particles of size ranging from
500 to 800 nm [20].

Figure 1. Schematic diagram of the preparation and production of polymer-ceramic composites using
the 3D printing method.
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Table 1. Preparation of samples.

Sample PLA
(wt. %)

PHA
(wt. %)

PHB
(wt. %)

Mg
(wt. %)

HA
(wt. %)

1 80 5 5 5.0 5
2 30 30 25 5.0 10
3 0 40 40 5.0 15

Furthermore, polymer pellets were dissolved in DMSO and sonicated for 1 h, while
HA and Mg were dispersed in acetone and sonicated for 2 h. The polymers and HA were
mixed at varying weight percentages using high-shear mixing at 2000 rpm for 10 min,
followed by extrusion through a twin-screw extruder (Noztek, Shoreham-bySea, West
Sussex, UK) at 200 ◦C and 100 rpm to form the filaments. Paste-like material was prepared
by hand, crushed into pellets, and extruded into filaments for 3D printing using the FDM
method to produce scaffolds and samples for mechanical testing (Figure 1).

Mg content was kept constant at 5 wt. % in all samples, while HA content and polymer
composition were varied in ratios, in order to evaluate their influence on the properties of
the samples (Table 1). Magnesium powder, polylactic acid (PLA), Polyhydroxyalkanoates
(PHA), Poly(3-hydroxybutyrate) (PHB) pellets, DMSO, and acetone were all from Sigma
Aldrich (St. Louis, MO, USA). Variations in color and structure were evident depending on
the polymer composition and HA content.

2.2. Scaffolds Design

Using SolidWorks v. Student Premium, a porous cylindrical scaffold design was cre-
ated for further investigations (Figure 2). Three different composite structure filaments
were then used for 3D printing of scaffolds on a Prusa printer, using a nozzle size of
0.3 mm, a layer height of 0.1 mm, and an interlayer spacing of 0.25 mm. The bed tempera-
ture was maintained at 50 ◦C, while the nozzle operated at 180 ◦C.

Figure 2. Design of a porous cylinder in SolidWorks.

The composites were cut into small pieces and extruded into filaments for scaffold
fabrication. The scaffolds were printed using a layer-by-layer deposition approach, with
optimized print speed, temperature, and layer thickness. After printing, the disc was cut
for testing, where no porosity was needed, providing a 15 mm disc initially to facilitate
easier printing.
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2.3. Characterization of Scaffolds

Morphological characterization. Different techniques were employed to investigate and
compare the surface properties and chemical composition of the designed scaffold struc-
tures. The morphology of the samples was analyzed using a focused ion beam scanning
electron microscope (Bruker, Billerica, MA, USA) (FIB-SEM) SCIOS 2, S-3000N (Bialystok
University of Technology, Bialystok, Poland). It is a high-resolution imaging technique
employed to examine surface topography, microstructure, and pore architecture of materi-
als. In scaffold biomaterials, SEM is crucial because it allows for detailed observation of
pore geometry, interconnectivity, surface roughness, and structural integrity—all of which
directly influence cell attachment, proliferation, and tissue ingrowth. The imaging was
conducted with specific parameters: an accelerating voltage of 10 kV, a working distance
of 10 mm, and magnification levels ranging from 100× to 10,000×. To assess the surface
hydrophobicity and hydrophilicity of the samples, contact angle measurements were taken
using a Krüss DSA100 goniometer (Krüss GmbH, Hamburg, Germany) (Bialystok Univer-
sity of Technology, Poland). For experimentation, distilled water at room temperature was
used to measure the contact angle between the surface and the liquid.

Chemical composition. To characterize the chemical composition of the composites, an
X-ray PANalytical X’Pert PRO diffractometer (XRD) (Malvern Panalytical, Almelo, The
Netherlands) (Bialystok University of Technology, Poland) was employed to assess the
crystalline structure. The scanning range was set from 10◦ to 80◦ (2θ), with a step size of
0.02◦ and a scan rate of 2◦ per minute.

Mechanical properties and porosity. The MTS 858 Table Top System (Bialystok University
of Technology, Bialystok, Poland) was used to carry out static tensile tests on different
composition scaffold samples (MTS Sytem Corporation, Eden Prairie, MN, USA). It is
a compact, servo-hydraulic testing machine designed for precise mechanical testing of
materials and components. These servo-hydraulic test systems deliver the performance,
adaptability, and precision required to accurately describe the dynamic and static properties
of a wide range of biomedical materials and components. It is paired with non-contact
measurement systems, ARAMIS 3D DIC, to capture full-field strain data during loading [21]
(Figure 3). Thus, the specimen was placed in the testing machine (Figure 3a) and subjected
to compressive loading (Figure 3b). The camera system (Figure 3c) recorded the data for
precise measurement of the specimen. Using this experimental method, basic material
properties and engineering stress–strain curves were determined, including elastic modulus,
yield strength, ultimate tensile strength, and plastic elongation.

(a) (b) (c) 

Figure 3. Measurement setup for mechanical testing of composite 3D-printed samples, including
(a) the MTS 858 Table Top System, (b) force and displacement sensors, and (c) the ARAMIS 3D DIC
optical correlation system.
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3. Results and Discussion
3.1. Morphological Characterization

First, the morphological characterization of the fabricated scaffolds was performed
using an optical microscope with 100× magnification. It enables evaluation of pore ar-
chitecture, size, spacing, and geometry. These parameters have a high impact on the me-
chanical performance and biological functionality of the scaffolds. As the results showed,
all three samples had a regular lattice architecture with pores arranged in an orderly
manner (Figure 4).

  
(a) (b) 

 
(c) 

Figure 4. Microscopic views of different composite scaffolding structures: (a) Sample 1, (b) Sample 2,
and (c) Sample 3 (size is in mm).

The pore size of different scaffolds ranged from approximately 2.6 mm to 2.7 mm,
while the distances between structural filaments ranged from approximately 5.4 mm to
11.7 mm, depending on the measurement direction (Figure 4). Scaffolds exhibit a well-
defined, uniform pore structure, and the observed cracks were continuous and evenly
spaced, demonstrating good control of the manufacturing parameters.

A scanning electron microscope was used to investigate the surface morphology. This
experimental method allows the viewing of not only how the HA particles are distributed
but also how porous the composite is. Thus, SEM images revealed the dispersion and
spatial arrangement of hop particles within the polymer matrix of the porous structure,
showing increased surface area and cell infiltration, which are advantageous characteristics
for tissue engineering scaffolds (Figure 5).
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(a) 

(b) 

 
(c) 

Figure 5. SEM images of three different composite scaffold samples: (a) Sample 1, (b) Sample 2, and
(c) Sample 3.

Scaffold Sample 1 (Figure 5a) had a relatively dense surface morphology and
low porosity, which may lead to better mechanical strength, but could limit cell in-
filtration and nutrient transportation compared to more porous scaffolds. Scaffold
Sample 2 (Figure 5b) exhibited more heterogeneous morphology with some visible struc-
tural irregularities. It may indicate differences in the dispersion of materials with weaker
bonding within the composite matrix, leading to higher porosity in some regions. However,
higher porosity compared to Sample 1 may have improved biological performance due to
better cell penetration, nutrient diffusion, and vascularization within the scaffold. Scaffold
Sample 3 (Figure 5c) demonstrated a more porous and well-fabricated microstructure com-
pared to the other two. Thus, high porosity may increase biological interactions between
the scaffold and surrounding tissue.

3.2. Chemical Composition

Energy Dispersive Spectroscopy (EDS) analysis was conducted to identify the ele-
mental composition of the fabricated scaffolds and to verify the successful integration of
hydroxyapatite (HA) and magnesium (Mg) within the polymer matrix. All three spectra
confirmed the presence of carbon (C), oxygen (O), calcium (Ca), phosphorus (P), and mag-
nesium (Mg), which were characteristic elements of the polymer matrix and hydroxyapatite
phase (Figure 6). Based on the results, carbon and oxygen peaks indicated a polymer matrix.
Calcium and phosphorus peaks indicated the presence of hydroxyapatite and magnesium
in all three samples.
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(a) 
 

(b) 

(c) 

Figure 6. EDS spectra of the composites: (a) Sample 1, (b) Sample 2, and (c) Sample 3.

Therefore, the EDS results (Figure 6) verified that hydroxyapatite and magnesium were
present in the polymer matrix, confirming the composites’ desired chemical composition
suitable for bone-tissue engineering applications. As the latest researched state, the inclu-
sion of bioactive inorganic phases (e.g., HA and Mg) is known to support osteoconductivity
and bone regeneration [4,16,17]. Thus, there is potential for bone regeneration in composite
scaffolds, making them promising materials for bone-tissue engineering applications.
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Further structural analysis of the fabricated composites was conducted using X-ray
Diffraction (XRD) to identify the crystalline phases, crystal structure, and degree of crys-
tallinity of the materials. XRD is very useful in bone regeneration scaffolds because it
may detect inorganic bioactive phases like hydroxyapatite. It also may show how the
incorporation of additional materials into the polymer matrix influences the structure and
whether the scaffold materials effectively replicate the structural features of bone minerals.
A significant observation in the diffractograms was the presence of characteristic reflec-
tions around θ ≈ 25.7–25.9◦ and θ ≈ 31.6–31.8◦ (Figure 7). Typically, these reflections are
associated with the crystalline structure of hydroxyapatite, and their presence confirms the
presence of the apatite phase in composites containing HA. It indicates a hydroxyapatite-
like mineral content, which is highly desirable because HA is chemically similar to the
mineral component of natural bone.

 
(a) 

(b) 

 
(c) 

Figure 7. XRD patterns of composites (Ka2 radiation removed): (a) Sample 1, (b) Sample 2, and
(c) Sample 3 showing characteristic hydroxyapatite peaks around 2θ ≈ 25.8◦ and 31.7◦.

Phase identification was performed based on characteristic diffraction peaks of hy-
droxyapatite. Thus, the polymer matrix was predominantly amorphous and contributed
to the broad background. Results of XRD showed that in Sample 1 (Figure 7a), the main
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peaks were observed at 25.80◦ (I = 2182) and 31.72◦ (I = 6166). In Sample 2 (Figure 7b),
the main peaks were observed at 25.91◦ (I = 2064) and 31.82◦ (I = 5536), and in Sample
3 (Figure 7c), the main peaks were observed at 25.72◦ (I = 3033) and 31.63◦ (I = 8564). It
could lead to improved crystallinity and enhanced performance in mimicking the natural
bone environment.

3.3. Evaluation of Wettability

The wettability test was carried out to evaluate the degree to which a surface re-
pels or absorbs water. During the experiment, the distilled water was used to measure
the contact angle between the liquid and the sample surface before and after polishing
(Table 2). Contact angle measurement is a widely used method for characterizing surface–
liquid interactions in biomaterials. It offers indirect yet significant information about
surface energy, roughness, chemical composition, and potential biological response. In
scaffold materials used for bone-tissue engineering, wettability plays a crucial role as it
affects initial protein adsorption, cell attachment, spreading, proliferation, and, ultimately,
tissue integration.

Table 2. Contact angle of composite structures measured before and after polishing.

Sample Before Polish-Average Angle Smooth Surface-Average Angle

1 52.56 ± 0.02◦ 50.37 ± 0.02◦

2 73.80 ± 0.02◦ 70.04 ± 0.02◦

3 50.08 ± 0.02◦ 49.12 ± 0.02◦

The wettability test results (Table 2) indicated that Sample 2 had the highest contact
angle both before and after polishing, suggesting it had the lowest wettability and the
most hydrophobic surface among all tested samples. In contrast, samples 1 and 3 exhibited
lower contact angles, indicating higher wettability and hydrophilic behavior compared to
Sample 2 and previous research [20].

Moreover, the experimental results suggest that polishing can decrease microscale
roughness, eliminate surface defects, and serve as a method to vary surface wettability.
Even minor changes in contact angle may affect the biological performance of the scaffolds
used for tissue engineering.

3.4. Evaluation of Mechanical Properties

The mechanical behavior of designed scaffolds was evaluated through compression
testing using the MTS 858 Table Top System. These results are significant for bone-tissue
engineering scaffolds because such materials are expected to provide temporary mechanical
support while maintaining a porous architecture conducive to tissue ingrowth. In com-
pression analysis, the stress–strain response provides important insights into the scaffold’s
stiffness, load capacity, deformation behavior, and structural stability under applied force.
Usually, in a stress–strain diagram, positive stress indicates tension and negative stress
indicates compression. Strain at maximum stress, or the strain when the material reaches
its limit, is estimated from the X-axis of the stress–displacement graph (Table 3). During the
compression test, the samples had multiple measurement points spread across the scaffold
structure, showing that dimensional changes or displacement behavior were tracked in
different regions of the sample during loading. The stress–strain diagram showed the
mechanical response of three different composite scaffold samples under compression. The
pictures from ARAMIS cameras (Table 3) clarify the regions where the measurements were
taken to evaluate the local stress–strain.
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Table 3. Mechanical properties of composites obtained by compression test.

Sample Measurement Points on the Specimen Stress–Strain Diagram

1

  

2

  

3

  

The compression tests showed different mechanical responses among the three com-
posite scaffold samples, showing the impact of their composition and internal porous
structure on mechanical behavior (Table 3). Thus, Sample 1 exhibited the highest com-
pressive strength of ~22.5 MPa at a strain of ~0.03, followed by a gradual decrease
in stress with increasing strain. Such behavior of the sample demonstrated a strong
load capacity and structural integrity. Sample 2 demonstrated a lower maximum stress
of ~13.5 MPa at a strain of ~0.08, after which the stress gradually declined as compression
continued. In contrast, Sample 3 showed a more complex stress–strain behavior, with an
initial peak of ~10.5 MPa, followed by fluctuations in stress as strain increased. These
fluctuations showed how stress collapsed and redistributed step by step within the scaffold,
indicating a structure that can absorb deformation energy through gradual failure of its
internal struts. Overall, the results from compression testing showed that the composite
chemical structure significantly influences the mechanical performance of the scaffolds, i.e.,
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Sample 1 had the highest compressive strength and structural stability, whereas
Samples 2 and 3 showed lower strength but higher tolerance for deformation. Such
mechanical behavior is desirable for bone-tissue engineering, because cancellous bone
typically shows compressive strength of 2–12 MPa and modulus of 0.1–5 GPa [22]. It is very
important to balance mechanical support with controlled deformation to ensure scaffold
stability during tissue regeneration [22,23].

Furthermore, Young’s modulus was used to compare the materials’ stiffness (Table 4).
It was evaluated using linear regression on the linear region of the stress–strain curve.
The lowest stiffness was observed in Sample 3. Sample 1 showed the highest stiffness,
and Sample 2 was between the two. Results indicated that Sample 3 may be useful for
applications requiring moderate strength and high elasticity, and Sample 2 is suitable for
medium-load applications.

Table 4. Young modulus, stress, and strain of the composites.

Sample Young Modulus MPa Stress MPa Strain [µε]

1 1913 22.5 0.012
2 392.58 13.5 0.22
3 370.82 10.5 0.28

To assess the mechanical performance of the developed scaffolds, a linear eigenvalue
buckling analysis was performed using ANSYS 2026 R1 software. Buckling analysis is one
of the techniques used to evaluate the stability of structures when subjected to compressive
forces. For scaffolds used in bone regeneration, structural stability is essential because the
scaffold must sustain its form under physiological loads until new tissue develops. Thus, to
prove the relevance of the obtained experimental results, an eigenvalue buckling analysis
was performed to evaluate the structure’s buckling under pressure. The first eigenvalue
indicated the onset of instability and was used to calculate the critical load. The use of
HA in the composite resulted in structural complexity, greater energy absorption, and
greater resistance to failure and collapse. Furthermore, the critical load for each sample
was determined using the load multiplier (λ), which indicates how many times the applied
reference load must be multiplied to reach the buckling point (Table 5). A higher load
multiplier signifies greater structural stability and resistance to failure.

Table 5. Load multiplier (λ) of different composites obtained from linear buckling simulation
in ANSYS.

Load Multiplier (λ) Sample 1 Sample 2 Sample 3

1 2.3832 2.3796 2.3786
2 2.7875 2.7832 2.782
3 3.2096 3.2047 3.2035

Furthermore, the MAT_024 (Piecewise Linear Plasticity) material model was calibrated
and validated using experimental testing data for the three samples under investigation
(Figure 8). The calibration process involved identifying the elastic modulus, yield stress, and
plastic hardening behavior from the measured stress–strain diagrams. The experimental
stress–strain data were transformed into true stress–strain curves and used to establish the
piecewise linear plasticity model. The simulation results closely matched the experimental
results, verifying the precision of the calibrated material model. This validated model
was then employed in finite element simulations, such as the buckling analysis of scaffold
structures (Figure 9).

https://doi.org/10.3390/app16083647

https://doi.org/10.3390/app16083647


Appl. Sci. 2026, 16, 3647 13 of 19

(a) 

(b) 

(c) 

Figure 8. Calibration and validation of the MAT_024 (Piecewise Linear Plasticity) model for three
3D-printed composite materials based on experimental results: (a) Sample 1, (b) Sample 2, and
(c) Sample 3.

The MAT_024 plasticity model was successfully calibrated for three additively man-
ufactured composite materials (Sample 1, Sample 2, and Sample 3) using experimental
stress–strain data (Figure 8). The automated calibration procedure accurately reproduced
the distinct mechanical responses of each material variant by selecting eight representa-
tive points along the true stress–plastic strain curves. Sample 1 (Figure 8a) exhibited the
highest stiffness and strength, with a Young’s modulus of 3.83 GPa, a peak stress of
48.2 MPa at 0.0149 strain, and limited post-peak deformation due to brittle fracture.
Sample 2 (Figure 8b) showed intermediate mechanical behavior, characterized by a Young’s
modulus of 2.24 GPa, a peak stress of 21.7 MPa at 0.017 strain, and more pronounced plastic
softening beyond yielding. Thus, Sample 3 (Figure 8c) exhibited the lowest stiffness and
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strength, with a Young’s modulus of 3.78 GPa, a yield stress of approximately 11.6 MPa,
and a maximum true stress of 14.2 MPa at 0.0129 strain, followed by gradual post-peak
softening extending up to 0.047 strain. The linear-elastic region analysis demonstrated
excellent agreement between the experimental and simulated data, confirming the accuracy
of the automatically determined elastic moduli. The eight-point discretization used in
the MAT_024 formulation effectively captured both the elastic–plastic transition and the
strain-softening behavior, providing a good balance between computational efficiency and
physical realism for nonlinear finite element simulations in ANSYS Mechanical.

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 9. Comparison of microstructures and 3D topography of fracture surfaces after experimental
test and 3D topographic maps corresponding to individual materials: (a) microscopic fracture
structure of Sample 1, (b) Sample 2 with a micro-wavy structure and crack bridging, (c) Sample 3
composite with characteristic areas of decohesion.
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During the compression test, clear differences in the fracture mechanism were ob-
served between samples (Figure 9). In the case of Sample 1, the destruction process was
characteristic of brittle materials—smooth interlayer delamination zones and slip bands
running parallel to the printing direction were visible on the fracture surface, indicating a
dominant contribution of delamination and stress concentration at the layer boundaries.
In Sample 2, the fracture process was more controlled—a micro-wavy fracture structure
and traces of crack bridging were observed, indicating the involvement of a micro-ductile
fracture mechanism and better interfacial load transfer. Sample 3, on the other hand,
showed a much more complex fracture pattern: there were clear signs of decohesion at the
matrix-filler boundaries, local microcracks, and zones of reinforcement particle pull-out, in-
dicating partial stress redistribution and increased energy dissipation capacity. As a result,
this material exhibited greater surface roughness and higher fracture energy compared to
Sample 1. Three-dimensional topography analysis confirmed the increasing complexity of
the fracture surface in successive materials, which correlates with an increase in fracture
energy and crack propagation resistance: from brittle Sample 1, through Sample 3 with a
toughening effect, to Sample 2, which achieved the most balanced combination of stiffness
and ductility.

Thus, numerical simulations of stress and strain distribution fields in samples revealed
clear differences in the mechanical response of the lattice structures under compression
loading (Figures 10–12).

(a) (b) 

(c) (d) 

Figure 10. Distribution of stress and strain fields in the Sample 1 structure: (a) von Mises Stress,
(b) Maximum Principal Stress, (c) Equivalent Elastic Strain, (d) Maximum Principal Elastic Strain.
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For the Sample 1 structure (Figure 10), the highest von Mises stresses exceed
30 MPa and are strongly localized at the inter-rib junctions and inner corners of the
cells. The stress concentration leads to early yielding and rapid growth of plastic strains,
exceeding 2%, which indicates limited capacity for stress redistribution. The deforma-
tion progresses abruptly, confirming the brittle behavior of the unmodified polymer. The
Sample 2 structure (Figure 11) shows the most favorable response—the von Mises stresses
are homogenized and remain below 20 MPa across most of the volume, with maximum
plastic strains 1.4%. The strain field indicates a gradual, ductile deformation mode without
abrupt localization. In Sample 3 (Figure 12), the overall stress level is reduced to approx-
imately 22–25 MPa, while the plastic strains remain confined below 1.5%. The presence
of the reinforcing phase promotes more uniform load transfer, delaying local plastic flow
and enabling partial stress relaxation within the cell walls. This confirms that the hybrid
reinforcement in Sample 2 effectively stabilizes the deformation process, suppresses stress
concentrations, and increases the elastic load-bearing range compared with both Sample 1
and Sample 3.

(a) (b) 

(c) (d) 

Figure 11. Distribution of stress and strain fields in the Sample 2 structure: (a) von Mises Stress,
(b) Maximum Principal Stress, (c) Equivalent Elastic Strain, (d) Maximum Principal Elastic Strain.
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(a) (b) 

(c) (d) 

Figure 12. Distribution of stress and strain fields in the Sample 3 structure: (a) von Mises Stress,
(b) Maximum Principal Stress, (c) Equivalent Elastic Strain, (d) Maximum Principal Elastic Strain.

4. Conclusions
This research paper examined the structural, chemical, surface, and mechanical prop-

erties of three 3D-printed composite scaffolds based on PLA–PHA–PHB polymer matrices,
incorporating hydroxyapatite (HA) and magnesium (Mg) particles. The morphological
analysis showed that all fabricated scaffolds exhibited a clear, interconnected porous struc-
ture, which is crucial for bone-tissue engineering. Thus, the possibility to control pore
structure facilitates efficient cell migration, vascularization, and nutrient transport. SEM
observations revealed differences in surface microstructure among the composites: Sample
1 showed a relatively dense and compact structure, Sample 2—a more heterogeneous mor-
phology, while Sample 3 demonstrated increased micro-porosity and roughness. Moreover,
Sample 2 exhibited the highest contact angle (70.04◦), indicating a hydrophobic surface that
promotes surface stability and water resistance.

Experimental results of chemical composition indicated that magnesium, calcium, and
phosphorus were successfully combined, leading to enhanced bioactivity and compatibility
with bone. Sharp peaks at 25.91◦ and 31.82◦ were observed in the XRD analysis, indicating
good crystallinity and the presence of stable hydroxyapatite.

According to the mechanical study, Sample 2 offered an excellent combination of
flexibility (strain = 0.22) and durability, making it suitable for medium-load applications,
while Sample 1 showed the maximum hardness (1913 MPa) and strength (22.5 MPa). This
was confirmed by buckling analysis. It may be concluded that Sample 2 is generally the
most suitable material because it exhibits structural integrity, bioactivity, and desirable
surface properties for bone grafts.
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