
Selective laser melting fabrication
of functionally graded
macro-porous Ti-6Al-4V scaffold
for cavity bone defect
reconstruction

Zhuangzhuang Li1,2†, Yi Luo1,2†, Ruicheng Liu3, Shanfang Zou3,
Yitian Wang1,2, Taojun Gong1,2, Xuanhong He1,2, Yong Zhou1,2,
Minxun Lu1,2*, Li Min1,2* and Chongqi Tu1,2*
1Department of Orthopedics, Orthopedic Research Institute, West China Hospital, Sichuan University,
Chengdu, Sichuan, China, 2Model Worker and Craftsman Talent Innovation Workshop of Sichuan
Province, Chengdu, Sichuan, China, 3Tianqi Additive Manufacturing Co., Ltd., Chengdu, Sichuan, China

Reconstruction of cavitary bone defects poses significant challenges in
orthopedic surgery due to the irregular shapes and compromised mechanical
properties of surrounding bone. This study developed a functionally graded
macro-porous scaffold (FGMPS) using selective laser melting (SLM) for cavitary
bone defect reconstruction. The FGMPS featured a porosity gradient (74%–86%)
andmacropores ≥1,600 µm,mimicking the natural density gradient of cancellous
bone. Micro-CT analysis confirmed high structural fidelity and interconnected
porosity. Compression tests in two orientations revealed distinct stress-strain
responses: vertically aligned gradients (FGMPS-V) exhibited sequential layer
engagement, while horizontally aligned gradients (FGMPS-H) demonstrated
higher stiffness and strength due to uniform load distribution. The elastic
modulus ranged from 383 MPa (FGMPS-V) to 577 MPa (FGMPS-H), with yield
strength of 22–40 MPa, aligning well with cancellous bone properties. These
findings highlight the FGMPS’s potential to offer a promising solution for cavitary
bone defect repair.
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1 Introduction

Reconstruction of critical-sized bone defects remains a significant challenge in
orthopedic surgery, often necessitated by tumor resection, trauma, or congenital
anomalies (Dalfino et al., 2023; Tarchala et al., 2016; Wang and yeung, 2017).
Specifically, based on morphology, critical-sized bone defects can be categorized into
segmental bone defects and cavitary bone defects (Huang et al., 2022). Segmental bone
defects are characterized by the complete loss of a section of the bone, typically disrupting
the bone’s load-bearing capacity. Reconstruction of such bone defects often involves the use
of segmental autogenous/allogeneic bone grafts or metallic implants to restore both the
mechanical integrity and biological function of the affected bone (Mauffrey et al., 2015;
Zhang et al., 2020; Li et al., 2024a). In contrast, cavitary bone defects are hollow spaces
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within the metaphyseal that result from conditions such as cysts or
the curettage of benign tumors like giant cell tumors of bone
(GCTB) and osteoblastoma (Horstmann et al., 2018). These
defects are often more localized but pose unique challenges due
to their irregular shapes and the surrounding bone’s compromised
mechanical properties. Cavitary defects require not only filling but
also integration with the surrounding bone, while maintaining the
mechanical stability necessary for load-bearing regions (Zhang et al.,
2021). Traditional treatment methods often involve the use of
autogenous cancellous bone graft or cement filling; however,
these options are associated with several limitations. Autogenous
cancellous bone graft, while being the gold standard, often fail to
provide the necessary structural support and is limited by limited
availability (Robinson et al., 2020). Cement filling, on the other
hand, may suffer from mismatched elastic modulus with
metaphyseal cancellous bone, leading to eventual loosening or
failure (López et al., 2014).

In recent years, the use of biomaterials and tissue engineering
approaches has gained attention as promising alternatives for bone
defect reconstruction. Among the various biomaterials investigated,
titanium alloy (Ti-6Al-4V) has emerged as materials of choice in
orthopedic applications due to the excellent mechanical properties,
biocompatibility, and corrosion resistance (Kaur and Singh, 2019;
Aufa et al., 2022; Hoque et al., 2022; Zhang X. et al., 2018; Trevisan
et al., 2018). However, ensuring optimal integration of Ti-6Al-4V
implants with host bone and promoting osteogenesis remains a
significant challenge. One of the key factors influencing implant
success is the design of the porous architecture (Chung and King,
2011; Wang et al., 2016). Many types of porous structures have been
investigated, such as body-centered cubic (BCC), face-centered
cubic (FCC), triply periodic minimal surfaces (TPMS), and
irregular Voronoi-based structures (Chen et al., 2020; Lv et al.,
2021; Chao et al., 2023). These designs have been shown to achieve
mechanical adaptability, with suitable elastic modulus and
satisfactory strength. It is noting that natural bone is not a
homogeneous structure; it exhibits a gradient in both density and
mechanical properties (Currey, 2012; Breish et al., 2024). Recently,
the functional graded porous scaffold (FGPS) has been proposed,
which could mimic the natural gradient of bone structure (Wang
et al., 2016). Many studies have demonstrated that FGPS offer
significant advantages over uniform porous scaffold (UPS) in
terms of mechanical performance. For example, mechanical
testing has demonstrated that FGPS exhibit superior fatigue
performance, which makes them more durable under cyclic
loading for long-term orthopedic applications (Chen et al., 2023).
Additionally, in the design of novel orthopedic implant, FGPS could
effectively distribute mechanical loads and mitigate stress
concentrations at the bone-implant interface, thus enhancing
adaptation to physiological load requirements and reducing the
risk of stress shielding and bone resorption (Naghavi et al., 2023).

At present, FGPS primarily designed for segmental bone
defects has been investigate thoroughly, which overlapped the
mechanical properties of both cortical and cancellous bone
(Zhang X-Y. et al., 2018). However, cavitary bone defects
primarily affect cancellous bone in the metaphyseal region,
with most surrounding cortical bone remaining intact. This
necessitates scaffolds with specific mechanical properties
tailored to the unique demands of metaphyseal bone.

Reducing the elastic modulus of such Ti-6Al-4V scaffolds to
match cancellous bone can be achieved by decreasing strut
diameter or increasing pore size to achieve higher porosity.
While decreasing strut diameter may reach the limits of
additive manufacturing and increases the risk of printing
failure (Caiazzo et al., 2022), increasing pore size offers a
more feasible alternative. High-porosity scaffolds with larger
macro-pores not only effectively reduce overall stiffness to
better match the elastic modulus of cancellous bone but also
provide space to carry autologous cancellous bone matrix. This
matrix, rich in cytokines and osteoinductive components
(Georgeanu et al., 2023), supports biological integration while
minimizing risks of immune rejection and disease transmission.
By combining functionally graded macro-porous scaffolds
(FGMPS) with autologous cancellous bone matrix, this
approach holds great promise for addressing both the
structural and biological requirements of cavitary bone defect
reconstruction in a safe and personalized manner.

In this study, we aimed to develop and evaluate a FGMPS based
on a dodecahedral unit cell design. The FGMPS was designed greater
than 1,600 µm macropores and fabricated using selective laser
melting (SLM). Comprehensive microstructural and mechanical
analyses were conducted to assess its suitability for
reconstruction of cavitary bone defects. Our findings demonstrate
the potential of this scaffold as an advanced, bioactive solution for
cavitary bone defect reconstruction in orthopedic surgery.

2 Methods

2.1 Graded porous structure design scheme

In this study, four distinct porous scaffolds—uniform macro-
porous scaffold-300 (UMPS300), UMPS400, UMPS500, and
functionally graded macro-porous scaffold (FGMPS)—were
designed based on the dodecahedral unit cell, which is commonly
used in orthopedic porous implants (Li et al., 2024b; Hou et al.,
2020), as shown in Figure 1A. The dodecahedral unit cell was
selected for its superior biomechanical properties compared to
BCC structures, as its high connectivity and uniform stress
distribution help reduce localized stress concentrations.
Additionally, compared to TPMS, which offer excellent
mechanical properties but require complex manufacturing
controls, the dodecahedral unit cell provides greater predictability
and reproducibility in large-scale fabrication using selective laser
melting SLM. These advantages make it a promising choice for
achieving biomechanical compatibility with cancellous bone.

Each scaffold was composed of repeating dodecahedron unit
cells, with the overall dimensions of 10 × 10 × 10 mm. The key
design variable across these scaffolds was the strut diameter of the
dodecahedral cells. For the UMPS300, UMPS400, and UMPS500,
the strut diameters were set to 300 μm, 400 μm, and 500 μm,
respectively. The FGMPS, on the other hand, was designed with a
gradient in strut diameter, creating a porosity profile that changes
gradually across its structure. As illustrated in Figure 1B, the
porosities of UMPS300, UMPS400, and UMPS500 were
approximately 85%, 75%, and 70%, while the FGMPS scaffold
exhibited a layered gradient porosity of 74%, 78%, 80%, 82%,

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Li et al. 10.3389/fbioe.2025.1550309

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1550309


and 86% along the vertical build direction, as shown in Figure 1C.
The pore size was assessed using the ‘pore sphere’method within the
unit cell of the lattice structure (Supplementary Material S1). The
pore size of each scaffold was summarized in Table 1.

2.2 Powder materials and SLM process

The raw powder material used for the scaffold fabrication
was Ti-6Al-4V alloy powder, which was produced using
electrode induction-melting gas atomization process. The
scanning electron microscopy (SEM) images in Figure 2A
showed that the powder particles were predominantly
spherical. Detailed elemental mapping analysis confirmed a
uniform distribution of Ti, Al, and V, with minor amounts of

C, O, and N (Figure 2B). The chemical composition of the Ti-
6Al-4V powder was analyzed by energy-dispersive X-ray
spectroscopy (EDS), as shown in Figure 2C. The EDS
spectrum revealed prominent peaks of Ti, Al, and V,
confirming the primary constituents of the alloy powder. The
particle size distribution of the Ti-6Al-4V powder was
determined using laser diffraction analysis, as presented in
Figure 2D. The results indicated that the powder had a d10 of
23.9 µm, a d50 of 38.8 µm, and a d90 of 58.3 µm. The particle size
range was well-suited for the SLM process, facilitating consistent
powder layer deposition, which is vital for achieving high-
quality and reliable performance in the final scaffold structure
(Murr et al., 2012). The Ti-6Al-4V scaffolds were fabricated
using a M1 machine (Concept Laser, Germany), under a high-
purity argon atmosphere (purity >99.99%). The employed
parameters were summarized in Table 2.

2.3 Characterization of scaffold morphology

After fabrication, all samples underwent sandblasting to remove
un-melted particles on the surface. Then, the scaffolds underwent
ultrasonic cleaning and were thoroughly dried. The actual porosity
of the samples was determined using the dry weighing method. An
analytical balance was used to measure the mass of each specimen,
and the porosity of the tested scaffold was calculated using Equation
1 (Melancon et al., 2017):

FIGURE 1
Design and porosity analysis of uniform and functionally graded macro-porous scaffolds. (A) 3D models of the four scaffolds, including uniform
macro-porous scaffolds with strut diameters of 300 μm (UMPS300), 400 μm (UMPS400), and 500 μm (UMPS500), as well as a functionally graded
macro-porous scaffold (FGMPS) with a gradient in strut diameter. (B) Porosity comparison of the UMPS300, UMPS400, UMPS500, and FGMPS scaffolds,
showing porosities of 88%, 80%, 72%, and 80%. (C) Illustration of the FGMPS scaffold’s layered porosity distribution, with values of 74%, 78%, 80%,
82%, and 86% along the vertical building direction.

TABLE 1 Pore sizes of designed UMPS300, UMPS400, UMPS500, and
FGMPS scaffolds.

Scaffold type Pore size (µm)

UMPS300 1800

UMPS400 1700

UMPS500 1,600

FGMPS 1,660–1780
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Porosity � 1 − ms

ρt × Vd
( ) (1)

where ms is the mass of each sample, ρt represents the theoretical
density of Ti-6Al-4V (4.42 g/cm3), and Vd is the volume of the
design domain (1 cm3). The experiment was repeated in triplicate
(n = 3) and presented as mean ± SD.

To further characterize scaffold morphology, SEM was
employed using the Zeiss EVO 10 SEM (Germany). The surface
morphology and microstructural features of the scaffolds
were observed.

2.4 Micro-CT analysis

The internal architecture of the scaffolds was analyzed using a
GE Nanotom micro-computed tomography (Micro-CT) system
with a tube voltage of 140 kV, current of 100 µA, and exposure
time of 1,000 ms, achieving a voxel size of 5 µm. The 3Dmodels were

reconstructed in VGStudio MAX 3.1 to evaluate strut distribution,
pore interconnectivity. Surface deviation analysis was conducted by
comparing the reconstructed models with the original CAD designs,
generating 3D color maps. The average deviation values (D50) were
calculated to assess printing accuracy for each scaffold type.

To investigate the internal micro-pore defects, the segmented
Micro-CT data were used to quantify pore morphology, volume, and
distribution. The pore volume and its relationship with sphericity
were analyzed across different scaffold types.

2.5 Compression test

The compressive mechanical properties of the porous scaffolds
were evaluated through uniaxial compression tests. Specifically, the
FGMPS were tested under compression in two distinct orientations:
one where the gradient direction was aligned with the compression
axis (gradient vertical direction; indicated as FGMPS-V), and
another where the gradient direction was perpendicular to the
compression axis (gradient horizontal direction; indicated as
FGMPS-H). All tests were performed at a compression speed of
0.2 mm/min using an Instron 5982 universal testing machine
(Instron, USA). The experiment was repeated in triplicate (n =
3). The engineering strain (ε) of the specimen was calculated using
Equation 2:

ε � ΔL
L0

(2)

where ε represents the engineering strain, ΔL is the change in length
of the specimen, and L0 is the original length of the specimen

FIGURE 2
Characterization of Ti-6Al-4V alloy powder used for scaffold fabrication. (A) SEM images showing the predominantly spherical morphology of the
Ti-6Al-4V powder particles. (B) Elemental mapping confirms the homogenous distribution of Ti, Al, and V, with trace amounts of C, O, and N. (C) EDS
spectrum of the Ti-6Al-4V powder shows prominent peaks of Ti, Al, and V, indicating the primary alloy composition. (D) Particle size distribution of the
powder determined by laser diffraction analysis, with values of d10 = 23.9 µm, d50 = 38.8 µm, and d90 = 58.3 µm.

TABLE 2 SLM process parameters employed in this work.

Processing parameters Values

Laser power 190 W

Scanning speed 1,200 mm/s

Layer thickness 30 μm

Hatching space 100 μm

Spot diameter 110 μm
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(10 mm). The elastic modulus was calculated as the slope of the
linear portion of the stress-strain curve, while the yield strength was
determined using the 0.2% offset method. The ultimate strength was
defined as the first peak stress achieved before failure.

2.6 Statistical analysis

Statistical analyses were conducted utilizing SPSS statistics
software (version 22; IBM Corp., Armonk, NY, USA). The results
were presented as mean ± deviations.

3 Results and discussion

3.1 Morphology characterization

Figure 3 shows that the as-built samples demonstrated
differences in both mass and porosity compared to the CAD
designs. Specifically, the as-built samples consistently exhibit
greater mass and reduced porosity across all groups
(UMPS300 to FGMP). This indicates that the actual structures
are denser and less porous than originally designed. Our findings
align with the study of Zhang X-Y. et al., (2018), which also reported
increased mass and decreased porosity in the as-built samples
compared to CAD designs. This may be attributed to particle
adherence on the struts during SLM process.

The SEM images (Figure 3D) provide detailed insights into the
surface topology, strut connections, and pore architecture of the

scaffolds. The images clearly illustrate the dodecahedral unit cell
arrangement and highlight the effect of increasing strut diameters
from UMPS300 to UMPS500, resulting in a corresponding decrease
in pore sizes. The lateral morphology of the GMPS scaffold
demonstrates the gradual transition of strut diameter from one
layer to the next, contributing to its graded structure. Notably, a
significant distribution of adhered powder can be observed around
the struts, primarily accumulating along their periphery. The
primary factor is the thermal effect during SLM. The high
temperatures generated by the laser can cause nearby powder
particles to partially melt and adhere to the scaffold struts
(Debroy et al., 2018). In the lateral view, it is observed that the
adhered powder tends to accumulate primarily along the lower
regions of the struts (as indicated by the blue arrow). This
phenomenon could be contributed to the gravitational effects
during the powder bed fusion process, and powder particles
naturally settle along the lower regions under gravity (Yap et al.,
2015; Spierings et al., 2013).

3.2 Surface deviation

Micro-CT images (Figure 4A) provide a comprehensive
visualization of the internal architecture of each scaffold,
highlighting the uniformity in strut distribution and the
interconnected nature of the pores. The gradient porosity of the
FGMPS scaffold is particularly evident, characterized by a gradual
variation in strut diameter from the base to the top. This progressive
change in strut diameter forms the graded architecture, aiming to

FIGURE 3
(A) Images of as-built samples (UMPS300, UMPS400, UMPS500, and FGMPS). (B)Mass measurements reveal that as-built samples have consistently
greater mass than CAD models. (C) Porosity analysis indicates that as-built samples have lower porosity compared to CAD designs. (D) SEM images of
scaffold show dodecahedral unit cells with different strut diameters (UMPS300 to UMPS500) and the gradient structure of FGMPS.
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replicate the natural density gradient and enhance biomechanical
compatibility. While a direct comparison of pore interconnectivity
between the FGMPS scaffold and natural cancellous bone is difficult
due to the inherent complexity of cancellous bone structure, micro-
CT analysis has confirmed that the FGMPS scaffold possesses an
interconnected pore network. The 3D reconstruction of the scaffolds
(Figure 4B) clearly demonstrates the continuous connectivity of
pores, essential for facilitating bone in-growth and
nutrient exchange.

Figure 4C presents 3D color maps generated using VGStudio
software, which illustrate surface deviations from the designed
geometry. These deviation maps reveal that the fabricated
scaffolds closely matched their original CAD designs, with
minimal surface discrepancies. The average deviation values
(D50) for UMPS300, UMPS400, UMPS500, and FGMPS are
determined to be 42 µm, 41 µm, 39 µm, and 40 µm, respectively,
as depicted in Figure 4D. The deviations fall within acceptable limits
for biomedical applications, demonstrating the precision of the SLM
process, which is consistent with the precision levels reported by Li

et al. for additively manufactured Ti-6Al-4V scaffolds (Li
et al., 2023).

3.3 Micro-pore defect

To investigate the quality of scaffolds fabricated using the SLM
process, this study conducted a detailed analysis of the internal
structure of the struts to assess the characteristics and distribution of
micro-pore defect and its potential impact on scaffold performance.
As illustrated in Figure 5A, the internal micro-pore defects appear
randomly distributed within the struts. These micro-pore defects are
a common occurrence in the SLM process, primarily resulting from
gas entrapment within the melt pool, which originates either from
the powder material or forms during the rapid solidification process
(Gao et al., 2022; Yeganeh et al., 2023). Therefore, random
dispersion of spherical pores is observed throughout the
structure. The pore volume distribution, as depicted in Figure 5B,
highlights that scaffold with larger strut diameters (e.g., UMPS500)

FIGURE 4
Micro-CT analysis and surface deviation of scaffolds. (A) Micro-CT images showing the internal structure of each scaffold (UMPS300, UMPS400,
UMPS500, and FGMPS), with uniform strut distribution and interconnected pores. (B) The FGMPS scaffold shows a gradient in strut diameter, creating a
graded porosity from base to top. (C) 3D color maps of surface deviations compare the fabricated scaffolds to CAD designs. (D) Average deviation values
(D50) for UMPS300, UMPS400, UMPS500, and FGMPS are 42 μm, 41 μm, 39 μm, and 40 μm, respectively.
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generally exhibit a greater pore defect count due to their increased
material volume, allowing more opportunities for gas to become
entrapped. As shown in the lateral section, the FGMPS scaffold’s
gradient design results in a gradual distribution of micro-pore
defects across its structure, which is consistent with its varying
strut diameters. Similar findings have been reported by Xiong et al.
(2021), who investigated the effects of porosity gradient patterns on
the mechanical performance of FGPS fabricated using laser powder
bed fusion. Their study demonstrated that micro-pore defects were
often concentrated near nodal areas, where structural complexity
increases the likelihood of defect formation. Figure 5C illustrates the
relationship between pore volume and pore sphericity for each
scaffold type. Sphericity is used as an indicator of how closely
the shape of a pore approaches that of a perfect sphere, with a
value of 1 representing an ideal spherical shape (Sweijen et al., 2020).
It is observed that smaller pores generally exhibit higher sphericity in
all scaffold types. As the pore volume increases, the sphericity tends
to decrease. However, it is important to note that the overall
sphericity of these pores remains relatively high, indicating that
they are still primarily gas-induced rather than being due to
incomplete fusion. Unlike the irregular, low-sphericity pores
typically associated with fusion defects, these spherical gas-
induced micropores do not significantly compromise the
structural integrity of the scaffold. This observation is consistent
with findings reported in multiple studies, which have demonstrated
that gas-induced micro-pore defects, due to their geometric

regularity, do not substantially affect the mechanical strength of
the samples (Li et al., 2024c; Spierings et al., 2011; Guo et al., 2022).
Moreover, from a biocompatibility perspective, these micro-pores
do not hinder cell adhesion or bone ingrowth, as they are
predominantly located within the struts rather than on the
scaffold surface.

3.4 Mechanical properties

The mechanical properties of the porous scaffolds were
assessed through uniaxial compression tests, focusing on
elasticity modulus, yield strength, and ultimate strength, as
depicted in Figure 6. The results provide insight into the
influence of design variations on mechanical behavior. The
typical stress-strain curves for the different scaffold types are
shown in Figure 6A. The stress-strain curves for UMPS300,
UMPS400, and UMPS500 show a similar pattern with three
main stages: an initial linear elastic stage, where stress
increases proportionally with strain; a yield stage, where stress
reaches a peak and either stabilizes or decreases; and a fluctuation
stage, where stress fluctuates as the scaffold undergoes
deformation and redistribution. The FGMPS-H scaffold,
oriented with the compression direction perpendicular to its
gradient structure, exhibited two distinct stress peaks before
overall structural failure. This may be attributed to that

FIGURE 5
Micro-pore defect analysis of SLM-fabricated scaffolds. (A) Internal micro-CT images showing randomly distributed micro-pore defects within the
struts of each scaffold type (UMPS300, UMPS400, UMPS500, and FGMPS). (B) Pore volume distribution for each scaffold present the count of pore defect.
(C) Relationship between pore volume and sphericity, where the overall sphericity remains high.
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gradient appears to influence its load-bearing behavior by serving
as a structural barrier during compression. As the gradient porous
layers engage sequentially, they effectively impede the progression
of localized failure, thereby extending the overall deformation
process. This staggered engagement of the gradient structure
likely mitigates the rapid collapse of weaker regions, instead
distributing the strain across the scaffold. In contract, a
markedly different response is observed for FGMPS-V, where
the compression axis is aligned with the gradient direction. This
configuration means that during compression, the layers with
varying strut diameters are progressively engaged in the load-
bearing process. Initially, the layers with smaller strut diameters
undergo early collapse due to their lower load-bearing capacity.
As compression continues, the regions with increasing strut
diameters engage, resulting in the emergence of new stress
peaks. This sequential collapse and subsequent strengthening
of FGMPS-V are aligned with the findings of Zhang X-Y. et al.,
(2018), who demonstrated that a gradient porous scaffold with
increasing density along the compression direction leads to
progressive collapse of weaker layers followed by engagement
of stiffer ones, enhancing both mechanical stability and energy
absorption during deformation. Similarly, Chen et al. reported

that the vertical gradient (VG) porous structures exhibited step-
like stress responses, where weaker struts collapsed first, followed
by a gradual increase in load-bearing by the remaining structure
(Chen et al., 2023).

UMPS500 exhibited the highest elastic modulus (1,100 MPa), the
highest yield strength (70 MPa), and the highest ultimate strength
(88 MPa). This is primarily attributed to its higher structural density
and reduced porosity, which contribute to greater load-bearing
capacity. These values are substantially higher than the typical
range for cancellous bone (50–500 MPa) (Henkel et al., 2013;
Ghouse et al., 2019), indicating that UMPS500 is suited for
regions requiring significant support. The remaining UMPS and
FGMPS scaffolds exhibit properties within or slightly above the
range for cancellous bone. In detail, the FGMPS-V presented an
average elastic modulus of 383 MPa and a lower yield strength
(22 MPa). Conversely, the FGMPS-H shows an average elastic
modulus of 577 MPa and a strength of 40 MPa. This suggests
they are appropriate for cavity bone defect reconstruction, offering
moderate stiffness and strength to facilitate effective load transfer
while avoiding excessive rigidity. Additionally, the graded porosity
of the FGMPS scaffold enables more efficient load distribution,
allowing different regions to progressively share mechanical loads

FIGURE 6
Mechanical properties of scaffolds under uniaxial compression. (A) Stress-strain curves for UMPS300, UMPS400, UMPS500, FGMPS-H, and FGMPS-
V scaffolds. (B–D) Elastic modulus, yield strength, and ultimate strength of the scaffolds.
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and reducing stress concentration, which helps minimize stress
shielding and enhances bone integration.

3.5 Clinical application prospects

The FGMPS holds immense potential for clinical application in
the reconstruction of cavitary bone defects. One of the primary
advantages of FGMPS lies in its ability to mimic the biomechanical
properties of metaphyseal bone. Traditional implants often fail to
balance load distribution adequately, leading to stress shielding or,
conversely, inadequate mechanical stability. Figure 7 shows the
workflow for patient-specific implant design and functional
graded porous structure. As shown in Figure 7B, the design of
patient-specific implant involves creating a 3D model of the distal
femur, identifying the defect contour, and designing an implant that
fits precisely within the defect. This approach ensures that the
implant geometry is well-suited to the individual’s anatomy.
Figure 7C illustrates the FGMPS design, showing both the front
and top views of the scaffold. This design allows for effective load
transfer and mechanical adaptability, which is particularly
important for metaphyseal defect reconstruction.

4 Conclusion

This study successfully developed a functionally graded macro-
porous scaffold (FGMPS) using selective laser melting for cavitary

bone defect reconstruction. The FGMPS mimicked the natural
density gradient of metaphyseal bone. Micro-CT analysis
demonstrated high fabrication accuracy and structural fidelity.
Compression tests confirmed mechanical properties suitable for
cancellous bone. These findings highlight the FGMPS as a
promising, personalized solution for cavitary bone defect repair.
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