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Abstract
The application of bionic porous structures based on Voronoi diagrams in bone 
defect repair has been extensively studied, with seed distribution characteristics 
recognized as key parameters affecting the performance of Voronoi scaffolds. In this 
study, a controllable parametric design method for Voronoi scaffolds was employed 
to experimentally and numerically investigate the effects of seed count and porosity 
on the mechanical properties, degradation behavior, mass transfer efficiency, and 
cell activity of laser powder bed fusion–printed degradable zinc-based Voronoi 
bone scaffolds. The results revealed the influence mechanisms of seed distribution 
characteristics on the mechanical properties and deformation modes of Voronoi 
scaffolds, achieving a 26.9% enhancement in failure stress. Moreover, by adjusting 
seed distribution, the degradation rate was precisely regulated within the range 
of 0.027–0.157 mm/year, enabling a 5.8-fold control over the release of zinc ion. 
Additionally, the effect of seed density on the osteogenic performance and gene 
expression of mouse pre-osteoblast cells were examined, demonstrating that higher 
seed densities predominantly upregulated COL1 and ALP expression to promote 
osteogenic differentiation. Increasing the seed count density elevated COL1 
expression to 4.5 times that of the control group. These findings provide a theoretical 
basis for the clinical application and performance optimization of degradable zinc-
based Voronoi bionic bone scaffolds.

Keywords: Additive manufacturing; Cell activity; Degradation behavior;  
Laser powder bed fusion; Seed density; Voronoi scaffold

1. Introduction
Metal bionic bone scaffolds manufactured via laser powder bed fusion (LPBF) technology 
feature complex and fine internal bionic architectures,1,2 with highly interconnected 
pores that closely mimic the natural morphology of human bone tissue.3-5 These porous 
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scaffolds not only provide mechanical support but also 
offer design flexibility to regulate structural parameters for 
enhancing cell adhesion, proliferation, and differentiation.6 
During the design phase, various biocompatible metal 
materials, such as titanium alloys, 316L stainless steel, 
cobalt-chromium alloys, and zinc alloy, can be selected to 
meet the specific performance requirements of different 
anatomical sites.7-9 In addition, computer-aided design 
tools enable patient-specific customization of metal 
bone scaffolds, facilitating clinical applications, such 
as craniofacial defect repair and interbody fusion cage 
implantation.10-12 Despite significant progress in repairing 
site-specific bone defects, the biological and structural 
complexity of cancellous bone poses a major challenge 
in developing truly biomimetic implants. As an essential 
internal scaffold within the skeletal system, cancellous 
bone provides critical mechanical support and energy 
absorption, contributing to bone tissue development 
and overall biomechanical functionality.13-14 However, 
its complex three-dimensional (3D) porous architecture 
makes it difficult to replicate using conventional 
manufacturing techniques.15 Therefore, there is an urgent 
need with high structural fidelity to native cancellous bone 
and matched biomechanical performance.

To achieve LPBF-printed scaffolds with structural and 
mechanical properties closely matching those of cancellous 
bone, it is necessary to investigate and design based on 
elemental structural characteristics. Traditional designs 
employ periodic lattice porous configurations,16 such as 
body-centered cubic (BCC) and face-centered cubic (FCC), 
which are constructed through uniform struts connected 
at regular nodes. These lattice configurations, often 
inspired by atomic crystal arrangements, offer advantages 
in weight reduction and enhanced energy absorption while 
maintaining mechanical strength.17 However, their inherent 
regularity limits the ability to replicate the stochastic pore 
architecture of cancellous bone. To address this limitation, 
biomimetic approaches have gained increasing attention in 
bone implant design.18-19 Among these, Voronoi diagrams, 
which are computational geometric segmentation based 
on seed point distribution,20 applied in materials science, 
biology, and medicine.21 Fantini and Curto22 introduced a 
bioinspired structural generation method utilizing Voronoi 
tessellation, demonstrating that Voronoi-based porous 
architectures can effectively mimic the morphological 
features of natural trabecular bone. Moreover, such 
scaffolds exhibited excellent geometric adaptability to 
complex bone defect contours and ensured mechanical 
continuity, making them highly promising for medical 
implant applications.23-24 Zhao et al.25 further developed 
an optimized Voronoi-based design approach, showing 
that irregular porous structures derived from Voronoi 
segmentation exhibited superior structural stability 

compared to traditional regular lattices. Additionally, 
they achieved gradient scaffolds with tunable mechanical 
properties that closely matched the Young’s modulus of 
natural bone, providing a theoretical basis for designing 
functionally graded irregular porous scaffolds. Gómez 
et al.26 employed Voronoi segmentation to construct a 
porous model with virtual isotropy, which demonstrated 
highly consistency with key bi-morphological parameters 
of trabecular bone and enabled precise regulation of 
structural properties during the preliminary stages of 
microstructural design and histomorphometric analysis. 
In summary, biomimetic bone implant designs based 
on the Voronoi principle can accurately replicate the 
irregular microarchitecture of natural bone,27 achieve 
close alignment with trabecular morphometric parameters 
through parametric control,28 and thus show significant 
potential for application in bone tissue engineering and 
biomedical implants.29-33

Currently, numerous studies have integrated Voronoi-
based biomimetic bone implants with LPBF. However, 
research on LPBF-printed Voronoi metallic bone scaffolds 
primarily focuses on the influences of process parameters, 
such as laser power, scanning speed, scanning strategy, and 
porosity, on the printing quality and mechanical properties 
of these scaffolds.34-38 For example, Hou et al.39 studied how 
different laser parameters and scanning strategies affected 
the geometric accuracy and internal defect formation in 
Ti6Al4V Voronoi scaffolds printed by LPBF. Their findings 
demonstrated that optimizing LPBF process parameters 
could significantly enhance the structural fidelity of 
Voronoi architectures. He et al.40 developed a biomimetic 
scaffold featurin1g a Voronoi-graded pore distribution, 
achieving favorable mechanical performance by regional 
porosity control. The resulting Young’s modulus and 
ultimate strength range ranged from 1.50 to 7.12 GPa and 
38.55 to 268.03 MPa, respectively. Despite these advances, 
limited attention has been paid to the seed configuration 
in Voronoi scaffolds. As a critical design parameter, seeds 
directly determine the average pore size and the stochastic 
strut distribution morphology of Voronoi scaffolds,41-46 
which are crucial for tailoring bionic bone scaffolds to 
meet site-specific clinical requirements. Furthermore, 
recent work has demonstrated the fabrication of Voronoi 
metamaterials with lattice-inspired topologies using LPBF, 
showing that such design strategy based on modified 
seed distributions can generate periodically arranged 
architectures with improved mechanical properties.47 
Therefore, the seeds play an important role in determining 
the performance of Voronoi scaffolds printed by LPBF.48-50 
T﻿here remain gaps in the research on the degradation and 
biological performance of LPBF-printed Voronoi scaffolds 
with the variation of seed control. Moreover, the combined 
effects of seed distribution and porosity on the structural 
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properties (i.e., mechanical properties, degradation 
behavior, mass transfer efficiency, and cell viability) of 
Voronoi scaffolds have not been systematically investigated.

T﻿herefore, the work primarily studied the effects of seed 
distribution characteristics on the mechanical properties, 
degradation ability, mass transfer efficiency, and osteogenic 
differentiation of zinc-based Voronoi bone scaffolds 
printed by LPBF. Specifically, Voronoi scaffold models 
with varying seed counts and densities as well as porosities 
were designed. The mechanical properties, deformation 
mechanisms, and failure modes of these scaffolds were 
analyzed through a combination of experimental testing 
and finite element simulations. The degradation behavior, 
mass transfer efficiency, and cell responses of the LPBF-
printed zinc-based Voronoi scaffolds were evaluated by 
adjusting porosity and seed distributions. The findings 
can provide a valuable insight to the biomimetic design of 
biodegradable Voronoi-based scaffolds for trabecular bone 
implant applications.

2. Materials and methods 
2.1. Design of Voronoi-based biomimetic scaffolds
The Voronoi diagram is defined as follows, given a set of 
discrete seeds of number k (k > 1) in an m-dimensional 
Euclidean space51:  

	 P = {p1, . . . , pk} ∈ Rm� (I)

where m represents the dimensionality of the space, 
R denotes the m-dimensional Euclidean space, pk is the 
ith seed (i = 1, ... , k); and P denotes the set of all seeds. 
In the 2D plane, the boundaries of the Voronoi diagram 
consist of vertical bisectors between adjacent seeds. In 3D 
space, the separating surfaces of Voronoi cells are formed 
by the intersection of spheres centered at neighboring 
seeds. For each seed pi, the corresponding Voronoi cell 
V(Pi) consists of all points in space whose distance to pi is 
less than or equal to the distance to any other seed pj (j≠i). 
The Voronoi cell can be formally defined by the following 
mathematical expression

V(pi) = {p|d (p, pi) ≤ d (p, pj), j ≠ i, j = 1, ..., n}.� (II)

Here, pi -pn denotes a finite set of seeds located in the 
geometric domain, and d(p, pi) represents the Euclidean 
distance between a point p and the seed pi.

The design procedure of the Voronoi biomimetic 
scaffolds is illustrated in Figure 1. In 3D space, the 
boundaries of the Voronoi cells were formed through the 
expansion and mutual contact of spheres centered at the 

Figure 1. Design procedures of Voronoi biomimetic scaffolds. (a) Voronoi 3D. (b) Cell face scaling. (c) Cell body scaling, (d) Edge line extraction. (e) Mesh 
extraction. (f) Voronoi biomimetic scaffold construction. (g) 3D models with different seed counts and porosities.
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seeds; the Voronoi cells were defined by the perpendicular 
bisecting surfaces connecting adjacent seeds. To achieve 
strut morphologies with high connectivity, large specific 
surface area, and structural similarity to bone trabeculae, 
the pore volume of the bionic structure was generated by 
hollowing out the Voronoi cells and enabling inter-pore 
penetration through shared faces. First, Voronoi cells 
were constructed via Delaunay triangulation based on 
the seed set P and boundary constrains. Each resulting 
Voronoi cell served as a pore precursor in the porous 
structure. Subsequently, volumetric and facial elements of 
the Voronoi polygons were uniformly scaled using scaling 
coefficients Sv and Sf (Figure 1b and c), yielding the edge 
network of the Voronoi bionic scaffold (Figure 1d). A mesh 
was then generated based on the mapping relationship 
of these edges, defining the solid–pore interface of the 
structure (Figure 1e). Finally, postprocessing of the 
boundary surface mesh produced the completed Voronoi 
scaffold (Figure 1f).

To achieve parametric control in the design of Voronoi 
scaffolds, the mathematical relationships among structural 
porosity u, seed count n, average pore diameter dm, and 
the design parameters Sv and Sf were established. The 
internal pores of the scaffold were approximated by scaled 
Voronoi cells. The volume of the ith pore (i = 1, ..., n) in the 
Voronoi-based trabecular bone scaffold was approximated 
by the volume V(Pi) of the corresponding scaled Voronoi 
cell. An approximately proportional relationship existed 
between the porosity u of the Voronoi scaffold and the 
scaling factor Sv, expressed as

	 u ≈ Sv .� (III)

The derivation of the formula proceeded as follows: 
V(Ci) denotes the volume of the ith (i = 1, ..., n) unscaled 
Voronoi cell, and n represents both the spatial seed count 
and the number of corresponding Voronoi polygons. The 
total spatial volume within the geometric boundary is then 
given by

	 V V Cbox i

n
i=

=∑ 1
( ) .� (IV)

The volume of the porous part, scaling factor, and 
porosity can be respectively expressed by
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Based on this, the pore volume V(Pi) in the Voronoi 
scaffold is approximated as a sphere for calculation. 
Consequently, under constant porosity, a relationship 
between the number of spatial seeds n and the average pore 
diameter dm can be established as follows
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The higher porosity of cancellous bone endows it with 
characteristics, such as low density, a reduced Young’s 
modulus, and a large surface area. These properties not only 
facilitate mechanical load transmission while providing 
sufficient space for bone tissue attachment and growth, but 
also enhance the diffusion of nutrients and metabolic waste. 
Cancellous bone typically exhibits porosity exceeding 50%. 
To ensure compatibility between implant porosity and 
native bone, square Voronoi models (10 × 10 × 10 mm3) 
with porosities of 60%, 70%, and 80%—generated using 
200 seeds (hereafter referred to as V60-200, V70-200, and 
V80-200, respectively)—were used to study the influence 
of porosity on the performance of Voronoi biomimetic 
scaffolds. These models exhibited average pore diameters 
of 2.37, 1.49, and 1.18 mm, respectively. In addition, to 
examine the effect of seed density—and consequently 
average pore diameter—on structural performance at a 
constant material volume fraction, Voronoi scaffold models 
incorporating 100, 400, and 800 seeds were analyzed. These 
models yielded average pore diameters of 1.97, 1.88, and 
1.79 mm, respectively, within a consistent 10 × 10 × 10 mm3 
cubic dimensions and a fixed porosity of 70% (hereafter 
denoted as V70-100, V70-400, and V70-800). All scaffold 
models are presented in Figure 1g.

2.2. Material and LPBF process
The LPBF process used atomized zinc powder exhibiting 
a smooth surface and high sphericity, with only a 
minor presence of satellite particles, as observed using 
scanning electron microscopy (SEM; FEI Nova nano 
430, Netherlands) (Figure 2a). Particle size distribution 
was analyzed using a laser particle size analyzer (LPSA; 
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Microtrac S3500), revealing an average particle diameter 
of 10.9 μm and an overall normal distribution pattern  
(Figure 2b). The processing parameters included a laser spot 
diameter of 70 μm, a laser power of 80 W, a scanning speed 
of 600 mm/s, a hatch spacing of 55 μm, a layer thickness 
of 30 μm, and a scanning direction rotated by 45° between 
consecutive layers. The LPBF-printed Voronoi-based zinc 
scaffolds with different seed distributions and porosities are 
shown in Figure 2c. The sample porosity was determined 
based on the Archimedes displacement method.

2.3. Quasistatic compressive testing and 
FEM simulation
The compressive performance of LPBF-printed Voronoi 
scaffolds was evaluated using a CMT5105 universal 
testing machine (SANS Experimental Equipment Co., 
Ltd, China). Prior to testing, the scaffold samples were 
subjected to ultrasonical cleaning to remove residual 
powder and cutting fluid adhering inside the structural 

pores. The compression termination displacement was 
set at 60% of the sample height. The compressive stress–
strain curve was derived by converting the recorded force–
displacement curve data. Three replicate samples were 
tested for each parameter and configuration of the Voronoi 
scaffolds, and the average response was taken to represent 
the compressive performance under the given condition. 
The energy absorption (EA) of the printed Voronoi 
scaffolds was calculated by integrating the area under the 
force–displacement curve, as described by

	 EA d F x dx
d

( ) = ( )∫ 0
,� (IX)

where d represents the compression displacement. To 
comprehensively evaluate the energy absorption capacity 
of the samples under different porosities, specific energy 

Figure 2. Characteristics of zinc powder and the zinc-based Voronoi scaffolds printed via LPBF (a) Morphology of zinc powder. (b) Particle size distribution 
of zinc powder. (c) LPBF-printed Voronoi scaffolds with different porosities and seed counts. Abbreviation: LPBF, Laser powder bed fusion.
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absorption (SEA) is used to quantify the energy absorption 
performance per unit mass. The calculation method is 
as follows

	 SEA d
EA d
m

( ) = ( )
,
� (X)

where m represents the mass of the scaffold. The finite 
element method (FEM) simulation model consisted of a 
compression plate, a fixed plate, and a Voronoi scaffold. 
The Voronoi scaffold was positioned on the fixed plate and 
subjected to loading from the compression plate. Both the 
compression and fixed plates were assigned reference points 
and defined as rigid bodies. A surface-to-surface contact 
interaction was established between each plate and the 
Voronoi scaffold to accurately capture interfacial behavior. 
An explicit dynamic solver was employed, along with 
an elastoplastic hardening material model. The Voronoi 
scaffold was discretized using C3D10M (modified 10-node 
quadratic tetrahedral elements) with a mesh feature size of 
0.3 mm. Material properties were derived from the tensile 
stress–strain response of LPBF-printed zinc,52-53 with the 
following parameters: density of 7.16 × 10−9 t/mm3, Young’s 
modulus of 93.16 GPa, yield strength of 93.71 MPa, and 
tensile fracture strain of 11.17%. To ensure the accuracy 
of the results, the ratio of kinetic energy to internal energy 
was maintained below 5%.

2.4. Computational fluid dynamics simulation
The permeability of the biomimetic bone scaffold plays a 
critical role in facilitating the transport of nutrients and 
metabolic products, as well as influencing cell adhesion 
and proliferation. To evaluate its capability of effective 
mass transport, a computational fluid dynamics (CFD) 
model was developed based on continuum mechanics 
and mass transfer principles using COMSOL Multiphysics 
(COMSOL Inc., Sweden), enabling the simulation of 
fluid flow under laminar conditions. By applying the 
conservation of momentum, the Navier–Stokes equations 
were used to describe the mass transport behavior of 
viscous, incompressible fluids within the continuous fluid 
domain, as expressed by

	 ρ ρ µ
DV
Dt

f p V= −∇ + ∇2 � (XI)

where ρ represents the fluid density; 
DV
Dt  denotes 

the guiding number; V is the velocity vector of the fluid; 
f represents the noncontact volumetric force applied to 
the fluid; ∇, p, and μ represent the Hamiltonian operator, 

pressure, and dynamic viscosity, respectively. Based on 
this, the permeability of the Voronoi scaffold and its 
relationship with the pressure gradient are determined 
using Darcy’s law

	 k Q L A P= µ / †∆ ,� (XII)

where k represents the permeability; Q represents the 
volumetric flow rate; L represents the length of the Voronoi 
scaffold along the fluid flow direction; A represents the 
cross-sectional area of the model; and ΔP is the pressure 
drop between the inlet surface and the outlet surface. A 
square region with a cross-sectional area of 10 × 10 mm² 
and a height of 15 mm was defined to perform Boolean 
cutting on the Voronoi model, thereby constructing the 
fluid domain for CFD simulation. The fluid entered though 
the top surface inlet in the negative Z direction at a constant 
velocity of 1.0 mm/s, simulating typical human body fluid 
flow rates.54 During the simulation of the pressure drop 
and velocity distribution, the inlet speed was maintained 
constant, the outlet pressure was set to zero, and the 
four lateral surfaces perpendicular to the xy-plane were 
designated as wall boundary planes. The working fluid 
was deionized water, with a density of 1,000 kg/m³ and 
a viscosity of 1.01 × 10−³ Pa∙s. To balance computational 
accuracy and efficiency, the fluid domain was discretized 
into tetrahedral elements with a nominal edge length of 
0.3 mm.

Finally, the Reynolds number was calculated to 
determine whether the flow regime was laminar, thus 
evaluating the applicability of Darcy’s law. The formula is 
given as

	 Re vl= ρ µ/ � (XIII)

where v represents the velocity of the inlet surface, 
and l represents the characteristic length. The simulation 
results indicated that all computed Reynolds numbers 
were below 10, verifying the validity of Darcy’s law under 
the studied conditions.

2.5. Degradation behavior
This degradation experiment simulates the human 
physiological environment by conducting an in vitro 
degradation test of the zinc-based Voronoi scaffold in 
accordance with the ASTM-G31-72 standard.55 The 
degradation process was carried out in simulated body 
fluid (SBF) with an initial pH of 7.4. Before weighing, 
the samples were ultrasonically cleaned and then dried 
in an oven at 50 °C for 1 h. After drying, the initial mass 
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of each sample was measured using an electronic balance 
and recorded as M0 (g). The SBF volume was determined 
based on a ratio of 10 mL/1 mm2 of sample surface area 
(mm2: mL = 10:1). All samples were placed in test tubes 
containing the SBF solution and immersed in a constant-
temperature water bath maintained at 37 °C. Following 28 
days of in vitro degradation, the samples were removed 
and slowly rinsed with deionized water to remove surface 
residues, and dried again at 50 °C for 1 h. The morphology 
of degradation products, including the corrosion layer 
formed on the sample surfaces, was analyzed using SEM. 
Subsequently, a corrosion solution was used to remove 
residual degradation products for accurate weight loss 
measurement. The corrosion solution was prepared by 
mixing 10 g of CrO3, 16 mL of AgNO3, and 34 mL of 
deionized water. After thorough cleaning, the samples 
were dried at 50  °C for 1 h, and their final mass M1 (g) 
was recorded. Each sample group was tested in triplicate 
to ensure reproducibility. The degradation rate of the zinc-
based Voronoi scaffold can be calculated according to the 
following formula

	 D
M M

tv = ×
−

8 76 104 0 1. *
* *ρ Α ,

� (XIV)

where Dv represents the degradation rate (mm/year), 
ρ is the density of Zn, A indicates the initial surface area 
of the sample (cm²), and t represents the degradation 
time (hours).

2.6. Osteogenic performance and gene 
expression testing
The osteogenic performance and gene expression of the 
scaffolds were evaluated using mouse osteogenic precursor 
cells (MC3T3-E1). The Voronoi scaffolds were sterilized by 
ultraviolet irradiation and then immersed in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 
10% fetal bovine serum. Following incubation at 37°C 
for 72 h, the supernatant was collected to prepare a 
100% extract, which was then diluted to 10% extract for 

experiments. The osteoinductive potential of the scaffolds 
was assessed by measuring alkaline phosphatase (ALP) 
activity and calcium nodule formation. MC3T3-E1 cells 
were seeded at a density of 4 × 10⁴ cells per well in 24-
well plates and cultured in medium containing 10% 
extract from different scaffold groups. After 7 and 14 days 
of culture, ALP activity was determined using an alkaline 
phosphatase assay kit (Beyotime, China), while calcium 
deposition was visualized using Alizarin red staining 
(ARS) (200 μL, Beyotime, China). Stained samples were 
imaged under a microscope (IX73, Olympus, Japan) to 
assess in vitro osteogenic differentiation. For quantitative 
real-time polymerase chain reaction (qRT-PCR) analysis, 
MC3T3-E1 cells were cultured under identical conditions 
for 7 and 14 days. Total RNA was extracted using Trizol 
reagent (Thermo Fisher Scientific, USA), and RNA 
concentration was quantified using a Nanodrop microplate 
spectrophotometer (Colibri, Titertek, USA) to evaluate 
gene expression levels. Sequences of primers used are 
shown in Table S1. 

3. Results and discussion
3.1. LPBF printability
Table 1 presents the designed and experimental porosity 
values of the LPBF-printed Voronoi scaffolds. The 
experimental porosity was slightly lower than the designed 
value, primarily due to powder bonding during the LPBF 
process, which increased the thickness of struts. When 
seed count increased and seed density rose, the deviation 
between experimental and designed porosity became 
more pronounced. This trend could be attributed to the 
higher specific surface area associated with denser pore 
number, which intensified powder adhesion and fusion. 
Figure 3 displays the SEM images of the upper surfaces 
of Voronoi scaffolds with varying porosities and seed 
densities. These images revealed pores resulting from 
evaporation and unmelted powder particles.56-57 Given 
that zinc is a low-boiling-point material, the rapid heating 
from the Gaussian laser beam and the uneven energy 
distribution led to swift evaporation of zinc within the 
molten pool. This generated turbulent vapor flow that 

Table 1. Porosity of LPBF-printed Voronoi scaffolds with different seed density and porosity values.

Structural type Design porosity (%) Actual porosity (%) Deviation (%)

V60-200 60 55.8 ± 0.5 −4.2

V70-200 70 65.6 ± 0.7 −4.4

V80-200 80 75.3 ± 0.3 −4.7

V70-100 70 65.1 ± 0.4 −4.9

V70-400 70 63.4 ± 0.4 −6.6

V70-800 70 63.3 ± 0.1 −6.7

Abbreviation: LPBF, Laser powder bed fusion.
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disrupted the molten pool dynamics and causes spattering. 
As the porosity increased, the strut volume decreased, 
reducing local heat dissipation efficiency and making the 
surface more susceptible to slagging. Moreover, as the seed 
density increased, the strut size decreased. Due to the thin 
arc features at strut boundaries, localized thermal stress 
accumulation caused slight warping of strut contours. 
Both higher porosity and greater seed counts reduced local 
strut sizes, thereby compromising the structural integrity 
and overall printing quality.

3.2. Simulation and experimental 
mechanical responses
Quasistatic uniaxial compression tests and finite element 
simulations were conducted to investigate the mechanical 
response characteristics of Voronoi scaffolds with different 
seed counts and porosities (Figure 4). The simulated 
stress–strain curves agreed with the experimental results, 
except for the V80-200 sample, where the simulation 
slightly overestimated the stress. This discrepancy may 
be attributed to the amplification of the LPBF-produced 
defects at the microscale. The mechanical response during 
the stress plateau stage varied significantly with the seed 
count used to generate the scaffolds. As depicted in 
Figure 4a, the stress–strain curve of the V70-100 sample 

showed large fluctuations and a low plateau stress value. 
In contrast, the V70-400 sample exhibited reduced 
fluctuation and maintained a relatively stable flow stress up 
to 50% compressive strain. Beyond this point, the scaffold 
entered the densification phase. The mechanical response 
of the V70-800 sample was similar to that of V70-400  
(Figure 4c), with the minor difference that its plateau stress 
was slightly lower than the failure stress, and it transitioned 
into the densification stage earlier. Increasing seed density 
resulted in a smoother stress plateau during the plastic flow 
stage and enhanced structural resistance to compression 
during densification, thereby improving yield strength. 
Moreover, higher seed density caused the Voronoi scaffold 
to reach the failure stress at lower engineering strains. 
These mechanical response characteristics were directly 
governed by the internal pore distribution, which was 
determined by the seed generation process. Figure 4d–f 
shows the compressive stress–strain behavior of V60-200, 
V70-200 and V80-200 samples. During compression, the 
Voronoi scaffolds with 60% porosity initially underwent 
elastic deformation, transitioned into plastic deformation, 
and reached the peak stress at 10% strain, with certain 
struts entering the strain hardening stage. The flow stress 
then increased gradually, and upon reaching 20% strain, 

Figure 3. Surface morphology of Voronoi scaffold samples with different seed counts and porosities. (a) V60-200; (b) V70-200; (c) V70-200; (d) V70-100; 
(e) V70-400; (f) V70-800.
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strut-to-strut contact and mutual compression-initiated 
densification, leading to an overall strain-hardening-
typed response, and the stress–strain curve continued to 
rise (Figure 4d). The Voronoi scaffolds with 70% porosity 
exhibited a similar initial deformation behavior to the 60% 
counterpart. However, after attaining the stress peak, the 
stress–strain curve entered a sustained plateau stage with 
minor fluctuations (Figure 4e). The stress–strain curve of 
the Voronoi scaffold with 80% porosity exhibited a rapid 
decline after reaching the peak stress (Figure 4f). The V80-
200 sample displayed a steep stress plateau, indicating 
extensive regions of severe and alternating strut fracture, 
which resulted in an unstable mechanical response. These 
results suggested that increasing porosity promoted a 
more unstable deformation behavior in the LPBF-printed 
Voronoi scaffolds.  

The mechanical properties of the LPBF-printed 
Voronoi scaffolds are shown in Figure 5. The yield strength 
values of the Voronoi structure with 100 and 400 seeds 
were similar (Figure 5a), which were 10.35 and 10.12 MPa, 
respectively. Both were higher than that of the Voronoi 
scaffold with 800 seeds (8.96 MPa). Similarly, all three 
Voronoi scaffolds reached the failure at the initial stage of 
plastic deformation, and the effect of seed density on failure 
stress mirrored its effect on yield strength. The failure 
stress of the V70-100 sample (15.03 MPa) was slightly 

higher than that of the V70-400 sample (14.67 MPa), and 
both were greater than that of the V70-800 sample (11.84 
MPa). These results indicated that higher seed density 
tended to reduce both yield strength and failure stress. 
The plateau stress of the V70-100 sample was 10.58 MPa. 
Due to pronounced fluctuations and a low stress trough 
during the plateau stage, this value was considerably lower 
than the corresponding failure stress. In contrast, the V70-
400 sample exhibited a higher plateau stress (12.67 MPa) 
owing to a more stable stress-strain response with reduced 
fluctuation compared to the V70-100 sample. Similarly, 
the V70-800 sample achieved a higher plateau stress (11.37 
MPa) than V70-100, despite having a much lower yield 
strength, benefiting from a smoother and more sustained 
stress plateau stage. This suggested that increased seed 
density contributed to a relatively higher plateau stress. 
During the printing process of Voronoi scaffolds by LPBF, 
formation defects such as those caused by evaporation, 
adhesion, and unmelted particles occur. An increase in 
seed density leads to a reduction in the diameter of the 
struts. The size effect magnifies the influence of these 
defects on the mechanical properties of the Voronoi 
scaffold, resulting in a more fluctuating stress plateau 
for Voronoi scaffolds at high seed densities. The Young’s 
modulus of zinc-based Voronoi scaffolds printed by LPBF 
across three porosity levels ranged from 0.26 to 0.81 GPa. 

Figure 4. Compressive stress–strain curves of Voronoi scaffolds from simulation and experimentation with different seed counts and porosities.  
(a) V70-100; (b) V70-400; (c) V70-800; (d) V60-200; (e) V70-200; (f) V80-200. 
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Seed density had minimal impact on the Young’s modulus, 
as values for the different seed configurations remained 
close (0.53–0.59 GPa). All measured modulus fell within 
or near the range of trabecular bone (0.462–1.181 GPa),58-

59 indicating potential to mitigate stress shielding after 
implantation, facilitate stress transfer, and promote bone 
cell growth. Figure 5b demonstrates the specific energy 
absorption of Voronoi scaffolds with different seed counts 
under compression loading. The values were 2.88 J/g for 
V70-100, 3.06 J/g for V70-400, and 2.67 J/g for V70-800, 
respectively. Among the three scaffolds, the V70-400 
sample achieved the highest energy absorption, due to its 
yield strength being comparable to that of V70-100 and its 
higher plateau stress.

The yield strength of the Voronoi scaffold with 60% 
porosity was 15.87 MPa (Figure 5c), which was higher 
than those with 70% and 80% porosity. The normalized 
yield strengths followed the trend: V60-200 (39.69 MPa) 
> V70-200 (31.23 MPa) > V80-200 (19.2 MPa), indicating 

that the normalized yield strength increased as the 
porosity decreased. The three Voronoi scaffolds reached 
failure at the onset of plastic deformation, with failure 
stresses of V60-200 (26.35 MPa), V70-200 (13.46 MPa), 
V80-200 (5.15 MPa), respectively, followed by a transition 
into the stress plateau stage after the first stress peak. The 
mechanical properties of the Voronoi scaffolds under 
different seed densities were normalized to evaluate the 
influence of the systematic deviation of the actual porosity 
on the mechanical properties (Figure S1). The results 
showed that the V70-100 sample with the strongest yield 
strength exhibited stronger mechanical properties after 
strength normalization due to its relatively larger actual 
porosity. The trends of the yield strength and failure stress 
of the structures under different seed densities remained 
unchanged. As shown in Figure 5c, the plateau stress for 
V60-200 was 26.3 MPa, nearly equal to its failure stress 
due to the minimal stress drop. In contrast, the plateau 
stress of V70-200 was 10.08 MPa, approximately 25% 
lower than its failure stress, owing to a more pronounced 

Figure 5. Mechanical properties of Voronoi scaffolds printed by LPBF with different seed counts and porosities. (a,c) Yield strength and plateau stress. (b,d) 
Specific energy absorption and Young’s modulus. Abbreviation: LPBF, Laser powder bed fusion.
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stress drop. For the 80% porosity scaffold (V80-200), the 
plateau stress was only 2.29 MPa, significantly lower than 
its failure stress, attributed to a large-amplitude fluctuation 
in the stress–strain curve. These results demonstrated that 
porosity directly affected the plateau stress behavior, with 
lower porosity scaffolds exhibiting superior plateau stress 
performance. For energy absorption capacity, the specific 
energy absorption values of V60-200, V70-200, and V80-
200 samples were 6.04, 2.6, and 1.04 J/g, respectively 
(Figure 5d). Since a stable stress plateau enhanced energy 
absorption, the higher failure stress and more gradual 
plateau stage contributed to the significant improved 
energy absorption and specific energy absorption observed 
in the V60-200 scaffold.

3.3. Deformation behaviors and mechanisms
To analyze the compressive deformation behavior and 
underlying mechanisms of Voronoi scaffolds with different 
seed counts and porosities, the stress distribution under 
small deformations was examined. As shown in Figure 6a,  
at a constant material volume fraction, a lower seed counts 
led to fewer struts and a large strut diameter in the V70-
100 sample. During loading, each strut consequently 
bore a higher load compared to those in the V70-400 and 
V70-800 scaffolds. Therefore, when the load reached a 
critical threshold, the fracture of any single strut resulted 
in a more significant reduction in overall structural load-
bearing capacity, leading to pronounced fluctuations in the 
platform stress of the V70-100 sample. Additionally, the 
large pore diameter reduced strut connectivity, hindering 
full densification throughout the compression process. In 
contrast, scaffolds with a higher seed density, such as V70-
800, exhibited smaller pores and a denser strut network. 
Here, fractured struts were more likely to fill adjacent 
pores and continue contributing to load bearing and 
transfer, promoting a gradual densification process during 
compression and a corresponding rise in compressive 
stress. The V70-800 sample, with its higher seed density, 
entered the densification stage earlier. In addition, due to 
its dense strut network and randomly distributed stress 
concentrations, the V70-800 sample experienced local 
strut failure at an earlier strain level compared to others. 
This localized failure initiated a cascading effect, ultimately 
leading to a lower macroscopic yield strength and an earlier 
onset of structural failure.

The random distribution of struts in the Voronoi scaffold 
resulted in nonuniform load transfer during loading, 
leading to an uneven stress distribution among the struts 
and causing random occurrences of stress concentration. 
This uneven stress distribution promoted batch fracture of 
internal struts as strain increased under compression. Such 
a failure mode induced fluctuation in the stress plateau, with 
the extent of deformation directly affecting the amplitude 

of the stress–strain curve. As shown in Figure 6b, the 
Voronoi scaffold with 60% porosity exhibited no distinct 
low-stress regions, with stress predominantly localized 
on a few struts. In the 70% porosity scaffold, the stress 
concentration areas expanded, and some low-stress areas 
appeared at the bottom of the structure. When the porosity 
increased to 80%, numerous high-stress regions developed 
within the internal struts. At this stage, significant stress 
concentration was observed along the upper right 
boundary of the scaffold, accompanied by bending 
deformation. The inherent randomness of the Voronoi 
scaffold led to nonuniform stress distribution, resulting in 
uncontrolled strut deformation, increased susceptibility to 
local damage, and thus degraded mechanical performance 
of the overall scaffold.

The simulation and experimental results of compression 
deformation characteristics for Voronoi scaffolds with 
different seed counts under 10%, 30%, and 50% strain are 
presented in Figure 7. In the V70-100 sample, pores with 
powder bonding could be observed on the side. At 10% 
compressive strain, the boundary strut underwent slight 
bending (Figure 7a), accompanied by a minor rightward 
tilt of the overall structure. As the strain increased to 
30%, the strut in the lower-left corner of the boundary 
experienced compressive and shear-induced fracture 
during bending, leading to localized collapse of the 
pore structure in that region. In addition, surface cracks 
emerged and the structure exhibited progressive rightward 
tilting and deformation. The larger strut sizes in the V70-
100 sample caused batch failure due to uneven stress 
distribution, resulting in a significant drop in load-bearing 
capacity and severe structural deformation. When the 
strain reached 50%, the internal load imbalance and strut 
failure triggered global structural instability, manifesting 
as a ~60° rightward deformation. 

In contrast, the higher seed count in the V70-400 sample 
led to significantly smaller strut diameters compared to 
V70-100, resulting in lower printing quality. At 30% strain, 
the bending deformation intensified in the right-side struts, 
accompanied by the initiation of small surface cracks. The 
left-side struts experienced shear-induced compression, but 
the load-bearing capacity remained relatively stable due to 
limited damage and recontact among struts. Consequently, 
the deformation process of the V70-400 sample was smoother, 
which primarily accounted for its more stable stress plateau. 
When the strain increased to 50%, the bending deformation 
in the right portion of the scaffold intensified and expanded 
laterally in combination with crack propagation. On the 
left side, a local collapse phenomenon was observed due 
to extensive cracking. At this stage, certain pores were 
compressed and closed, initiating structural densification. 
Figure 7c illustrates the compressive deformation process 
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Figure 6. Stress distribution of Voronoi scaffolds with different structural parameters under 5% strain. (a) Different seed counts. (b) Different porosity 
values.
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Figure 7. Compressive deformation behaviors of Voronoi scaffolds with different seed counts under 10%, 30%, and 50% strain from simulation and 
experimentation. (a) V70-100; (b) V70-400; (c) V70-800.
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of the V70-800 sample. At 10% strain, asymmetric bending 
deformation occurred on both sides, and the strut fractures 
led to pore interconnection and the formation of elongated 
cracks. As the strain increased, bending deformation was 
aggravated, and crack connectivity extended progressively, 
forming distinct crack bands that affected the lower layers 
of the scaffold. 

In summary, with the increase in seed density, the 
number of struts in the Voronoi scaffold also increased. 
The resulting high-density, randomly distributed struts 
were more prone to damage, leading to an increase in 
localized deformation regions with distinct characteristics. 
The interaction among these regions gave rise to complex 
deformation modes and reduced the structural load-
bearing capacity. However, the dense and random strut 
distribution mitigated the influence of localized strut 
failure on the overall mechanical properties, thereby 
enhancing structural stability during deformation and 
resulting in higher and more gradual stress plateaus. When 
the porosity varied, the Voronoi scaffolds with higher 
porosity exhibited a greater strut length-to-diameter ratio, 
making them more prone to buckling and fracture under 
compression. Consequently, at both 70% and 80% porosity 
levels, the Voronoi scaffolds displayed more pronounced 
crack band propagation and intensified deformation 
behavior compared to those at 60% porosity (Figure S2). 
These differences in deformation directly affected the 
mechanical response of the scaffolds.

3.4. Mass transfer performance
Figure 8 shows the simulation results of pressure drop 
and permeability fluid dynamics in Voronoi scaffolds. At 
the same inlet flow rate, the pressure drops for the V70-
100, V70-400, and V70-800 scaffolds are 0.381, 0.941, and 

1.48 Pa, respectively. As the number of seeds increased, 
the internal fluid channels in the Voronoi scaffold became 
more irregularly distributed and geometrically complex, 
leading to higher flow resistance and reduced permeability. 
The permeability was inversely correlated with the 
pressure drop, with a higher seed number guiding lower 
permeability. Specifically, the permeability of the V70-100 
sample (26.5 × 10−9 m2) was 3.9 times greater than that of the 
V70-800 sample (6.81 × 10−9 m2). Under different porosity 
levels, the permeability of the V60-200, V70-200, V80-200 
scaffolds increased from 10.2 × 10−9 to 17.2 × 10−9 m2, and 
finally to 26.1 × 10−9 m2. The larger pore volume reduced 
the fluid flow resistance, thereby enhancing permeability. 
Due to their trabecular architecture, Voronoi scaffolds with 
different parameters exhibited permeability values within 
the reported range for human trabecular bone (0.75 × 10−9 
to 7.43 × 10−8 m2).60-61 This similarity supported effective 
transport of nutrients and metabolic waste in Voronoi-
based bone implants during physiological service.

Figure 9 presents the fluid flow pressure and velocity 
distribution contours of Voronoi scaffolds under different 
seed counts using CFD simulation. The pressure contour 
maps revealed a trend that the farther the location from 
the outlet, the higher the pressure. Comparing the three 
scaffolds, it is evident that the high connectivity and 
randomness of fluid channels in these scaffolds resulted 
in minimal fluctuations in pressure isosurfaces. Within 
the same height range, Voronoi scaffolds with greater seed 
counts exhibited higher pressure distributions. Specifically, 
the overall pressure levels in the V70-100 sample remained 
below 0.4 Pa, whereas those in the V70-800 sample 
were significantly higher. This difference arose from the 
increased internal surface area in the V70-800 sample, 

Figure 8. Pressure drops and permeability of Voronoi scaffolds from fluid dynamics simulation results. (a) Varying seed counts. (b) Different porosity 
levels.
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Figure 9. Fluid flow analysis of Voronoi scaffolds with different seed counts. (a,c,e) Pressure distribution. (b,d,f) Flow velocity distribution.
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which enhanced viscous friction resistance both between 
the fluid and the solid matrix and among adjacent flow 
layers within the channels. In addition, the more intricate 
and staggered flow channels in the V70-800 sample 
contributed to greater energy dissipation during fluid 
transport. These factors collectively led to substantial flow 
energy loss in the V70-800 sample due to its complex fluid 
channel architecture, thus reducing permeability. Under 
different porosity levels, reduced pore volume restricted 
the fluid channels in the Voronoi scaffolds, leading to larger 
pressure drops and the emergence of localized regions with 
high flow velocity, which further diminished permeability 
(Figure S3). Taken together, an increase in both the 
number and volume of heterogeneous pore channels leads 
to a greater loss in fluid flow energy.

The mechanical properties and permeability values 
of the Voronoi scaffolds with different parameters within 
the reported range of human trabecular bone are similar. 
Particularly, when compared to the performance of other 
topological scaffolds (Table S2), the Voronoi scaffolds 
exhibit properties that are more similar to those of natural 
cancellous bone. This similarity facilitates the effective 
transportation of nutrients and metabolic waste by bone 
implants based on the Voronoi scaffold during biomedical 
applications and reduces the possibility of stress shielding.

3.5. Degradation behaviors
The degradation behavior of zinc-based Voronoi scaffolds 
not only affects the service life of degradable implants but 
also influences bone cell growth due to the release of zinc 
ions during degradation. In this study, in vitro degradation 
experiments were conducted to investigate the degradation 
behavior of zinc-based Voronoi scaffolds with different 

structural parameters after 28 days of immersion. To 
quantitatively compare the degradation rate differences 
among structures with different seed counts, the weight 
losses of the V70-100, V70-400, and V70-800 scaffolds 
after 28 days were measured as 0.153, 0.082, and 0.043 g, 
respectively. The corresponding degradation rates were 
calculated as 0.157, 0.056, and 0.027 mm/year, respectively, 
with the degradation rate of the V70-100 sample being 
5.8 times higher than that of the V70-800 sample (Figure 
10a). As shown in Figure 10b, zinc-based Voronoi scaffolds 
with higher porosity exhibited faster degradation rates. 
Specifically, the degradation rate of the V80-200 sample 
(0.133 mm/year) was 1.47 times greater than that of the 
V60-200 sample (0.090 mm/year). These experimental 
results indicated that increasing the number of seeds 
significantly reduced the degradation rate of zinc-based 
Voronoi scaffolds.

To further analyze the degradation behavior of the 
zinc-based Voronoi scaffolds, SEM imaging was conducted 
on theirs surfaces after 28 days of immersion in SBF. As 
zinc ions reacted chemically with inorganic salts and other 
components in the SBF solution, the elemental composition 
of the degradation products (such as zinc, oxygen, 
phosphorus, chlorine, calcium, and carbon elements) 
was analyzed (Figure 11). A uniform, shell-like corrosion 
layer formed on the surface of the Voronoi scaffold. At 
higher magnification, isolated white degradation products 
were observed on both the surface and edges of this layer 
(Figure 11a). Around the sample surface and within the 
surrounding areas, degradation products accumulated in 
various morphologies, including needle-like, sheet-like, 
snowflake-like, and shell-like structures. These formations 

Figure 10. Weight loss and permeability of the LPBF-printed zinc-based Voronoi scaffolds: (a) Different seed counts. (b) Different porosity levels. 
Abbreviation: LPBF, Laser powder bed fusion.
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resulted from a series of chemical reactions occurring 
between zinc and the SBF solution

	 Zn Zn e→ ++ −2 2 ,� (XV)

	 O H O e 4OH2 22 4+ + →− −,� (XVI)

	 Zn OH Zn OH2
22+ −+ → ( ) .� (XVII)

The reduction of H2O and oxygen produced OH− ions. 
As the initial reaction progressed, the accumulation of 
OH− ions caused an increase in the pH value. Zinc is more 
susceptible to passivation, forming Zn(OH)2.

62-63 The Zn2+ 
ions generated at the anode subsequently reacted with 
other ions and species present in the solution

	 Zn Cl ZnCl2
22+ −+ → ,� (XVIII)

	
4 2 2 2 5 8 2 2Zn OH ZnCl H O Zn OH Cl H O( ) ( )+ + → ⋅

4 2 2 2 5 8 2 2Zn OH ZnCl H O Zn OH Cl H O( ) ( )+ + → ⋅
 .� (XIX)

The detection of chlorine element in the Voronoi 
scaffolds after 28 days of degradation was nearly negligible, 
whereas chlorine distribution was still observable in 
certain samples after 14 days (Figure S4). This observation 
might be attributed to the inherent instability of basic zinc 
chloride (Zn5(OH)8Cl2⋅H2O), which tended to decompose 
into zinc oxide (ZnO) under alkaline conditions and 
release Zn2+ ions under acidic conditions

	 Zn OH Cl +2OH 5ZnO+2Cl +5H O5 8 2 2( )
− −→ ,� (XX)

	 Zn OH Cl +8H 5Zn +8H O+2Cl5 8 2 2( )
+ + −→ .� (XXI)

This led to the predominant presence of chlorine 
as chloride ions in the solution.64 Moreover, since SBF 
contained buffering systems, such as bicarbonate and 
hydrogen phosphate, dissolved carbon dioxide reacted 

with OH- to form HCO3
− , contributing to the formation 

of a small amount of basic zinc carbonate precipitation

	
) ( ) ( )5 2 22 3 5 3 2 6 2Zn OH HCO H Zn CO OH +4H O+ + →− +(

) ( ) ( )5 2 22 3 5 3 2 6 2Zn OH HCO H Zn CO OH +4H O+ + →− +(
 ,� (XXII)

	
2 34

2
2 3 4 2HPO Zn OH +4H Zn PO +6H O2+− ++ →( ) ( )

2 34
2

2 3 4 2HPO Zn OH +4H Zn PO +6H O2+− ++ →( ) ( ) � (XXIII)

Therefore, the zinc-based Voronoi scaffolds degraded 
in the SBF solution to form major degradation products, 
such as ZnO, basic carbonate zinc (Zn5(CO3)2(OH)6), 
and Zn5(OH)8Cl2⋅H2O. The extensive distribution of P 
further suggested the potential formation of phosphorous 
compounds within the degradation layer. The cross-
sectional energy-dispersive X-ray spectroscopy (EDS) 
analysis revealed that the degradation products adhering 
to the strut surface were rich in zinc and oxygen, while 
calcium was mainly present in the outer regions of the 
degradation layer, farther from the strut surface.65 This 
indicated that calcium-containing compounds precipitated 
during the later stages of degradation. Additionally, with 
prolonged degradation time, these products progressively 
accumulated and spread outward, leading to the blockage 
and coverage of pores within the Voronoi scaffold  
(Figure 10e). As the seed count increased, the interconnected 
pore channels became increasingly narrower. Under the 
influence of low permeability, this facilitated further 
degradation and blockage of internal pores, hindering 
the diffusion of Zn2+ ions and their interaction with SBF, 
thereby inhibiting the overall degradation process. This 
mechanism may account for the significant reduction in 
the degradation rate observed in the V70-800 sample.

3.5. Biological activity
Alkaline phosphatase (ALP) is synthesized by osteoblasts 
and secreted into both the bone matrix and the 
bloodstream, where it serves as a key enzyme in bone 
matrix synthesis and mineralization. As shown in Figure 
S5, ALP staining was employed to evaluate the osteogenic 
differentiation potential of zinc-based Voronoi scaffolds. 
ALP expression levels increased over time across all 
scaffold groups. While variations in porosity had minimal 
impact on ALP secretion, the seed count significantly 
affected enzymatic activity. Notably, the V70-800 group 
exhibited the most intense blue staining and significantly 
higher ALP activity compared to other groups. Alizarin 
red staining (ARS) results corroborated these findings: the 
V70-800 group displayed a substantially greater number 
of mineralized nodules and the largest ARS-positive area 
(Figure 12), indicating enhanced extracellular matrix 
mineralization and calcium deposition. Concurrent cell 
proliferation assays demonstrated that the zinc-based 
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Voronoi scaffolds exhibited excellent biocompatibility 
without obvious cytotoxicity. In the experimental 
groups with high seed density, increased cell density was 
observed, along with more favorable cell morphological 
characteristics (Figure S6). Furthermore, the V70-800 
group demonstrated a significant slower degradation rate 
than other experimental groups. The sustained release of 
low concentrations of Zn²+ from this scaffold promoted 

osteogenic activity by improving enzyme function 
without disrupting intracellular metal ion homeostasis or 
inducing cytotoxicity.

To further investigate the underlying mechanism of the 
osteogenic differentiation–promoting effect of the zinc-
based Voronoi scaffolds, the V70-800 group that exhibited 
superior osteogenic activity, along with the control 

Figure 11. Morphology and elemental analysis of LPBF-printed zinc-based Voronoi scaffolds after immersion for 28 days. (a–d) Different seed counts. (e,f) 
Different porosity levels. Abbreviation: LPBF, Laser powder bed fusion.
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group and two additional experimental groups, showed 
moderately different outcomes. The mRNA expression 
levels of osteogenic-related key genes, such as type I 
collagen α1 chain (COL1), ALP, and osteocalcin (OCN), 
were quantified by means of qRT-PCR to verify and assess 
the osteoinductive capacity of the scaffolds. As illustrated 
in Figure 13, all experimental groups exhibited upregulated 
expression of COL1 and ALP at the mRNA level, with 
the V70-800 group demonstrating the most robust 
enhancement. On the day 7, the V70-800 group showed 
significantly higher expression of both COL1 and ALP 
compared to the control group, and this difference became 
more pronounced by the day 14. Notably, COL1 expression 
in the V70-800 group reached 4.5-fold that of the control 
group on the day 14. COL1 facilitated osteoblast adhesion 
and signaling through specific peptide sequences such as 
the RGD integrin-binding site and the GFOGER collagen-

binding motif, thereby activating downstream pathways 
that promoted osteogenic differentiation. The zinc-based 
Voronoi scaffolds effectively stimulated MC3T3-E1 cells to 
synthesize and secret osteogenic-related proteins. At lower 
concentrations, Zn²+ preferentially enhanced the expression 
of type I collagen α1 chain, suggesting a targeted regulatory 
role in early-stage osteogenic differentiation. In summary, 
adjusting the seed density is a critical determinant for 
endowing zinc-based Voronoi scaffolds with proliferative 
and osteoinductive functionalities.

4. Conclusion
In this study, the effects of seed count and porosity on 
the mechanical properties, mass transfer properties, 
degradation behavior, and osteogenic differentiation of 
zinc-based Voronoi scaffolds fabricated by LPBF were 
studied. The main findings are concluded as follows:

Figure 12. Osteogenic differentiation visualized with Alizarin red staining using the 10% extract of the LPBF-printed zinc-based Voronoi scaffolds: (a–g) 
On day 7. (h–n) On day 14. Abbreviation: LPBF, Laser powder bed fusion.
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The influence law of porosity and seed density 
on Voronoi mechanical properties and deformation 
mechanism was revealed. The failure and fracture of struts 
caused by the increase of aspect ratio was the main reason 
for the decrease of mechanical properties of Voronoi 
scaffold at a high porosity. The increase of seed density 
caused more random local strut damage, reduced the 
structural strength, and reduced the influence of local strut 
failure on the overall performance of the structure, so as to 
obtain higher platform stress. Reducing seed counts from 
800 to 100 increased the Voronoi scaffold failure stress by 
26.9% and decreased the plateau stress by 6.9%.

The permeability of 70% porosity Voronoi scaffolds 
with different seed counts was in the range of 6.81 × 10−9 

– 26.5 × 10−9 m2. The permeability of the V70-100 sample 
(26.5 × 10−9 m2) was 3.9 times higher than that of the V70-
800 sample (6.81 × 10−9 m2). Increasing the seed counts 
boosted the irregular fluid channel inside the Voronoi 
scaffold, allowing the fluid flow resistance to increase, 
leading to lower permeability.

The degradation rate of zinc-based Voronoi scaffold 
decreased with the increase of seed counts, and the 
degradation rate of V70-100 sample (0.157 mm/year) was 
5.8 times that of V70-800 sample (0.027 mm/year). The 
high number of seeds reduced the connected pore size 
inside the Voronoi scaffold, and the high pore density 
and low permeability caused degradation products to 
deposit more readily and block internal pores, thereby 
inhibiting Zn2+release.

The seed counts in the zinc-based Voronoi structure 
significantly affected ALP secretion, and the high number 

of seeds Voronoi scaffold positively regulates extracellular 
matrix mineralization and calcification by reducing Zn2+ 
release rate. It mainly increased the expression of COL1 and 
ALP to promote osteogenic differentiation. The expression 
level of COL1 in the V70-800 group was 4.5 times that of 
the control group. This work provides a basis for the clinical 
application of Voronoi scaffolds. However, there are still 
certain limitations, such as the lack of in vivo degradation 
experiments and long-term degradation research results.
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