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Abstract

Tantalum (Ta) holds considerable potential for clinical applications in artificial
vertebral bodies (AVBs) owing to its excellent biocompatibility. A novel Ta AVB
structure was engineered by combining thin-walled structure topology optimization
with lattice structure filling design methods. Three types of Ta AVBs—designated
as AVB-1, AVB-2, and AVB-3—were fabricated using selective laser melting. The
influence of sidewall curvature on the mechanical properties and deformation
behavior of AVBs was investigated through compression tests and finite element
analysis. The elastic modulus and yield strength of the Ta lattice structures ranged
from 1.75 to 3.21 GPa and 31 to 65 MPa, respectively. Incorporating topologically thin
walls enhanced the elastic modulus and yield strength by factors of 2.26-3.77 and
3-3.62, respectively. A decrease in sidewall curvature was associated with an increase
in both elastic modulus and yield strength of the AVBs. Specifically, as the sidewall
curvature decreased from 0.027 to 0 mm™', the elastic modulus and yield strength
increased by factors of 2.76 and 2.19, respectively. The yield strengths of the AVBs
were comparable to those of human cortical bone. Among the three designs, AVB-2
exhibited the highest yield-strength-to-elastic-modulus ratio (0.029), compared to
AVB-1and AVB-3 (0.024 and 0.019, respectively), suggesting that the optimal sidewall
curvature is 0.014 mm~". AVB-2 effectively mitigated the stress shielding effect while
maximizing the load-bearing capacity, indicating its significant potential for clinical
applications.

Keywords: Tantalum; Selective laser melting; Artificial vertebral body;
Lattice structure; Topology optimization

1. Introduction

Total en bloc spondylectomy is an effective treatment for spinal tumors and tuberculosis.
This procedure involves the complete removal of the diseased vertebral body and the
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restoration of the spinal stability through the implantation
of an artificial vertebral body (AVB).! The AVB should
possess adequate load-bearing capacity and good
osseointegration, with an elastic modulus that closely
matches that of human bone to avoid stress shielding.’
Research aimed at enhancing the performance of AVBs
has focused on innovations in materials and optimized
structural designs.*”

Current studies have shown that titanium (Ti)
and its alloys,® polyetheretherketone (PEEK),”° and
hydroxyapatite (HA)'" are potential materials for use in
AVBs. Although PEEK has an elastic modulus close to
that of human bone, it suffers from limited load-bearing
capacity and poor bioactivity, factors that have become
bottlenecks in its application.”” In contrast, HA exhibits
excellent biocompatibility, but its low fracture toughness
limits its use in this field."? To address the limitations
associated with the performance of single materials,
researchers have attempted to develop composites based
on polymers or HA.®"

Owing to their excellent mechanical stability and
bioactivity, Ti and its alloys are widely used in bone
implants such as hip and knee replacements, dental
implants, spinal implants, and cranial defect repairs.*'¢
Compared to PEEK and HA, Ti alloys exhibit superior
load-bearing capacities, making them more suitable for
applications in load-bearing parts of the human body."”'®
As aresult, Ti alloys have become mainstream materials for
the clinical application of AVBs. Furthermore, traditional
Ti alloy cages (Ti cages) have been widely adopted for the
clinical treatment of spinal diseases." '

Tantalum (Ta), a transition metal, demonstrates notable
physical properties, including a high density (16.68 g/
cm’) and a high melting point (2996 °C). In addition to its
reliable mechanical properties, Ta demonstrates superior
bioactivity, corrosion resistance, and fracture toughness
compared with Ti alloys,”?* thereby significantly
enhancing the osseointegration of bone implants. Tantalum
pentoxide (Ta,0,) films, which form readily on the surface
of Ta metal, offer excellent corrosion resistance and
osteoinductive function.” Therefore, Ta has great potential
for applications in AVBs.? Unfortunately, the elastic moduli
of solid Ta (186 GPa) and Ti (110 GPa) considerably exceed
that of human bone (0.022-21 GPa),” leading to stress
shielding of the vertebrae and poor integration of the AVB
with the surrounding bone tissue.?® By utilizing topology
optimization and lattice design, the elastic modulus of the
Ta AVB can be substantially decreased, enabling better
matching with that of human bone.”

The lattice structure was fabricated by a periodic
arrangement of multiple identical unit cells. Thanks to

their superior specific strength and specific stiffness
relative to solid materials, lattice structures have garnered
significant attention for applications in lightweight design,
energy absorption, and biomedicine.®”" Moreover, the
interconnected open pores within the lattice structure
facilitate the ingrowth of cells and blood vessels, thereby
significantly improving the osseointegration of bone
implants.**¢ Therefore, incorporating lattice structures
into the Ta AVB substantially reduces its elastic modulus
and improves its biocompatibility. Chen et al.”” designed
a Ta density-gradient lattice structure. The elastic moduli
of these lattice structures ranged from 0.22 to 0.89 GPa,
which is similar to that of human cancellous bone. Song
and colleagues® proposed gyroid porous Ta structures
with radially graded porosity. Compression tests showed
that the porous Ta structures had a minimum elastic
modulus of 0.6 GPa. Ni et al.* compared the fatigue
performance of a triple periodic minimal surface (TPMS)
and rhombic dodecahedron Ta lattice structures. The
TPMS structure exhibited higher fatigue resistance than
the rhombic dodecahedron and has the potential for use in
load-bearing bone implants.

Topology optimization design identifies the optimal
force transfer paths and structural morphology by adjusting
the distribution of materials within the design domain.
This approach reduces material usage while improving
the structural mechanical properties.*” When applied to
the structural optimization of bone implants, this design
methodology enables regulation of overall stiffness,"
achieving an optimal balance between maximizing load-
carrying capacity and minimizing stress shielding by
tailoring the mechanical properties of the implant.*>*
Kok and colleagues* applied topology optimization to
the internal structure of dental implants and reported a
30% reduction in stress shielding compared to standard
implants. Peng et al.** implemented topology optimization
in the fixation system of a mandibular implant, resulting in
improved mechanical stability. In their work on interbody
fusion cages, Smit and colleagues® incorporated the
structural response of adjacent bone into the topology
optimization process, significantly reducing the risk of
cage subsidence.

Owing to significant advancements in metal additive
manufacturing processes, the preparation of customized
bone implants featuring complex structures has become
feasible. Selective laser melting (SLM), a representative
metal additive manufacturing technology, is characterized
by high resolution and high energy input, enabled
by precise laser control. This capability makes SLM
particularly suitable for producing fine and complex
structures, such as lattices and topological configurations,
even with high-melting-point materials like Ta.*** Wang
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et al*® fabricated trabecular Ta specimens using laser
powder bed fusion (LPBF) and investigated the effects
of annealing temperature and oxygen content on their
mechanical properties. Qin and colleagues®” performed
hot isostatic pressing to LPBF-printed TPMS porous Ta,
significantly improving its compressive strength without
compromising plasticity. Functional gradient Ta lattice
structures developed by Chen et al.”” using LPBF exhibited
excellent manufacturability, with a porosity deviation of
less than 5.13%.

Extensive research has been conducted on the optimal
design of spinal implant structures. However, there
remains a notable lack of studies focused on optimizing the
overall architecture of AVBs to minimize stress shielding
while maximizing load-bearing capacity. Moreover,
investigations into the mechanical properties of SLM-
fabricated Ta AVBs are limited, especially in comparison
with polymer- and Ti alloy-based spinal implants.

In this study, novel Ta AVBs were developed by
integrating topology optimization and lattice structure
design methods and fabricated using SLM. The influence

of sidewall curvature on the mechanical properties and
deformation behavior of these AVBs was investigated
through compression tests and finite element analysis.
The objective was to optimize AVB’s overall structure to
effectively reduce the stress shielding effect, enhance load-
bearing functionality, and align its mechanical properties
with those of the human cortical bone. This study aimed
to develop a novel Ta AVB with the potential to enhance
osseointegration and mitigate the risk of bone resorption
in cervical fusion segments and degenerative diseases in
the adjacent segments. The logical flow of the introduction
section of the article is shown in Figure 1.

2. Materials and methods

2.1. Design method

The Ta AVB was designed to imitate human vertebrae
and is composed of a thin-walled and lattice structure,
as shown in Figure 2. The height of the AVB was set at
24 mm, and the end face was designed to be elliptical,
with a long diameter of 16 mm and a short diameter of
12.6 mm. The thin-walled structure functioned similarly to
the cortical bone of the human vertebrae and was used to
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Figure 1. Logical flow of Introduction section. Abbreviations: HA: Hydroxyapatite; PEEK: Polyetheretherketone; Ta: Tantalum; TES: Total en bloc

spondylectomy; Ti: Titanium.
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Figure 2. Schematic representation of thin-walled structure topology optimization, lattice structure filling, and artificial vertebral body model design.
Abbreviations: a: Long diameter; AVB: Artificial vertebral body; b: Short diameter; h: Height; LS: Lattice structure; R: Radius of curvature; t: Thickness;
TTS: Topological thin-walled structure.

enhance load-bearing capacity. Thin walls were designed E-E + f( P )x( E _E ) @M
i min i 0 min
with pores to provide channels for cell migration, blood

vessel growth, and bone tissue formation. To maximize
where E, is the elastic modulus of the i-th element, E__ is

the minimum elastic modulus, f(p,) is the penalty function,
and E, is the elastic modulus of the initial design domain.

the load-bearing performance of thin walls with pores, a
topology optimization design of the thin-walled structure
was carried out in this study.

A solid isotropic material with penalization (SIMP)
model was used to optimize the load transfer path and
material distribution in the thin-walled structures. The
penalty function for the SIMP interpolation model is

Common methods used for topology optimization of
continuum structures include homogenization, variable
density, evolutionary structural optimization, level set, and

independent continuous mapping (ICM) methods. The expressed as:

variable density method considers continuum structures

to consist of elements with variable densities. The element o

densities vary in the range [0, 1], which transforms the f(P,»)— pi (0
material distribution into a [0, 1] integer programming. An

element density of zero indicates that the material at that where p, is the density of the i-th element and P is the
location can be discarded, while a density of one indicates penalty factor.

that the material should be retained. Intermediate densities The optimization aims to minimize structural
are brought closer to zero or one by introducing a penalty compliance under specific boundary conditions and
factor. The relationship between the element density and volume constraints. The mathematical model for topology
elastic modulus is defined as follows: optimization is as follows™:
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where p is the density of the element, C is compliance,
U is the global displacement vector, K is the global stiffness
matrix, n is the number of elements, u, is the element
displacement vector, k, is the element stiffness matrix for
unit Young’s modulus, E_is the stiffness of the material,
p is the penalization factor, V and V, are the material
volume and the design domain volume, respectively, f is
the prescribed volume fraction, and p, , is the minimum
element density.

Altair OptiStruct™ software (Altair Engineering Inc.,
USA) was used for the topology optimization design of the
thin-walled model. The mesh type was tetrahedral, and
the mesh size was set to 0.5 mm. The material properties
of Ta were assigned to the mesh elements, with an elastic
modulus of 186 GPa, a Poisson’s ratio of 0.35, and a density
of 16.6 g/cm’. The boundary conditions were defined such
that the bottom surface of the thin-walled model was
fully constrained and a pressure of 2 MPa was applied to
the top surface. The topology optimization parameters
were set to a minimum size of 0.5 and a maximum size
of 1. The prescribed volume fraction, penalization factor,
and minimum element density were set to 0.3, 3, and
0.01, respectively.

The key design parameters affecting the mechanical
properties of thin-walled structures are wall thickness
and sidewall curvature. While it is evident that increasing
wall thickness enhances load-bearing capacity, sidewall
curvature has more complex effects on the mechanical
properties of both the thin-walled structure and its internal
lattice. Furthermore, an excessively thick outer wall can
hinder the inward growth of bone tissue and reduce the
fusion rate of the AVBs. This study focused on evaluating
the effect of sidewall curvature on the mechanical properties
of AVBs with a wall thickness of 1 mm. As shown in
Figure 2, three topological thin-walled structures, named
TTS-1, TTS-2, and TTS-3, were designed with sidewall
curvatures of 0.027, 0.014, and 0 mm !, respectively.

The interior of the topological thin-walled structure
imitated the cancellous bone and was designed as
an interconnected porous architecture to enhance
osseointegration and promote nutrient transport. The
lattice structure was constructed through a periodic

arrangement of identical unit cells. A strut is the basic
component of a strut-based unit cell and plays a crucial
role in determining its mechanical properties. The elastic
moduli of unit cells with straight struts can be obtained
using the Euler-Bernoulli and Timoshenko beam
theories.”" Based on the Euler-Bernoulli beam theory, the
strut displacement along the z-axis under compression is
given by:

_ FPcos’0 . Flsin*0
" 12EI = EA (V)

where F is the force on the strut, 0 is the angle between
the strut and the horizontal axis, A is the cross-sectional
area of the strut, and I is the moment of inertia, defined as
I = nd'/64.

In addition to the strut deformation caused by axial
loads and bending moments, the Timoshenko beam
theory also considers the strut shear deformation. The strut
displacement along the z-axis can be calculated as follows:

3 2 .2 2
5, = Fl’cos™0 N Flsin“0 . Flcos“0 V)
12E]  EA  KAG,

where « is the shear coefficient factor, and G is the
shear modulus of the parent material.

The displacement of the unit cell (,,.,) can be obtained
by accumulating strut displacements. Therefore, the strain

in the unit cell can be expressed as follows:

1)
Cucz = % (VD)

where h is the height of the unit cell.

According to Hooke’s law, the elastic modulus of a unit
cell can be calculated as follows:

o
Eye, = 2 (VII)

EUC,Z

where 0, is the stress of the unit cell along the z-axis.

According to the elastic—plastic cellular solid model
proposed by Gibson and Ashby,** the plastic collapse
stress of the lattice structure under compression can be
calculated as:
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* 2
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Y ) VIII
c ( 1) 2cos’ (VI

ys

where o _is the yield strength of the parent material.

Opverall, the design parameters of the struts, such as
the ratio of strut diameter to length (d/1), the inclination
angle of the strut (), and the number of struts (s), have
significant effects on the elastic modulus and yield strength
of the lattice structures. In our previous study, compared to
the conventional body-centered cubic lattice structure, the
imitation saddle surface (ISS) featured more slightly angled
inclined struts, a greater number of struts and nodes, and
a higher strut diameter-to-length ratio. According to our
previous results,”® the ISS lattice structure exhibited a
higher yield-stress-to-elastic-modulus ratio than the body-
centered cubic lattice, effectively reducing the risk of stress
shielding. Therefore, the ISS lattice structure was selected
to fill the interior of the AVB.

Three lattice structures, named LS-1, LS-2, and LS-3,
were generated through Boolean operations. Their sidewall
curvatures were 0.027, 0.014, and 0 mm™', respectively.
AVBs with the same corresponding sidewall curvatures
named AVB-1, AVB-2, and AVB-3 were obtained by
assembling topological thin-walled structures with lattice
structures, as shown in Figure 2. Due to the small overall
size of the AVB, a large sidewall curvature resulted in too
few unit cells in the central region. Therefore, the maximum
sidewall curvature was set at 0.027 mm™ to ensure the
stability of the lattice structure during compression.

Previous studies have indicated that bone implants with
porosities between 0.6 and 0.8 are favorable for cell and bone
tissue growth.”>*** The porosity of the lattice structures
(LS-1, LS-2, and LS-3) and the AVBs (AVB-1, AVB-2, and
AVB-3) were designed to be 74% and 70%, respectively.
The design and actual parameters of the Ta AVB and lattice
structure specimens are presented in Table 1.

2.2. Specimen fabrication

Spherical pure Ta powder was used to fabricate the lattice
structure and AVB specimens. As shown in Figure 3, the
powder particle size distribution was D10 = 20.19 um,
D50 = 33.13 pum, and D90 = 52.37 um. The chemical
composition of the powder is listed in Table 2.

An SLM metal three-dimensional 3D printer
(DiMetal-100 Pro; LASERADD, China) was employed to
fabricate the Ta lattice structure and AVB specimens. The
SLM printing parameters are provided in Table 3. Due to
the small strut diameter (0.34 mm) and wall thickness (1
mm), the layer thickness was set to 0.03 mm to ensure
high molding precision. The optimal process parameters
of 350 W laser power, 650 mm/s scanning speed, and 0.08
mm hatch distance significantly improved the stability
and fluidity of the Ta molten pool, reduced the number of
defects, and resulted in Ta specimens with densities greater
than 99.9%. An interlayer rotation angle of 67° was used
to reduce anisotropy. The specimens were fabricated in a
closed chamber under high-purity argon gas (99.9999%) to
prevent oxidation. Post-processing included sandblasting
and ultrasonic cleaning to remove residual powder
particles from the printed Ta AVB specimens.

2.3. Morphological characterization
The dry weighing method was adopted to measure the
porosity of the specimens, as follows:

my

PV,

p=1- (IX)

where m is the mass of the specimen, p, is the theoretical
density of Ta, and V is the volume of the specimen.

The surface morphology and feature size of the
specimens were measured using an ultra-depth microscope
(VHX-6000; KEYENCE, Japan). As shown in Table 1, the
porosities of the AVB-1, AVB-2, and AVB-3 specimens

Table 1. Design and actual values of selective laser melting-tantalum AVB and LS

Specimens Porosity (%) Thin-walled thickness (mm) Lattice structure diameter (mm)
Design Actual Design Actual Design Actual
AVB-1 70 71 1 0.98 0.34 0.35
AVB-2 70 69 1 1.02 0.34 0.36
AVB-3 70 69 1 1.04 0.34 0.35
LS-1 74 75 / / 0.34 0.34
LS-2 74 75 / / 0.34 0.35
LS-3 74 74 / / 0.34 0.35

Abbreviations: LS: Lattice structure; AVB: Artificial vertebral body.
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Figure 3. Microstructure (A) and particle size distribution (B) of spherical pure tantalum powder particles used in selective laser melting. Magnification

= 500x; scale bar = 100 pm.

Table 2. Chemical composition of the tantalum powder

Elements o N C H Nb Mo
(wt%) 0.021 0.0018 0.0009 0.001 0.001 0.010
Ti Si Fe Ni w Ta
0.0013 0.0018 0.0018 0.001 0.009 99.95

Abbreviations: C: Carbon; Fe: Ferrum; H: Hydrogen; Mo: Molybdenum; N: Nitrogen; Nb: Niobium; Ni: Nickel; O: Oxygen; Si: Silicon; Ta: Tantalum; Ti:

Titanium; W: Tungsten.

Table 3. Selective laser melting printing parameters

Parameters Value
Scanning speed 650 mm/s
Laser power 350 W
Layer thickness 0.03 mm
Hatch distance 0.08 mm
Rotation between layers 67°

were within the range of 69%-71%, which was close to the
design value of 70%. The porosities of specimens LS-1, LS-
2, and LS-3 ranged from 74% to 75%, which was similar to
the design value of 74%. The deviations in the actual values
of the wall thickness and strut diameter from the design
values were less than 10%.

The microscopic morphologies of the AVB specimens
are illustrated in Figure 4. The surface and cross-section
of the specimens were free of cracks, pores, and unfused
defects. A small number of incompletely melted Ta
powder particles adhered to the surface of the specimens,

which caused a slight deviation in the printing and
design dimensions.

2.4. Compression testing

A mechanical universal testing machine (E44 304, MTS,
USA) was used to conduct the compressive tests on the
specimens. The compression direction was parallel to the
specimen building orientation. The loading rate was set to
1 mm/min according to ISO 13314: 2011. A video camera
was used to record the deformation of the specimens
during compression. The test was terminated when the
compression process reached the densification stage. Stress
(o) and strain (&) can be calculated as follows:

*

F
o' —
A

S

X)
)

£=—

H

where F is the loading force, A, is the area of the

specimen’s end face, and H is the height of the specimen.
The elastic modulus (E") of the specimen was obtained
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AVB-1

AVB-2

AVB-3

Cross-section

Figure 4. Surface and cross-sectional micromorphologies of tantalum AVBs prepared using selective laser melting. Magnification = 200x; scale bar = 300

pm. Abbreviation: AVB: Artificial vertebral body.

by calculating the slope of the linear elastic phase in the
stress—strain curve. The compressive 0.2% offset stress was
defined as the yield strength (o).

2.5. Finite element analysis

Altair SimSolid (Altair Engineering Inc., USA) was
used to simulate the compression of the specimens.
SimSolid is a meshless structural analysis software that
significantly improves the efficiency of the analysis. The
SimSolid computational engine is based on breakthrough
extensions of the theory of external approximations, which
is an extension of the finite element method. SimSolid
can perform the same analyses as other commonly used
finite element analysis tools.”® Previous studies have
demonstrated the feasibility and accuracy of SimSolid for
analyzing the mechanical properties of bone implants.**’

The finite element model consisted of an upper
compression plate, the AVB, and a lower compression plate.
The AVB model was placed at the center of the upper and
lower plates, as shown in Figure 5. The material properties

of Ta were assigned to the AVB model, with an elastic
modulus of 186 GPa, Poisson’s ratio of 0.35, and a density
of 16.6 g/cm’. The contact conditions between the AVB
and plates were set as bonded. The boundary condition
specified that the bottom surface of the lower plate was
fully constrained, and a displacement along the negative
direction of the z-axis was applied to the top surface of
the upper plate. The sides of the AVB were assigned free
boundary conditions. The solution settings and structural
analysis were configured to accommodate both stress and
material nonlinearity, respectively.

3. Results

3.1. Mechanical properties

The stress-strain curves of typical porous structures,
Ta lattice structures, and AVBs under compression are
shown in Figure 6. The stress—strain curve can be divided
into three phases: linear elastic, plastic deformation, and
densification. In the linear elastic phase, stress increases
linearly with strain, and the specimen deforms elastically.
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SIMSOLID

Figure 5. Finite element modeling of the compression process of a tantalum artificial vertebral body.

Upon reaching the yield strength, the specimen enters the
plastic deformation phase.

As shown in Figure 6B, during the plastic deformation
phase, the stress—strain curves of LS-1, LS-2, and LS-3 are
generally smooth, with stress drops observed in regions
@, @, and @ In Figure 6C, the stress-strain curve for
AVB-1 is smooth, while AVB-2 displays stress oscillations
in regions (1) and (2). AVB-3 shows a significant decrease
in stress after yielding (region (3)), but no further stress
oscillations occurred during subsequent compression.

The yield strength determines the load-bearing
capacity of the AVB, and the elastic modulus dictates its
stress-shielding effect from the surrounding bone tissue.
Therefore, a higher yield-strength-to-elastic-modulus ratio
of the AVB indicates better load-bearing performance
while reducing the stress shielding effect. The yield-
strength-to-elastic-modulus ratio is calculated as follows:

_ Yield strength oy (MPa)
Elastic modulus E’ (MPa)

(XI)

The elastic modulus, yield strength, and yield-strength-
to-elastic-modulus ratio for the Ta lattice structure are
shown in Figure 7. The elastic moduli of the LS-1, LS-2,
and LS-3 were 1.75, 2.39, and 3.21 GPa, respectively, with
yield strengths of 31, 51, and 65 MPa. Despite similar
porosities, their elastic moduli and yield strengths varied
significantly. This indicates that sidewall curvature has
a significant effect on the mechanical properties of the
lattice structure. The elastic modulus and yield strength

of the lattice structure increased as the sidewall curvature
decreased. The yield-strength-to-elastic-modulus ratios for
LS-2 and LS-3 (0.021 and 0.02, respectively) were higher
than those of LS-1 (0.018).

The elastic modulus, yield strength, and yield-strength-
to-elastic-modulus ratios of the Ta AVBs are shown
in Figure 8. The elastic moduli of AVB-1, AVB-2, and
AVB-3 were 4.38, 5.32, and 12.1 GPa, respectively, with
yield strengths of 107, 153, and 235 MPa, respectively.
Compared to LS-1, LS-2, and LS-3, AVB-1, AVB-2, and
AVB-3 exhibited substantially higher elastic moduli
and yield strengths. This indicates that the topological
thin-walled structure can significantly improve the load-
bearing capacity of the lattice structure. Similar to the
lattice structures, reducing the sidewall curvature of
AVBs could enhance their load-bearing capacity. AVB-
2 had the highest vyield-strength-to-elastic-modulus
ratio (0.029), which was significantly higher than that of
AVB-1 and AVB-3 (0.024 and 0.019, respectively). Zhang
et al.”® successfully fabricated a Ti6Al4V AVB featuring a
dual-graded lattice structure using SLM. The dual-grade
porous AVB exhibited an elastic modulus of 2631.1 MPa
and a yield strength of 53.13 MPa. Notably, the yield-
strength-to-elastic-modulus ratio of 0.020 for this artificial
vertebra closely resembles that of AVB-3. In contrast, the
solid PEEK artificial vertebrae, developed by Wang and
colleagues™ using fused deposition modeling, achieved a
yield strength of 94 MPa. Furthermore, the yield strengths
of the diamond-lattice PEEK and PEEK/carbon-fiber
cages with 48% porosity, as designed by Zhang et al,®
were 162 and 118 MPa, respectively, approximating the
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compression: (A) elastic—plastic porous structure model, (B) tantalum lattice structures, and (C) tantalum artificial vertebral bodies. Abbreviations: LS:

Lattice structure; AVB: Artificial vertebral body.

yield strength of human cortical bone. The Ti6Al4V
multi-segment AVB, fabricated by Kang and colleagues,’
demonstrated a maximum compressive load capacity of
72.72 kN, significantly surpassing that of AVB-1, AVB-2,
and AVB-3. This enhanced performance is attributed to
its thin-wall thickness of 1.5 mm, which is considerably
greater than the 0.5-1.0 mm thickness employed in this
study.

3.2. Deformation and failure behavior

The deformation behaviors of LS-1, LS-2, and LS-3 under
different strains during the compression tests are shown
in Figures 9-11. The Ta lattice structures (LS-1, LS-2,
and LS-3) were composed of periodically arranged ISS
unit cells. An inclined strut is an essential component
of the ISS unit cell. Under external loading, the inclined
struts underwent bending deformation caused by bending

moments and formed plastic hinges near the nodes,
leading the lattice structure to collapse. The unit cells in
the middle of the LS-1 and LS-2 specimens deformed first,
and their orientations were not inclined. LS-3 maintained
a uniform deformation in the XOZ plane, and an X-shaped
shear band appeared in the YOZ plane. The unit cells
within the shear band deformed first, and the orientations
of the peripheral unit cells in the specimen were inclined.
Specimens LS-1, LS-2, and LS-3 exhibited varying degrees
of expansion during compression, with LS-3 exhibiting the
most pronounced expansion.

The deformation behaviors of the AVB-1, AVB-2, and
AVB-3 with different strains are shown in Figures 12-14.
The deformation behaviors of the Ta AVBs were determined
by the deformation of the topological thin-walled and
lattice structures, as well as the interaction between them.
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As shown in Figure 12, the topological thin-wall of AVB-
1 exhibited “S”- and “C”-shaped bending deformations in
the XOZ and YOZ planes, respectively. Similarly, AVB-2
underwent “C”-shaped bending deformation in both the
XOZ and YOZ planes (Figure 13). In areas (1) and 2) of
Figure 14, the topological thin wall of AVB-3 buckled in
the XOZ and YOZ planes, unlike AVB-1 and AVB-2.

The finite-element simulation results of the compression
process for the lattice structures and AVB specimens are
shown in Figures 15 and 16, respectively. The deformation
modes of the lattice structures and AVBs predicted by finite
element simulation were consistent with the experimental
outcomes. As shown in Figure 15, LS-1 exhibited instability
due to larger sidewall curvature and fewer unit cells in the
middle, compared to LS-2 and LS-3. The von Mises stress
was concentrated in the middle of LS-1 and LS-2, while
no significant stress concentration was observed in LS-3.
Figure 16 shows that the main struts of the topologically
thin walls in AVB-1 and AVB-2 underwent bending
deformation, whereas those in AVB-3 underwent buckling
deformation, in agreement with the test results. Significant
stress concentrations were revealed in the regions with the
most severe deformations of the topologically thin wall and
lattice structure. In the YOZ plane, the topologically thin

walls and lattice structures of AVB-1, AVB-2, and AVB-
3 deformed in the same direction. This indicates that the
interaction forces between the topological thin-walled and
lattice structures have a significant effect on the mechanical
properties and deformation behavior of the AVB.

4, Discussion

The main factors determining the stress—strain response of
the Ta lattice structure and AVB are material properties,
structure type, and deformation mode. The stress—strain
curves of LS-1, LS-2, and LS-3 were smooth in the plastic
deformation stage without obvious stress oscillations due
to the toughness of Ta and the bending-dominated nature
of ISS.”* During compression of the lattice structures,
individual incomplete unit cell positions tended to fill in
adjacent voids, resulting in stress reduction in regions (1),
(2), and (3) of the stress—strain curves for LS-1, LS-2, and
LS-3 (Figure 6B).

TTS-1 and TTS-2 had sidewall curvatures of 0.027
and 0.014 mm™!, respectively, and underwent bending
deformation during compression. Meanwhile, LS-1 and
LS-2 were bending-dominant lattice structures. Therefore,
AVB-1 and AVB-2 belong to the bending-dominated type
of porous structure, and their stress-strain curves were
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strains. Abbreviation: AVB: Artificial vertebral body.

Volume 11 Issue 4 (2025) 178 doi: 10.36922/1JB025150133


https://doi.org/10.36922/IJB025150133

International Journal of Bioprinting

Design of SLM-Ta artificial vertebral body

e=0%

PR R

L)
L)
L)
1.9
+9
9
L)
v
A
L)
L)
L)

e=5%
. e : e V

e=10%

e

e=20%

Figure 14. Deformation behavior and failure characteristics of the tantalum AVB-3 in the XOZ and YOZ observation planes at 0%, 5%, 10%, and 20%
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smooth overall in the plastic deformation stage without
stress oscillation, as shown in Figure 6C. Regions (1)
and (2) in the stress—strain curve of AVB-2 correspond
to the plastic deformation of the topologically thin wall.
The stress reduction in region (1) was attributed to the
topological thin wall peeling off from the internal lattice
structure. As the strain increased, the topologically thin
wall fractured at the location with the greatest degree of
bending, causing a stress reduction in region (2).

The topological thin-walled structure of AVB-3
consisted of vertical struts, which were stretching-
dominated. The lattice structure consisted of ISS unit
cells, which were bending-dominated. Therefore, the
stress—strain curve of AVB-3 combines the characteristics
of stretching-dominated and bending-dominated porous
structures. The buckling deformation of the topologically
thin wall, its separation from the lattice structure, and
subsequent fracture significantly reduced the stress
during the plastic deformation phase (region (3)). After
the fracture of the topologically thin wall of AVB-3, the
bending-dominated lattice structures became the main
load-bearing components. As a result, the subsequent
compression process yielded smooth curves without stress

oscillations until the sample was densified, as exhibited in
Figure 6C.

When the unit cells fill the limited space and form lattice
structures with varying sidewall curvatures, maintaining
the same porosity for LS-1, LS-2, and LS-3 requires
sacrificing the integrity of some unit cells. Consequently,
these compromised unit cells cannot fully exhibit their
load-bearing capabilities. Reducing the sidewall curvatures
of the solid model results in an increase in the filling space,
thereby enhancing the number of unit cells within the
lattice structure. The number of intact unit cells in LS-1, LS-
2, and LS-3 was 117, 195, and 247, respectively. Therefore,
as depicted in Figure 7, LS-3 exhibited the highest yield
strength and elastic modulus.

The sidewall struts of TTS-1 and TTS-2 were bending-
dominant. As the sidewall curvature increased, the angle
between the struts and the horizontal decreased, leading
to a reduction in both strength and elastic modulus. When
the sidewall curvature was zero, the thin wall of TTS-3
consisted of vertical struts with stretching-dominated
mechanical properties, which significantly enhanced the
load-bearing capacity of the AVB. However, the sidewall
curvature had a different effect on the forces between the
lattice and topological thin-walled structures.
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The absence of horizontal orientation constraints
caused the lattice structure to expand outward during
compression. The force and deformation characteristics
of topological thin-walled and artificial vertebral samples
during compression are displayed in Figure 17. The
topological thin-walled structures of AVB-1 and AVB-
2 featured specific sidewall curvatures, which led to the
formation of plastic hinges at the center of the sidewall
under compression. The inward bending of the topological
thin-walled structure created an interaction force with
the outwardly expanding lattice structure, as shown in
Figure 17. In other words, the topological thin-walled
structure restricted the inclination of the peripheral unit
cells of the lattice structure, imposing horizontal constraints
on the internal lattice and inhibiting its outward expansion.
The interaction force between the topological thin-walled
and lattice structures in AVB-1 and AVB-2 enhanced both
the elastic modulus and the yield strength of the AVB. An
increase in sidewall curvature led to a higher interaction
force, thereby enhancing the load-bearing capacity of
the AVB.

The topologically thin wall of AVB-3 consisted of
vertical struts with zero sidewall curvature. As depicted in
Figure 17, the outward expansion of the lattice structures
provided a source of perturbation for vertical strut buckling

during compression. This accelerated the buckling
deformation of the vertical struts, thereby reducing the
load-bearing capacity of the AVB. Therefore, sidewall
curvature had different effects on the elastic modulus and
yield strength of the AVB. The focus of this study was to
regulate sidewall curvature to develop an AVB exhibiting
optimal mechanical properties.

After implantation, the AVB was osseointegrated
with the upper and lower cervical vertebral segments,
thereby performing a load-bearing function and restoring
intervertebral height. An AVB requires adequate yield
strength, and its elastic modulus should closely match that
of human bone. This reduces the risk of stress shielding and
promotes osseointegration. The elastic modulus and yield
strength of human cortical bone range from 7.7 to 21.8
GPa and 103 to 222 MPa, respectively.”” The yield strengths
of AVB-1, AVB-2, and AVB-3 were within the range of
human cortical bone yield strength. This demonstrated
that the load-bearing capacities of AVB-1, AVB-2, and
AVB-3 met the requirements for the replacement of
diseased vertebrae. As exhibited in Figure 8, compared
to AVB-1 and AVB-3, AVB-2 exhibited the highest yield-
strength-to-elastic-modulus ratio. This design effectively
reduced the stress shielding effect while maximizing the
load-bearing function.
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Figure 17. Schematic representation of the force and deformation characteristics of TTSs and AVBs. Abbreviations: AVB: Artificial vertebral body; TTS:

Topologically thin-walled structure.
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The topological thin-walled TTS-3 consisted of vertical
struts that significantly enhanced the elastic modulus
and yield strength of AVB-3. However, owing to TTS-
3’s insufficient constraint on the expansion deformation
of the lattice structure during compression, the vertical
struts buckled, and the thin-walled structure exhibited
premature yielding (Figure 17). This resulted in the lowest
yield-strength-to-elastic-modulus ratio of AVB-3. Because
the sidewall curvature of the topologically thin wall in
AVB-1 was larger than that in AVB-2, the interaction force
between the topologically thin wall and the lattice structure
in AVB-1 was greater than that in AVB-2. This interaction
force exerted a more pronounced enhancement on the
elastic modulus than on the yield strength. Therefore, as
shown in Figure 8, the yield-strength-to-elastic-modulus
ratios of AVB-2 were higher than those of AVB-1. AVB-
2, with a sidewall curvature of 0.014 mm™', has potential
for clinical application because it can meet the daily load-
bearing requirements of the human cervical spine while
reducing the risk of stress shielding.

Ti mesh is widely used in the clinical treatment of
spinal tumors owing to its simple structure. Although Ti
mesh is effective for spinal reconstruction, it is poorly
adapted to vertebral bone in terms of size, shape, and
mechanical properties, which seriously affects the
therapeutic effect. Surgeons need to cut the Ti mesh
size on-site according to the patient’s intervertebral
height during the surgery, resulting in an increase in
surgical time and difficulty. The shape of the end face
of the Ti mesh cannot match the curvature of the end
plate, leading to stress concentration at the contact
surface between the Ti mesh and the end plate, thereby
increasing the risk of subsidence. Moreover, the Ti mesh
has an insufficient load-bearing capacity, and most of the
load is carried by the fixation system, which produces
stress shielding of the contacted vertebrae, resulting
in bone resorption and stress collapse. According to
clinical reports, there are still a large number of cases of
poor osseointegration, inadequate immediate and long-
term stability, and short in vivo survival cycles after Ti
mesh implantation.?"¢"¢2

In this study, the Ta artificial vertebra was custom-
designed based on the shape and anatomical dimensions
of the vertebrae of a specific patient. The height of the AVB
remained the same as the intervertebral height, avoiding
on-site adjustment and reducing the difficulty of surgery.
The upper and lower end faces of the customized artificial
vertebrae can be accurately fitted to the endplate, thereby
reducing stress concentration at the contact interface
and lowering the risk of subsidence. Meanwhile, AVB-2
exhibited the highest yield-strength-to-elastic-modulus
ratio, which could prevent excessive load transfer along

the fixation system and reduce the stress shielding effect.
Therefore, AVB-2 has a lower risk of subsidence than
conventional Ti mesh in clinical applications.

The deformation behavior of AVBs was closely related
to their mechanical properties. The sidewall curvatures of
the LS-1 and LS-2 specimens were 0.027 and 0.014 mm™,
respectively, resulting in a reduced number of intact unit
cells in the central region compared with the upper and
lower sections of the specimens. This explains why the unit
cells in the middle of specimens LS-1 and LS-2 deformed
first during compression, as depicted in Figures 9 and 10.
The reason for the appearance of the shear band in the
YOZ plane of the LS-3 specimen (Figure 11) was that the
maximum shear stress formed at an angle of 45° to the
axial compression direction. The unit cells in this shear
band deformed first. The asymmetry of the ISS unit cell
prevented the formation of a shear band in the XOZ plane
of the LS-3 specimen.

In the Ta AVB specimen, the material density
distribution of the topologically thin wall significantly
influenced its deformation behavior. During the load
transfer process, the area with the highest material
density in the topological thin wall exhibited the highest
load-carrying capacity and lowest deformation tendency.
In contrast, areas with lower material density showed
diminished load-carrying capacity and a tendency to yield
prematurely. As shown in Figures 12 and 13, along the
z-axis direction of the specimens, the material densities in
regions (1) and (2) of the topologically thin walls in AVB-1
and AVB-2 varied. The material density in the upper part
of these regions was greater than that in the lower part.
Consequently, plastic hinges formed first in these regions,
resulting in bending deformation.

The topologically thin walls of the AVB-3 specimen
experienced failure as a result of plastic deformation
in regions (1) and (2), as displayed in Figure 14. The
topologically thin wall of AVB-3 comprised vertical struts
and exhibited no variation in material density in regions
(D and (2). Under compressive loading, the internal lattice
expanded outward, acting as a perturbation source for
vertical strut buckling and accelerating the instability of
the topologically thin wall (Figure 17).

As exhibited in Figure 16, the finite element results
indicated that the stress concentrations were localized
in areas with alternating material densities within the
topologically thin walls of AVB-1 and AVB-2 (regions
(D and (2)). AVB-3 displayed pronounced stress
concentrations at locations where the vertical struts
buckled. This stress accumulation initially caused the
structure in these areas to deform.
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5. Conclusion

Novel AVB models were designed through topology
optimization, and Ta AVBs were successfully manufactured
using the SLM process. The effects of sidewall curvature on
the mechanical properties and deformation mechanisms
of the Ta AVB were investigated using compression tests
and finite element analysis. The conclusions are as follows.

The elastic modulus and yield strength of the Ta lattice
structures ranged from 1.75 to 3.21 GPa and 31 to 65 MPa,
respectively. With the addition of topologically thin walls,
the elastic modulus and yield strength were enhanced by
factors of 2.26-3.77 and 3-3.62, respectively. Topological
thin-walled structures can significantly increase the load-
bearing capacity of the lattice structures.

As the sidewall curvature decreased, the elastic
modulus and yield strength of the AVB increased. When
the sidewall curvature decreased from 0.027 to 0 mm™', the
elastic modulus and yield strength of the Ta AVB increased
by factors of 2.76 and 2.19, respectively.

The yield strengths of the Ta AVBs (ranging from 107
to 235 MPa) were similar to those of the human cortical
bone (103-222 MPa). AVB-2 exhibited the highest yield-
strength-to-elastic-modulus ratio (0.029) compared to
that of AVB-1 and AVB-3 (0.024 and 0.019, respectively).
This indicated that the optimal sidewall curvature of
the topological thin wall is 0.014 mm™". At this sidewall
curvature, the Ta AVB effectively reduced the stress
shielding effect while maximizing the load-bearing
function. Therefore, AVB-2 not only fully exerted its load-
bearing function but also has the potential to promote
osseointegration and reduce the risk of bone absorption
in cervical fusion segments and degenerative diseases in
adjacent segments.

The deformation modes of the Ta AVB during
compression determined its stress—strain response. The
deformation modes of AVB-1 and AVB-2 involved the
bending deformation of the topologically thin walls and
lattice structures. In AVB-3, the compressive expansion
effect of the lattice acted as a perturbation source for
topological thin-wall buckling, accelerating its collapse.

Finite element analysis is an effective method for
predicting and evaluating the biomechanical properties
of bone implants in clinical applications. Previous studies
have demonstrated the feasibility and accuracy of using
the finite element method to evaluate the biomechanical
properties of bone implants in human load-bearing sites,
such as the hip joints,” pelvis,** intervertebral discs,”
knee joints,® and lumbar vertebrae.”” The strain and stress
distribution on the AVB significantly affect the contacted
vertebrae and adjacent intervertebral discs, articular

cartilage, and vertebral bodies. Therefore, finite element
analysis of the biomechanics of the Ta AVB in the human
spine will be the focus of future research. Furthermore,
research on the fatigue performance of Ta AVBs under
long-term dynamic loading in the human spine is an
important future investigation. The biological properties of
Ta artificial vertebra will be verified by in vivo and in vitro
tests in future studies.
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