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Abstract

Background: In current clinical practice, the most commonly used fusion cage materials are titanium (Ti) alloys.
However, titanium alloys are non-degradable and may cause stress shielding. ZK60 is a bio-absorbable implant that
can effectively avoid long-term complications, such as stress shielding effects, implant displacement, and foreign
body reactions. In this study, we aimed at investigating the biomechanical behavior of the cervical spine after
implanting different interbody fusion cages.

Methods: The finite element (FE) models of anterior cervical disc removal and bone graft fusion (ACDF) with a
ZK60 cage and a Ti cage were constructed, respectively. Simulations were performed to evaluate their properties of
flexion, extension, lateral bending, and axial rotation of the cervical spine. Moreover, a side-by-side comparison was
conducted on the range of motion (ROM), the deformation of cages, the stress in the cages, bone grafts, and cage-
end plate interface. Simultaneously, according to the biomechanical analysis results, the microporous structure of
the ZK60 cage was improved by the lattice topology optimization technology and validation using static structure.

Results: The ROMs in the current study were comparable with the results reported in the literature. There was no
significant difference in the deformation of the two cages under various conditions. Moreover, the maximum stress
occurred at the rear of the cage in all cases. The cage’s and endplate-cage interface’s stress of the ZK60 group was
reduced compared with the Ti cage, while the bone graft stress in the ZK60 fusion cage was significantly greater
than that in the Ti fusion cage (average 27.70%). We further optimized the cage by filling it with lattice structures,
the volume was decreased by 40%, and validation showed more significant biomechanical properties than ZK60
and Ti cages.

Conclusion: The application of the ZK60 cage can significantly increase the stress stimulation to the bone graft by
reducing the stress shielding effect between the two instrumented bodies. We also observed that the stress of the
endplate-cage interface decreased as the reduction of the cage’s stiffness, indicating that subsidence is less likely to
occur in the cage with lower stiffness. Moreover, we successfully designed a porous cage based on the
biomechanical load by lattice optimization.
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Introduction
Cervical spondylosis has become a common clinical dis-
ease as people’s living habits change and work pressure
elevates. The middle-aged and elderly populations are
the leading disease groups of cervical spondylosis, while
there is a trend of getting younger in recent years. Inter-
vertebral disc degeneration (IDD), which is also called
degenerative disc disease, is the primary cause of degen-
erative spinal disease and one of the most common ail-
ments severely affecting the quality of life in elderly
populations and a series of secondary alternations (such
as nucleus pulposus herniation and prolapse, bone spur
formation, and secondary spinal stenosis), causing a var-
iety of symptoms and signs. Surgical treatment is avail-
able for patients with cervical spondylosis who have
failed conservative treatment and whose daily life has
been significantly affected by cervical spondylosis. Anter-
ior cervical disc removal and bone graft fusion (ACDF)
were firstly proposed by Cloward [1] in the 1950s, which
have the advantages of less trauma, thorough decom-
pression, and effective restoration of the cervical spine’s
physiological curvature [2, 3]. Bagby first introduced the
intervertebral fusion cage technology in 1988 [4], which
can avoid long-term pain, infection, bone graft collapse,
and immune rejection caused by autologous iliac bone
transplantation and xenogeneic bone transplantation.
The intervertebral fusion cage technology is widely used
to provide stability during vertebral body movement and
bone fusion [5]. In current clinical practice, the most
commonly used fusion cage materials are titanium (Ti)
alloys and polyetheretherketone (PEEK) [6–10]. Titan-
ium has good corrosion resistance and excellent mech-
anical properties [7–9]. However, titanium alloys are
non-degradable and belong to biologically inert mate-
rials, permanently remaining after implantation, thereby
increasing the implant’s risk of breakage. The titanium
alloy’s elastic modulus is 110 GPa, much higher than
that of human cortical bone (18 GPa) [11]. A higher elas-
tic modulus would cause a more considerable stress dif-
ference between the newly formed bone and the cage,
resulting in the interface relaxation and the formation of
the stress shielding layer, which is not conducive to the
growth of new bone. Simultaneously, the force on the
contact surface between the endplate and the cage
would also elevate, increasing the probability of postop-
erative cage settlement.
Therefore, discovering a degradable material with

properties similar to bones has become an attractive re-
search area. Bio-absorbable implants can effectively pre-
vent long-term complications, such as stress shielding
effects, implant displacement, and foreign body reactions
[12]. Besides, since the degradation space can be con-
tinuously replaced by cancellous bone, a complete inter-
vertebral fusion can be achieved. As an orthopedic

implant material, the density and elastic modulus of
Magnesium (Mg) alloy (1.738 g/cm3, 43 GPa) are much
closer to normal bone tissue (1.75 g/cm3, 18 GPa) than
traditional metals (e.g., Ti: 4.47 g/cm3, 110 GPa), and the
lower stiffness of the cages means less gradual dynamic
loading and stress shielding of the fusion site [13]. Mag-
nesium alloy also has relatively high strength and stiff-
ness, bone conduction activity, and radiation
permeability relative to titanium alloy, making it a po-
tential cage material [14]. The current research on mag-
nesium alloys used in biomedicine is mainly
concentrated on magnesium alloys AZxx (containing
aluminum and zinc) and AMxx (containing aluminum
and manganese) [15–17]. The biosafety of aluminum
content presented in AZxx and AMxx alloys is arguable
as aluminum adversely affects osteoblasts and is reported
to be neurotoxic [18–20]. Therefore, the aluminum-free
magnesium alloy ZK60 was selected as the preferred ma-
terial for this study. The magnesium alloy ZK60 contains
zinc and zirconium as the main alloying elements that
are biologically friendly to the human body. Relevant
studies have shown that a cage with a pore structure can
promote new bone growth [21–23]. It is challenging to
manufacture complex porous structures by the trad-
itional casting process, while 3D printing facilitates the
manufacturing of porous fusion cages. At present, the
mechanical research on magnesium alloy cages mainly
focuses on screws and plates. There are still few studies
on magnesium alloy cages, and it is unclear if they can
effectively avoid the stress shielding effect and provide
immediate stability.
In this work, we aimed at investigating the biomechan-

ical behavior of the cervical spine after implanting differ-
ent interbody fusion cages. Simultaneously, according to
the biomechanical analysis results, the microporous
structure of the magnesium alloy cage was improved by
the lattice topology optimization technology and valid-
ation of static structure. The findings may provide new
insights into the design and manufacture of cervical fu-
sion cages in the future.

Methods
Simulation environment
The simulations were performed on a workstation con-
sists of Windows 10 Pro system, CPU (AMD Ryzen7
3700X), RAM (32 GB), and GPU (Nvidia GeForce RTX
3080). Compute Unified Device Architecture (CUDA)
library was installed in the workstation, and GPU was
enabled for ANSYS GPU acceleration.

Construction of the three-dimensional model of the
cervical spine
This research was conducted at The Affiliated Hospital
of Xuzhou Medical University, Xuzhou, China. The
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computed tomography (CT) images of the cervical spine
were obtained at a 1-mm interval from one of our au-
thors (male; age: 25 years; weight: 76 kg; height: 177 cm)
who had never had any cervical disease. The CT images
were then imported into Mimics 21 (Materialise, Inc.,
Belgium). According to the CT gray value, the C2-C5
three-dimensional model was established and imported
into 3-Matic (Materialise, Inc., Belgium) software for
further processing. The establishment of the interverte-
bral disc’s soft tissue model and the articular surface and
the optimization of the vertebral body were performed
in 3-Matic. Both the cortical bone and vertebral endplate
were modeled with a thickness of 1 mm. The interverte-
bral disc was modeled as two distinct regions: the annu-
lus fibrosus and the nucleus pulposus.

Finite element analysis (FEA) model establishment
The cortical bone, cancellous bone, posterior bone struc-
ture, intervertebral discs, and cartilage were all meshed
into Solid192 elements, and then the CDB file was
exported into ANSYS 2020R2 (ANSYS, Inc. Delaware,
USA). Five major intervertebral ligaments (anterior lon-
gitudinal ligament, posterior longitudinal ligaments, flava
ligaments, capsular ligaments, and interspinous liga-
ments) were constructed at corresponding anatomical
positions, and the ligaments were defined as spring con-
nections [24] (Fig. 1). The contact between the facet

joints was defined as frictional contact with a friction co-
efficient of 0.1. Other adjacent parts were defined as
bonded contact. The properties are shown in Table 1
[25–29].
FEA model establishment was accomplished using a

hybrid loading protocol [30]. Briefly, the original form of
this protocol consisted of (a) applying pure moments to
intact spine, (b) applying pure moments to implanted
spine until its ROM is equal to the ROM of the intact
spine (i.e., results from the previous step), and (c) the
statistical comparison of the biomechanical variables in
the two conditions. This motion-controlled moment
loading was selected to simulate the clinical setting re-
lated to the total motion of the cervical spine [30–33]. A
force of 73.6 N was applied to the upper surface of the
C2 vertebral body, 1.5 N/M was applied in the X-axis
direction according to the right-hand rule, and a mo-
ment of 1.0 N/M was applied to the Y-axis and Z-axis to
simulate the flexion, extension, left/right lateral bending,
and left/right axial rotation of the cervical spine. Based
on the values reported in the literature, the ROM of the
complete spine model was verified [34–36].

Cage modeling and surgical simulations
The interbody fusion cage was constructed in Solid-
works 2020 (Dassault Inc., Concord, USA) and was
exported as an STL file (Fig. 2). The cage was defined as
ZK60 and Ti-6Al-4V (Ti) to perform interbody fusion
simulations. The C2-C7 finite element model was modi-
fied on the C5/6 functional spine unit; the C5-6 interver-
tebral disc was removed; the cervical fusion cage was
placed in a suitable position; the fusion cage was filled
with cancellous bone material to simulate bone grafting;
the interfaces between the cage and bone grafts were
bonded (Fig. 3). All motion conditions were independ-
ently calculated for both simulation groups, and results
were outputted and recorded for further analysis.

Comparisons of results
The results were collected, including the cervical spine
and fusion cage’s deformation, the equivalent stress of
cervical spine, fusion cage, bone graft, endplate-cage
interface, and adjacent discs. The results of each group
under different conditions were recorded and compared.

Lattice optimization
To optimize the topology of the cage based on the load
characteristics without affecting the stability, the target
porosity was set to be 40- 60% according to the optimal
porosity reported in the previous literature [37–39], and
the octet lattice was implemented. The lattice size was
set to 2 mm, and the density variable was between 0.3 to
1.0 to prevent a small lattice structure and slow down
the cage degradation. The optimization results were

Fig. 1 The FE model intact cervical spine
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exported to SpaceClaim: 3D Modeling Software (ANSY
S, Inc. Delaware, USA) for post-processing, shelling out
the cage for lattice filling and retaining the 0.5 mm shell
to maintain long-term stability.

Validation of lattice structure
The validation used a homogenization model to simulate
the lattice structure. Homogenization was put into the cer-
vical model under all conditions (Optimized), and the re-
sults were analyzed and compared with the previous model.

Results
Validation of the intact cervical model
The predicted ROMs for all levels were compared with
those in previous biomechanical and finite element ana-
lysis studies [34–36]. The ROMs of the intact model
under all circumstances are measured and analyzed. The
ROMs in the current study showed comparable results
with those in previous studies. However, the ROMs of
fusion models were not significantly different from the
intact model. The comparison of ROMs is shown in
Fig. 4.

Total deformation of the fusion cage
The deformations of the fusion cage shown in Figs. 5
and 6 were calculated under all conditions. Both the
ZK60 cage and the titanium alloy cage produced slight
deformations. The cage deformation reached the max-
imum when the cervical spine was flexed (ZK60:
84.78 μm; Ti-6Al-4V: 84.15 μm), while the deformation
was the smallest when it was extended (ZK60: 56.68 μm;
Ti-6Al-4V: 56.29 μm). Moreover, there was no signifi-
cant difference in the deformation of the two cages
under various conditions. The deformation mainly
existed at the front edge of the upper surface of the
cage.

Equivalent stress of fusion cage and bone graft
The stress of the ZK60 cage under different conditions
is shown in Fig. 7. The maximum stress occurred at the
rear of the cage in all cases. The maximum stress for the
ZK60 cage was 21.33MPa, while the maximum for the
Ti cage was 32.31MPa. The stress and difference among
the ZK60, optimized, and the Ti cage under all condi-
tions shown in Fig. 8 exhibited that the averaged stress

Table 1 Material properties of all components

Component Density (kg/m3) Young’s Modulus Poisson’s Ratio Stiffness (N/mm) Type

Cortical bone 1830 12,000 0.29 Solid

Cancellous bone 1000 450 0.29 Solid

Endplate 1830 1000 0.4 Solid

Nucleus 1000 3.4 0.49 Solid

Annulus fibrosus 1200 4.2 0.4 Solid

ZK60 1835 44,660 0.305 Solid

Ti-6Al-4V 4429 113,800 0.339 Solid

Facet joint 1000 10 0.3 Solid

Ligament

ALL 1100 15 0.3 16 Spring

PLL 1100 10 0.3 25 Spring

CL 1100 4 0.3 19 Spring

ISL 1100 4 0.3 7 Spring

LF 1100 5 0.3 25 Spring

ALL Anterior longitudinal ligament, CL Cervical ligament, FL Flaval ligament, ISL Interspinous ligament, PLL Posterior longitudinal ligament

Fig. 2 The model of the interbody fusion cage
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of the ZK60 cage was reduced by about 15.91% com-
pared with the Ti cage (Table 2).
The forces on the bone grafts in the ZK60, optimized,

and Ti cages under various loading conditions are sum-
marized in Table 2 and Fig. 9. The bone graft stress in
the ZK60 fusion cage was significantly greater than that
of the Ti fusion cage (average 27.70%).

The maximum stress in the endplate-cage interface at the
treatment level
In the study, the interfacial stress of the ZK60 cage was
significantly lower relative to that of the Ti group
(Fig. 10), which could be inferred based on the analysis
that the maximum stress occurred at the rear edge of
the upper endplate. In contrast, the stress at the front
edge of the final plate was relatively small.

Lattice optimization according to the biomechanical load
In ANSYS, the lattice structure of the cage can be opti-
mized for additive manufacturing based on the previous
period’s analysis data. According to the static structure
analysis results, the optimized cloud map is shown in
Fig. 11. The original volume of the cage was 766.44mm3,
while the volume of the optimized structure was 306.58
mm3. The porosity was 40%, and the pore structure was
Octet, mainly concentrated in the front of the cage. The
Geometry and lattice density data of the fusion cage
were imported through Spaceclaim software, and Geom-
etry reconstruction was performed through the shell op-
eration (Fig. 12).

Lattice validation with a homogenization model
By using the homogenization model to analyze each
situation, it was found that the cervical spine range of

motion was not changed significantly, while the strain of
the optimized ZK60 cage was slightly increased. How-
ever, no significant difference was observed. The fusion
cage’s stress was substantially lower than that of either
the ZK60 group or the Ti group (Fig. 8). Simultaneously,
the stress of the bone graft was significantly increased
compared with the ZK60 and Ti groups (Table 2 and
Fig. 9). In contrast, the maximum and average interface
stress was decreased considerably (Fig. 10), and the
intervertebral disc stress of adjacent segments appeared
slightly enhanced. However, no significant difference
was observed, as well.

Discussion
On the premise of satisfying biological safety, the discov-
ery of new biodegradable materials has become an at-
tractive research field in the last few years to overcome
the current deficiencies of implants. Titanium alloy fu-
sion cage has been widely used in intervertebral fusion
for many years. Due to the high elastic modulus of titan-
ium cages, the fusion rate is relatively high when they
are applied for impartment. However, an increased risk
of subsidence in titanium cages has been noticed [7, 8].
Magnesium, as an essential macro element for the hu-

man body, has a high degree of biocompatibility [13, 14].
Relevant studies have shown that magnesium metal as
an implant material does not cause severe inflammation
in the body. ZK60, as a potential degradable metal,
shows a stiffness close to that of cortical bone, thereby
providing better mechanical properties [12–14, 40]. It
has been shown in the related calculations that the
smaller elastic modulus of the implant material can sig-
nificantly reduce the stress at the interface between the

Fig. 3 The model of ACDF surgery FE model, the fusion cage was placed in C5/6
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final plate and the cage, thereby decreasing the subsid-
ence rate [6, 7, 10].
However, few studies have been reported on ZK60 as

a fusion cage and a lack of biomechanical experiments.
It is unclear whether ZK60 can provide immediate sta-
bility while significantly reducing the stress shielding ef-
fect. In this study, we utilized the finite element methods
to simulate complete intervertebral fusion and to analyze
the biomechanical properties of the fusion site and adja-
cent levels when implanting with different materials’ fu-
sion cages. The biomechanical comparison results of the
ZK60 and titanium alloy cages validated the excellent
material properties of ZK60. It has been found that al-
though ZK60 cages can effectively reduce the stress
shielding effect, the stiffness of traditional cast solid

cages is still higher than that of cortical bone. Therefore,
we expect that the stiffness of the cage could be further
improved through reasonable structural design, thereby
making it even closer to the human body. On the other
hand, additive manufacturing provides the possibility
[41, 42]. Therefore, based on the resulting biomechanical
distribution characteristics, we optimized the cage model
to generate a porous cage suitable for additive manufac-
turing. This porous cage has 2-mm-size and heteroge-
neous lattice structures optimized according to the load.
The octet lattice has a structure similar to trabecular
bone, which can resist forces in all directions and pro-
vide appropriate mechanical support for the new bone
[41–45]. At the same time, the pore structure can pro-
vide space for bone growth and accelerate intervertebral

Fig. 4 The comparison of ROMs with previous studies under all circumstances
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fusion. The ZK60 material will gradually degrade as time
goes by, the stiffness of the cage will gradually decrease,
and the mechanical stimulation of new bone will in-
crease progressively. Eventually, the cage will be entirely
replaced by the bone structure [21, 22, 40]. The lattice
structures are mainly distributed in the front of the cage,
while no lattice structure is observed in the rear, as the
stress at the rear of the cage is relatively large; the crystal
lattice cannot maintain the original mechanical proper-
ties; the front stress is small. The distribution of lattice
conforms to the features of stress distribution.
The biomechanical properties of the implant are es-

sential to its stability [30, 36]. In our research, no signifi-
cant difference was observed in all fusion models’
ROMs, which indicates that ZK60 and optimized cages
can provide sufficient initial stability to the fusion site
while changing the fusion level’s biomechanical proper-
ties. A previous study reported that micro-movements
greater than 150 μm reduced the interface bonding

strength, eventually resulting in implant relaxation [46].
Our results exhibited that the deformation of the ZK60
group was slightly increased under various conditions,
while there is no significant difference compared to the
Ti group cage. As the maximum displacement of the
cage is considered a critical measure of implant stability,
the results demonstrate that both ZK60 and titanium al-
loys’ mechanical properties are good, and both of them
can provide immediate stability.
In the stress analysis, the stress of the fusion cage in

the optimized group was significantly lower than that in
the other two groups under various conditions. More-
over, the stress in the ZK60 group was even smaller than
that in the Ti group cage. However, the bone graft stress
in the fusion cage shows completely distinct results: the
stress of the bone graft in the optimized group was
43.24 and 82.95% greater than that in the ZK60 and Ti
groups, respectively. These results may be attributed to
the stiffness difference between ZK60 and Ti-6Al-4V, as

Fig. 5 The cloud map of ZK60 cage’s deformation
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the elastic modulus of ZK60 is much closer to that of bone
compared to titanium alloy. A previous study reported
that metal implants with high stiffness could cause stress
shielding of the bone surrounding the prosthesis, thereby
limiting the load transferred to the bone [47, 48]. There-
fore, titanium alloys share part of the load previously with-
held merely by bones [49]. According to Wolfe’s law, the
structure of the bones is suitable for resisting any force
acting on the bones [50], and the bone mass is reduced in
response to low stress. Thus, the mismatch in stiffness be-
tween the Ti-6Al-4V and bone can lead to stress shielding,
resulting in bone resorption and implant loosening. The
optimized ZK60 cage further reduces the stiffness through
structural optimization and provides the bone graft
greater mechanical stimulation while ensuring stability.
Relevant studies have shown that mechanical stimulation
can significantly increase the speed of bone

reconstruction, so a theoretically optimized ZK60 cage has
a faster fusion speed than a titanium alloy cage.
It was measured by Grant et al. that the stiffness of

different areas on the endplate exhibited a trend of de-
creasing from the outside to the center of the endplate
[51]. Microfractures occur when the local stress is higher
than the limit of the relevant area [51–54], leading to
osteolysis and cage subsidence [51–54]. Our studies
found that the average stress of the ZK60 group and the
Ti group were higher by 54.25 and 96.13% compared to
that of the optimized group, whose endplate interface
stress was only 0.97MPa on average. We believe that the
lower the stiffness of the implant, the smaller the stress
on the endplate, the lower possibility of occurrence of
microfractures, osteolysis, or cage subsidence. Therefore,
the possibility of subsidence of the optimized cage is
lower than that of the ZK60 and titanium alloy cage.

Fig. 6 The cloud map of Ti-6Al-4V cage’s deformation
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A structure with lower stiffness should theoretically
maintain a certain degree of movement and reduce
the stress on the facet joints and intervertebral discs
in adjacent positions [34, 36, 46]. In this study, no
significant difference was observed between each
group model’s mobility and the adjacent intervertebral
disc’s stress, which may be related to the bone graft
part of the fusion cage’s stress with a lower elastic
modulus. Therefore, the total stress of the overall
cage-bone graft system was not changed significantly,
which resulted in no significant change in the adja-
cent intervertebral disc force. In the simulated surgery
models, degenerative changes in the facet joints may
be correlated, thereby increasing the risk of additional
impacts on the biomechanical stability of the cervical
spine. In the present study, it was assumed that the
height of intervertebral space in the intact and sur-
gery models was identical. Moreover, the bone-cage
interface in the surgery models was simplified and

considered as well-fused at the bone graft area.
Therefore, further studies are still required to investi-
gate these variables.
The present Finite element (FE) study also has several

limitations. Firstly, the finite element model without
muscles cannot fully imitate the intact cervical spine’s
natural state. Secondly, when constructing the finite
element model, gender differences and degenerative
changes associated with facet degeneration, endplate
sclerosis, annular tears, or vertebrae were not consid-
ered. Lastly, the ZK60 material used in this experiment
is degradable, so the stiffness of the ZK60 cage will be
decreased gradually. Overall, the FE analysis can only
analyze the biomechanics immediately after the oper-
ation, and the stiffness reduction caused by degradation
was not taken into account. The mechanical properties
of cages after degradation and the control of the degrad-
ation rate to match the bone growth status still need fur-
ther exploration.

Fig. 7 The cloud map of ZK60 cage’s von-mises stress in all motion modes
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Conclusions
Our findings suggest that using different materials
as the cage of the intervertebral fusion has a modest
effect on the ROM and adjacent disc stress. How-
ever, the application of a ZK60 cage can significantly
improve the stress stimulation of bone graft by redu-
cing the stress shielding effect between two instru-
mented bodies. Furthermore, it has been observed
that as the stiffness of the cage decreases, the stress

of the endplate-cage interface reduces, which indicates
that subsidence is less likely to occur in the cage with
lower stiffness. In summary, we’ve successfully de-
signed a porous cage based on the biomechanical
load through lattice optimization. The verified results
show that an optimized cage can further reduce stiff-
ness than the ZK60 cage, decrease the stress shield-
ing effect, and provide appropriate space for bone
growth.

Fig. 8 Von-mises stress of various fusion cages under all circumstance

Table 2 Equivalent stress of various cages and bone grafts under all circumstances
Equivalent Stress

Ti ZK60 Optimized ZK60 vs Ti Optimized vs ZK60 Optimized vs Ti

Cage (MPa)

Static 1.69 1.42 1.17 −15.57% −18.12% −30.87%

Flexion 1.72 1.41 1.12 −18.03% −20.52% −34.85%

Extension 1.76 1.52 1.25 −13.51% −17.89% −28.98%

Left lateral bending 1.75 1.46 1.16 −16.51% −20.15% −33.34%

Right lateral bending 1.76 1.48 1.21 −15.87% −18.55% −31.48%

Left axial rotation 1.69 1.41 1.12 −16.15% −20.52% −33.35%

Right axial rotation 1.69 1.43 1.17 −15.70% −18.27% −31.10%

Bone graft (KPa)

Static 37.99 48.77 69.03 28.37% 41.55% 81.70%

Flexion 38.42 47.91 67.24 24.69% 40.36% 75.02%

Extension 39.10 51.26 74.79 31.07% 45.91% 91.25%

Left lateral bending 39.00 49.67 70.45 27.38% 50.56% 91.77%

Right lateral bending 38.66 49.48 70.00 27.99% 42.39% 82.24%

Left axial rotation 37.95 47.87 67.12 26.13% 40.21% 76.85%

Right axial rotation 38.14 48.93 69.33 28.29% 41.69% 81.79%
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Fig. 9 Average stress of bone grafts in various fusion cages

Fig. 10 Average stress of endplate-cage interface in various fusion cages
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Fig. 11 The lattice density cloud map of topology optimization

Fig. 12 The final model of the optimized fusion cage. a The section view of the optimized cage. b, c Model of the optimized cage. d The
rendered model of the original and optimized fusion cage. e The printed model of the optimized fusion cage
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