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Abstract

Background Dense titanium (Ti) fusion cages have been commonly used in transforaminal lumbar interbody fusion. However,
the stiffness mismatch between cages and adjacent bone endplates increases the risk of stress shielding and cage subsidence.
Methods The current study presents a multiscale optimization approach for porous Ti fusion cage development, including
microscale topology optimization based on homogenization theory that obtains a unit cell with prescribed mechanical prop-
erties, and macroscale topology optimization that determines the layout of framework structure over the porous cage while
maintaining the desired stiffness. The biomechanical performance of the designed porous cage is assessed using numerical
simulations of fusion surgery. Selective laser melting is employed to assists with fabricating the designed porous structure
and porous cage.

Results The simulations demonstrate that the designed porous cage increases the strain energy density of bone grafts and
decreases the peak stress on bone endplates. The mechanical and morphological discrepancies between the as-designed and
fabricated porous structures are also described.

Conclusion From the perspective of biomechanics, it is demonstrated that the designed porous cage contributes to reducing
the risk of stress shielding and cage subsidence. The optimization of processing parameters and post-treatments are required
to fabricate the designed porous cage. The present multiscale optimization approach can be extended to the development of
cages with other shapes or materials and further types of orthopedic implants.
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Introduction

Transforaminal lumbar interbody fusion (TLIF) is a
commonly used surgical procedure to treat degenerative
disc disease and spondylolisthesis when physiotherapy
and medications fail to relieve the symptoms [1]. The
implanted fusion cage restores the immediate interverte-
bral height and supports the anterior weight of the ver-
tebrae, while bone grafts surrounding the cage fuse with
adjacent vertebrae over time following TLIF. Conventional
titanium (Ti) fusion cages exhibit satisfactory biocompat-
ibility, corrosion resistance, and mechanical strength [2].
However, the stiffness mismatch between cages and adja-
cent bone endplates increases the risk of stress shielding
and cage subsidence [3, 4]. The rigid Ti cage shields the
implanted bone grafts from the necessary mechanical stim-
uli, thus impeding bone remodeling and its fusion with the
adjacent bone endplates according to Wolft’s law. Clinical
studies have demonstrated that low-stiffness cages exhibit
better fusion performance versus dense Ti cages [5, 6]. In
addition, cage subsidence has been reported to be linked to
the increased stress on bone endplates caused by the high
stiffness of Ti cages [7-9]. Alternatively, dense polyethere-
therketone cages with an elastic modulus that is more simi-
lar to bone endplates have been used in TLIF to reduce the
risk of stress shielding and cage subsidence. However, the
inherent poor osseointegration of polyetheretherketone is
unfavorable for achieving fusion and long-term stability
[1, 10]. In recent decades, multiple strategies have been
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developed to reduce the stiffness of Ti cages for improved
fusion performance.

Porous Ti cages have been proposed as promising candi-
dates due to the option to adjust their stiffness by tailoring
the geometrical parameters of pore structure. Moreover, the
porous structure provides channels for bone ingrowth to avoid
cage dislocation. Recent advances of additive manufacturing
techniques, especially metallic powder bed-based ones, such
as selective laser melting (SLM) and electron beam melting,
enable the production of load-bearing porous implants [11,
12]. Numerical and experimental studies have demonstrated
that the biomechanical performance of porous cages is satis-
factory and superior to dense cages [13, 14]. In vivo experi-
ments have also illustrated the adequate fusion performance of
various porous Ti cages [15—17]. The overall stiffness of cages
decreases with the increase in porosity and is also associated
with the topological feature of unit cells [18]. Variations in
the topology of unit cells affect their mechanical performance,
which further influences the macroscopic mechanical perfor-
mance of porous implants [19]. The porous structure design
has been of particular interest due to its significant association
with the biomechanical performance of implants.

Various methodologies have been proposed for porous
implant development, including the computer-aided design
(CAD) method, implicit-based method, or topology optimi-
zation [20, 21]. The latter is a mathematical approach seek-
ing optimal material distribution with the desired mechani-
cal properties under specified loading conditions. Porous
implants consist of basic unit cells, whose mechanical
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properties play a critical role in the overall mechanical per-
formance of porous implants. Recent studies have focused
on optimizing the basic unit cells to achieve a satisfactory
mechanical performance of porous implants [22-26]. Xiao
et al. [25] obtained isotropic unit cells with the maximum
acquirable stiffness under constraints of volume frac-
tions. Yang et al. [26] developed a method for designing
unit cells with prescribed mechanical properties based on
the homogenization theory. Guest et al. [27] proposed a
microstructure design with maximized stiffness and fluid
permeability using topology optimization. Meanwhile,
the global structural design of the porous structure is not
considered in these studies. In order to enhance the overall
biomechanical performance of porous implants, multiscale
optimization methods emerged, including unit cell optimi-
zation and global structure optimization. In Moussa’s study
[28], topology optimization was utilized to determine dif-
ferent unit cell distributions in a cervical porous cage. The
developed porous cage contributed to reducing the risk of
cage subsidence; however, its biomechanical performance
was not evaluated comprehensively. In Wang’s study [29],
a reinforced porous cage consisting of a porous structure
and frameworks, designed using a multiscale optimization
approach, exhibited satisfactory biomechanical performance.
The framework constructed on the porous cage reduced the
peak stress on the cage but increased its overall stiffness.
The biomechanical performance of the cage might be further
improved by the elimination of stiffness difference between
the bone endplates and the reinforced porous cage.

Inspired by previous studies [26, 29], microscale opti-
mization based on the homogenization theory can be used
to acquire the unit cell with the specified mechanical prop-
erties; constructing frameworks on the porous cage while
reducing its negative effects on the overall stiffness might
enhance the biomechanical performance of the porous
cage. The present study proposes a multiscale optimization
approach for porous cage development to eliminate the stiff-
ness difference between the implant cage and the adjacent
bone endplates. A finite element method (FEM) model of
TLIF was developed to assess the biomechanical perfor-
mance of the optimized porous cage under physiological
loading conditions. The designed porous cage was fabricated
via SLM to assess the morphological and mechanical differ-
ence between as-designed and fabricated samples.

Materials and methods
Optimization of porous cage

The multiscale optimization approach focuses on developing
a porous fusion cage with equivalent stiffness to match that

of bone endplates under physiological loading conditions,
including microscale optimization seeking an optimal unit
cell with prescribed mechanical properties and macroscale
optimization determining the layout of framework structure
over the porous cage.

Microscale optimization

It is assumed that the size of unit cells is much smaller than
the cage geometry. Hence, the homogenization theory ena-
bles the estimation of effective elasticity properties of porous
structures that are periodically assembled by unit cells.
The effective elasticity tensor is expressed in energy form
as

Dl = b [ (0 = ) Dy o) (2 - el)ar

(.. k,1=1,2,3)

ey

where Y denotes the volume of unit cell domain Y, D, ( pe)
denotes the elemental elasticity tensor, EO(H) denotes the ini-
tial unit strain matrix, and £(U) is deﬁned as

) — G — 2 ¥ ij
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based on the displacement field y*!' found by solving the
elasticity equations:
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where y is a virtual displacement field. The detailed descrip-
tion of homogenization can be found in the literature
[30-32].
To avoid the intermediate values, D(p, ) is interpolated
using the solid isotropic material with penalization (SIMP)
method as follows:

D(p,) = p"D,, 4

where D, denotes the elasticity tensor for solid element,
p =3 denotes the exponent of penalization, and p, denotes
the relative density of element.

A unit cell with stiffness lower than that of bone endplates
contributes to reducing the effect of framework structure on
the overall stiffness of the porous cage. In order to achieve
optimal overall stiffness and maximize the volume for bone
ingrowth at the same time, microscale optimization is used
to maximize the porosity of unit cell subject to the equiva-
lent stiffness to 80% elastic modulus of bone endplates. To
make the objective function more achievable, the bone end-
plate is simplified into an isotropic elastic material (Table 1)
in the inverse homogenization process.
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Table 1 Material properties used in optimization and TLIF model

Component Elastic modulus (MPa)  Poisson ratio
Bone endplate 12,000 0.3
Titanium 110,000 0.3
Bone grafts 100 0.2

The base material Ti is assumed to be an isotropic mate-
rial with linear elastic properties (Table 1). A function is for-
mulated in terms of the discrepancy between the correspond-
ing entries of the targeted elasticity tensor and the calculated
effective elasticity tensor. The mathematical description of
the microscale topology optimization is as follows:

Objective function : Minimize (V e, = Z p.V,) (5)

Subjectto : 0 < pin < p, <1 (6)

3

)y (D?}kz = Dy () )2 =0 %

ikl

where V..., denotes the computed volume of unit cell, V,
denotes the volume of element (e), p,,;,=0.001 is used to
avoid the singularity of the global stiffness matrix, and D;’;’kl
denotes the targeted elasticity tensor.

Considering the manufacturing constraints and appropri-

ate pore sizes for bone ingrowth [28, 33], a cube with a size

of ] mmXx1 mmX 1 mm is set as the basic cell of micro-
scale optimization and meshed using 20 X 20 X 20 eight-node
cubic elements. Sensitivity filters are adopted to avoid the
checkerboard pattern, and the method of moving asymptotes
[34] is adopted to update the density design variables. A
MATLAB code is developed to achieve optimization. Fig-
ure 1 depicts the workflow of microscale topology optimiza-
tion for unit cell development.

In order to enhance the fatigue resistance of the porous
structure, the optimized unit cell is smoothed with the main
topology feature reserved and converted to the STL files.
Next, the STL file is imported into Solidworks (Dassault
Systemes SolidWorks Corp., USA) and used to construct
the corresponding porous structure by periodically repeating
the unit cell along all directions. A numerical homogeniza-
tion conducted by Comsol software calculates the effective
elasticity tensor of the smoothed unit cell. A porous structure
of 10X 10X 10 unit cells is used in the numerical simulation
of compression test to attain the stress—strain curve of the
porous structure.

Macroscale optimization

The structure with stiffness equivalent to the bone end-
plates under specified physiological loading conditions
can be achieved via the constraints of displacements under
specified loading conditions. To acquire the displacement
constraints used for optimization, this study uses Altair
Hypermesh (Altair Engineering Inc., USA) to develop a
FEM model of a traditional dense crescent cage, which
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Fig. 1 Flowchart of microscale topology optimization
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adopts the mechanical properties of bone endplates with
the inferior surface fully restrained and the superior sur-
face rigidly connected to a master node (Fig. 2). The supe-
rior and inferior surface profiles of the cage conform to
the adjacent bone endplates. To achieve an appropriate
overall stiffness of the porous cage, the displacements of
the master node are obtained by imposing physiological
loading conditions, including 10 N-m flexion, extension,
and bending on the master node. The objective of global
optimization is to minimize the volume of solid portions
that are subject to stiffness constraints. The mathemati-
cal formulation of the macroscale topology optimization
problem is the following:

Objective function: Minimize (Vmacm = 2 ijj) (8)
J

Subject to : 0<xmin<xj<1 G=1,2,3,...,n) 9)

Uy < U, (10)

where V..., denotes the computed volume of global struc-

ture, x; denotes the density variables that are assigned to
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Fig.2 Macroscale topology optimization of porous cage

each element (j), x.,;,=0.001 denotes the specified mini-
mum density, V; denotes the element volume (j), U, denotes
the computed displacements of the master node (k), and U,,
denotes the specified displacement of the master node (k).

The elasticity matrix E is expressed as the interpolation
function as follows:

E=x§’(E1—E2)+E2, (11)

where p=3 denotes the exponent of penalization, £, denotes
the elasticity tensor of Ti, and E, denotes the elasticity tensor
of the smoothed unit cell.

Macroscale optimization is conducted using Altair Opti-
Struct (Altair Engineering Inc., USA). In order to enhance
the load transmission, the dense Ti structure as a framework
structure is added along the superior and inferior edge of
the cage (Fig. 2) [35]. The outer portion in the middle of the
cage is set as the design domain.

The final framework structure consists of the reserved
portion of the design domain after optimization and the pre-
defined framework structure in the non-design domain. A
Boolean intersection operation between the dense cage and
the porous structure generates the initial porous cage. Subse-
quently, a Boolean union operation between the framework

Stiffness of
cage

Constraints in Topology
optimization

Extension Flexion

Completely restrained

Topology optimization
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structure and the initial porous cage generates the final
porous cage. To verify the stiffness of the final porous cage,
numerical simulations of the porous cage are conducted to
obtain the displacements of the specified node under 10 N-m
flexion, extension, and bending load conditions.

Biomechanical analysis of cage in TLIF

The partial annulus fibrosus and nucleus pulposus are
removed from the validated FEM model of the lumbar
spine L4-L5 segment [36], thus generating the FEM model
of TLIF. The porous fusion cage is meshed using tetrahe-
dron elements with 0.1 mm length to accurately demonstrate
stress distributions on it. The bone endplates and cancellous
bones neighboring the fusion cage are refined using typical
elements with 0.1 mm length, resulting in approximately
5.5 million elements for the porous cage model (Fig. 3a). A
dense Ti cage with an identical global shape is included for
biomechanical assessment. It is meshed using tetrahedron
elements with 0.2 mm lengths, resulting in approximately
3.4 million elements for the dense cage model. All inter-
faces between endplates and cages are assumed as frictional
contacts with a friction coefficient of 0.8 [37]. The inferior
bone endplate of the L5 vertebrae is completely restrained. A
400 N following compressive load is applied perpendicular

Compression force

LY_U:V_Y_Lt

(@)

Flexion Extension

é 'Righl Bending
& I Right Torsion

Left Bending

omplete!y
‘.L\qr;\'\“&"\

Cancellous bone

Bone endplate

Porous fusion cage

to the superior bone endplate of L4 vertebrae, and 10 N-m
moments are loaded to simulate flexion, extension, left bend-
ing, right bending, left torsion, and right torsion load condi-
tions, respectively [38, 39]. Mesh convergence is performed
based on the stress values on the cage and bone endplates,
which verify the element sizes for sufficient accuracy.

To date, there is no direct index for cage subsidence. It
is extensively accepted that the high stress on bone end-
plate is one of its primary causes [8, 28]. In the present
study, the high stress is taken as an indicator for cage
subsidence. In addition, the detailed architecture of the
porous fusion cage increases the difficulty of meshing
bone grafts. A solid-mimic porous cage is developed with
the porous portion adopting the effective elasticity ten-
sor of the smoothed unit cell and the framework adopting
the mechanical properties of Ti. The strain energy density
(SED) of bone grafts, which has been widely accepted
as an index of mechanical stimulus for bone remodeling,
is quantified to perform the risk assessment of stress
shielding (Fig. 3b) [40—42]. The bone grafts (from local
morselized bone) are simplified as a linear elastic material
(Table 1) and densely filled in the remaining space sur-
rounding the cage [43, 44]. Frictionless contact is assumed
at the interface between bone grafts and adjacent tissue,
bone grafts and cage, to simulate the initial postoperative

(b)

Porous cage

Solid-mimic porous cage Dense Ti cage

Fig. 3 a FEM model of TLIF; b the implanted cage and bone grafts in the TLIF model
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period. The stiffness of the solid-mimic cage under flexion,
extension, and bending is assessed for the validation. In
addition, stresses at identical positions of the framework
structure in the porous cage and the solid-mimic porous
cage are quantified to assess the mechanical differences
of the framework in cages under different loading condi-
tions. All simulations are conducted using Abaqus soft-
ware (Dassault Systems Simulia Corp., USA).

Fabrication and characterization

The porous structure and the final porous cage are fabri-
cated using a Prox DMP 320 machine (3D Systems, Bel-
gium). Commercially available Ti-6Al-4 V powder with an
average diameter of 40 pm is selected as starting material
with processing parameters shown in Table 2. The fabri-
cated porous structure and cages are removed from the
substrate plate using electrical discharge machining and
are ultrasonically cleaned in acetone, anhydrous ethanol,
and distilled water for 15 min. Furthermore, heat treatment
is performed at 800 °C for 4 h in a vacuum environment to
eliminate the residual thermal stress.

The morphology of porous structure is observed by
scanning electron microscopy (JSM-7610F, JEOL, Tokyo,
Japan). The fabricated porous structure is polished using
the standard metallographic procedure to observe its
microstructure. To assess the compressive performance of
the fabricated porous structure, a uniaxial compression test
is carried out using an ME50 universal mechanical testing
machine (Senkeino Technology co. Ltd., China) accord-
ing to ISO 13314:2011. The maximum testing force is 50
KN, and the test force error is <0.5%. Three samples are
compressed at a constant cross-head speed of 1 mm/min.
The elastic modulus of the fabricated porous structure is
calculated based on the slope of stress—strain curves within
the linear deformation region, and the yield strength of
the porous structure is defined as the 2% offset line. The
elastic modulus of the porous structure is analyzed using
GraphPad Prism 6.0 software (GraphPad Software Inc.,
USA), and a value of p <0.05 is set to indicate statistical
significance.

Table 2 Processing parameters

of SLM Parameter Value
Laser power 145 W
Laser spot size 60 pm
Mark speed 1000 mm/s
Hatch distance 78 pm
Layer thickness 30 pm
Oxygen content <0.1 wt%

Results
Optimization results

Microscale optimization yields an optimized unit cell,
as shown in Fig. 4. Smoothed surface morphology is
observed on the final unit cell after smoothing with the
main topological feature reserved. The porosity of the
porous structure is 72.2%, and the sizes of three differ-
ent pores in the unit cell are approximately 400, 200, and
200 pm, respectively. The elastic module of the porous
structure is approximately 9470 MPa, which is calculated
based on the slope of the stress—strain curve before the
strain approaches 0.1. The effective elasticity tensor of
the unit cell calculated by numerical homogenization cor-
responds well to the compression simulation. The elastic
modulus and Poisson ratio derived from effective elasticity
tensor are approximately 9830 MPa and 0.3, respectively.
As the Poisson ratio cannot be obtained through compres-
sion simulation, the effective elasticity matrix is adopted
as E, in the macroscale optimization. The macroscale
optimization result illustrates the layout of the framework
structure in the porous cage, which contains partial materi-
als with a relative density lower than 1 for smoothing the
surface of the framework structure. The final porous cage
generated by the Boolean union operation between the
initial porous cage and the framework structure is shown
in Fig. 4. The displacements of the specified node under
flexion, extension, and bending load conditions are listed
in Fig. 5 to evaluate the stiffness of the porous cage. The
displacements, which are slightly lower than the targeted
values under flexion, extension, and bending, indicate the
slightly higher stiffness of the porous cage respective to
the predicted values. In addition, the solid-mimic porous
cage exhibits a stiffness equivalent to that of the porous
cage.

Biomechanical performance of cages

As shown in Fig. 6, stress distribution on both the dense
cage and the porous cage is associated with loading con-
ditions. A similar distribution but a different peak stress
value is observed between the dense cage and the porous
cage under all loading conditions. In comparison with the
dense cage, the peak stress on the porous cage is increased
by 178%, 98%, 130%, 180%, 153%, and 233% under flex-
ion, extension, left bending, right bending, left torsion,
and right torsion, respectively. The peak stress concen-
trates on the minor diameter or the thin-walled regions
of the porous structure. The stress distribution on the
solid-mimic porous cage is demonstrated in Fig. 6. Differ-
ences in the peak stress value and distribution are detected
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Fig.6 Stress distribution on
cages under physiological load-
ing conditions
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right torsion, respectively. As shown in Fig. 7, slight dif-
ferences of stress values on the identical nodes of frame-
works are observed between the porous cage and the
solid-mimic porous cage. The solid-mimic porous cage
enables the description of the stress distribution on the
porous cage frameworks, but is not capable of demon-
strating the stress on the porous structure of the porous
cage.

As shown in Figs. 8 and 9, the location of peak stress
concentration on bone endplates is correlated with load-
ing conditions. The peak stress on both the superior and
inferior bone endplates is located at the contact interface
with fusion cage edges. A similar distribution but different
peak values are observed between the dense cage and porous
cage models. The values of peak stress on the superior bone
endplate of the porous cage model are reduced by 11.9%,
12.7%, 9.1%, 8.4%, 11%, and 2.6% versus the dense cage
model under flexion, extension, left bending, right bending,
left torsion, and right torsion, respectively. The values of
peak stress on the inferior bone endplate of the porous cage
model are reduced by 13.2%, 9.6%, 10.4%, 10.5%, 7.8%, and
15.4%, respectively, as compared with the dense cage model.
From a biomechanical viewpoint, the porous cage with lower

Solid-mimic porous cage

Porous cage

Peak stress: 689 MPa Peak stress: 293 MPa

«
Peak stress: 784 MPa Peak stress: 349 MPa

Peak stress: 980 MPa Peak stress: 293 MPa

Peak stress: 987 MPa

Peak stress: 258 MPa

Peak stress: 617 MPa Peak stress: 217 MPa

Peak stress: 646 MPa Peak stress: 204 MPa

stiffness contributes to reducing the risk of cage subsidence
under all loading conditions. In addition, a similar distribu-
tion but different peak values are also observed between the
porous cage and solid-mimic porous cage models, which
may be due to the slight difference in stiffness between the
two cages under all loading conditions.

Compared with the dense cage model, the SED of bone
grafts in the solid-mimic porous cage model is increased
by 7%, 4%, 7%, 6%, 3%, and 4%, under flexion, extension,
left bending, right bending, left torsion, and right torsion,
respectively (Fig. 10). Therefore, more load is transmit-
ted through the bone grafts in the solid-mimic porous cage
model under physiological loading conditions. The designed
porous cage contributes to alleviating the stress shielding
effect of the cage during the initial postoperative period.

Structural and mechanical characterization
of fabricated samples

The unit cell fabricated via SLM is shown in Figs. 11a
and 11b. When observing the main topological feature,
a surface morphological deviation is detected between
the as-designed and the fabricated unit cell. Unmelted Ti
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particles are adhered to the surface of the unit cell, thus
lowering the surface quality. The pores with 400 um size
are reserved (Fig. 11c¢). However, a portion of the other
two pores with 200 pm size are blocked by the unmelted
Ti particles despite the ultrasonic cleaning step. Moreo-
ver, imperfections such as residual pores and cracks are
detected on the fabricated sample (Fig. 11d). Figure 11e
shows the fabricated porous structure used for the com-
pression test. The fabricated porous cage is presented in
Figs. 11f and 11g, where the porous structure and frame-
works can be distinguished.

The mean curve and standard deviations of the
stress—strain curves are shown in Fig. 11h. The fabricated
porous structure possesses a linear elastic deformation
stage before the strain reaches 0.06, followed by a frac-
ture along an oblique direction of 45 degrees (Fig. 11h).
No obvious plastic deformation or densification stages
are observed. The elastic modulus of fabricated porous
structure is 4.1 + 0.1 GPa, and the yield strength of
porous structure is 209 + 7.6 MPa. A significant differ-
ence (p <0.05) is observed between the elastic modulus
of the fabricated porous structure and that calculated by
numerical homogenization.

@ Springer

Discussion

In this study, the unit cell with prescribed mechanical
properties, which is lower than bone endplates, is obtained
via microscale topology optimization. For better fatigue
resistance, smoothing is conducted on the unit cell while
reserving the main topological feature [45]. Both the
stress—strain curve obtained via uniaxial compression
simulation and the effective elasticity tensor calculated by
numerical homogenization in Comsol software verify the
elastic properties of the smoothed unit cell. All three types
of pores present in the designed unit cell are within the
favorable range for bone regeneration, whereas the opti-
mum pore size remains controversial [46—49]. To achieve
the prescribed overall stiffness of the cage, no morphologi-
cal or dimensional adjustment of the optimized framework
structure is conducted after macroscale optimization. The
final porous cage, obtained from the Boolean union opera-
tion between the porous structure and frameworks, exhib-
its a similar stiffness to bone endplates under physiologi-
cal loading conditions. Moreover, the framework structure
around the porous structure contributes to the reduction of
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Fig.8 Stress distribution on the
superior bone endplate
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peak stress on the porous cage, while the reserved majority
of pores in the porous cage benefit bone ingrowth.

The region of high stress concentration on the porous
cage under physiological loading conditions is in the high
risk of fracture. The detailed meshed porous cage is used
to illustrate the stress distribution in the cage. Despite the
addition of the framework, the peak stress on the porous
cage is higher than that on the dense cage under all loading
conditions. The peak stress concentrates on the thin-walled
structures of porous cage. In order to reduce the value of
peak stress on porous cages, it is necessary to avoid the gen-
eration of thin-walled structure in the porous cage design,
and posterior pedicle screw fixation is essential. Accord-
ing to the stress distribution on the framework structure
of the porous cage and the solid-mimic porous cage, the
solid-mimic porous implant is valid for the forecast of
stress distribution on the frameworks, but is invalid for the
porous structure. In addition, the stress on the solid portion
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mimicking the porous structure is dramatically lower than
the yield strength derived by the compression test of the
fabricated sample, though the imperfection in the fabri-
cated porous structure tends to decrease the yield strength.
However, local stress concentrations appearing at the minor
diameter or thin-walled locations might lead to local col-
lapse before the entire porous structure yields. The detailed
mesh is essential for predicting the peak stress distribution
on the porous cage.

The value of peak stress on both the superior and inferior
bone endplates of the porous cage model decreases versus
the dense cage model under physiological loading condi-
tions, which is in accordance with previous studies [14, 28,
50]. The results indicate that the designed porous cage con-
tributes to reducing the risk of cage subsidence. In addition,
peak stress concentrates on the contact interface with the
outer edge of cages under physiological loading conditions,
which is in good agreement with a previous study [51]. The
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Fig.9 Stress distribution on the Dense cage model
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yield strength of bone endplate is approximately 173 MPa
[43]. Extension and bending activity should be avoided in
the initial postoperative period to reduce the risk of cage
subsidence, and posterior pedicle screw fixation is recom-
mended for fusion surgery to reduce peak stress on bone
endplates. A clinical study conducted by Cabraja et al. [52]
demonstrated that cage subsidence is associated with vari-
ous factors, including the mechanical properties, shape, and
surface architecture of cages. Arc edges as an alternative to
sharp edges might further reduce the peak stress on bone
endplates.

Porous structures mimicking dense material have been
accepted for predicting the biomechanical effect of porous
implants on adjacent tissues [50, 53]. Due to the identical
stiffness to the porous cage under identical loading condi-
tions, the solid-mimic cage is used to assess the SED of bone
grafts. Under all simulated physiological loading conditions,
the increased SED of bone grafts in the solid-mimic porous
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cage model indicates the reduced risk of stress shielding of
the porous cage. Porous cages with reduced stiffness can
reduce the risk of stress shielding and stimulate the bony
fusion of bone grafts [29, 40]. From a biomechanical view-
point, the porous cage proposed in this study contributes to
enhancing the fusion of bone grafts in the initial postopera-
tive period. However, the increased SED is not too notice-
able likely because the stiffness of the porous cage is still
high. An additional reduction of cage stiffness might further
reduce the stress shielding effects.

The morphological and mechanical characterization of
the fabricated porous structure is performed to assess the
differences between the as-designed and fabricated porous
structures. Although ultrasonic cleaning partially removes
residual particles in the porous structure, Ti particles
attached to the surface of unit cells conceal the designed
morphology of the unit cell and decrease the size of pores.
Some pores with 200 pm size are blocked by the particles
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Fig. 11 a Morphological comparison of the as-designed and fab- ricated porous structure used for the compression test; f the front top
ricated unit cell; b the sectional view of the as-designed and fabri- view of the fabricated porous cage; g the rear top view of the fabri-
cated unit cell; ¢ the as-designed and fabricated porous structure; d cated porous cage; h the compressive stress—strain curves of the fabri-
the imperfection on the microstructure; e the photographs of the fab- cated porous structure
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and further prevent internal loose particles from flowing
out during ultrasonic cleaning. Moreover, unmelted parti-
cles may fall off from the surface and increase the risk of
inflammation after implantation [54]. Post-treatments, such
as acid etching, are essential to remove the residual parti-
cles. In addition, the compression test illustrates that the
fabricated porous structure exhibits lower elastic proper-
ties than the as-designed porous structure. The mechanical
properties of the designed cage used the FEM model are
overestimated using the present SLM processing param-
eters. The mechanical properties of the fabricated structure
are correlated with various factors, including processing
parameters such as laser power, mark speed, and the inher-
ent imperfection emerging from SLM resulting in residual
pore and cracks (Fig. 11d) [55, 56]. Post-treatments such as
heat treatment or hot isostatic pressing enable the mechani-
cal performance improvement of the fabricated porous
structure [55]. To attain the successful clinical application
of the designed porous cage, further studies regarding the
optimization of fabricating parameters and post-treatments
are needed to alleviate the inherent imperfection of SLM, to
obtain the as-designed surface morphology, and to improve
the mechanical performance simultaneously.

Herein, the objective of microscale optimization is the
acquisition of unit cell with an elastic modulus that is 20%
lower than that of bone endplates. Unit cells with other
values of elastic modulus that are lower than that of bone
endplates can also be obtained in microscale optimization
by varying the objective elasticity tensor. Furthermore, the
layout of the framework structure needs to be adjusted via
macroscale optimization to maintain the prescribed stiff-
ness. Nevertheless, overly low objective elastic properties
in microscale optimization might generate small-size struts,
which increase the risk of high stress concentration under
physiological loading conditions. In addition, the Boolean
union operation between the porous structure and framework
might generate different global structures of the porous cage
due to different relative positions in operation. The porous
cage can maintain its overall stiffness; however, thin-walled
structures should be avoided in order to reduce the risk of
local collapse. Based on the present approach, a porous
structure with high stiffness can be obtained via microscale
optimization and used to substitute the framework to con-
struct the functional graded porous cage. To maintain the
overall stiffness, macroscale optimization also needs to be
reconducted to determine the layout of unit cells with dif-
ferent stiffnesses. Moreover, the proposed approach can be
extended to design cages with other shapes or materials and
additional types of orthopedic implants.

Despite the consensus that the elimination of stiffness
discrepancy between implants and adjacent bones contrib-
utes to reducing stress shielding, the optimum stiffness of
the cage for fusion remains undefined. The cage designed
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in the current study possesses a similar stiffness to adjacent
bone endplates and exhibits satisfactory biomechanical per-
formance in the numerical simulation. Unit cells with ani-
sotropic mechanical properties or a porous cage with other
stiffness values can also be obtained using the proposed
approach through further research regarding the complex
mechanical requirements of the fusion cage.

There are certain limitations of this study. Due to the
requirement of cell ingrowth and constraint of fabricating
precision, a unit cell with 1 mm length is adopted in micro-
scale optimization. The periodic boundary is unfeasible for
calculating the effective elasticity tensor of finitely repeated
unit cells; however, the porous cage primarily resists com-
pression loads in the vertical direction under physiological
loading conditions. More than 6 unit cells are repeated along
the main loading direction of porous cage, which confirms
the feasibility of adopting the effective elasticity modulus
in the literature [57]. Moreover, the detailed meshed porous
cage is used to assess the stress distribution on bone end-
plates and the cage. The solid-mimic porous cage, which is
used to evaluate the SED of bone grafts, exhibits compara-
ble stiffness to the porous cage under physiological loading
conditions. The stage after complete arthrodesis and bone
growth into the porous cage is not considered in this study.
To improve the calculation efficiency, muscles around the
lumbar spine, an important tissue maintaining the stability of
the lumbar spine, are not included in the FEM model. Most
tissues of the lumbar spine are assumed as linear elastic
materials in the simulation, which may affect the precision
of results. Nonetheless, the trend of predicted results could
not be affected. The numerical simulation demonstrates the
biomechanical performance of the designed porous cage
under specified loading conditions, while the evaluation of
real-world performance of the porous cage warrants further
experiments and clinical studies.

Conclusions

This study presents a multiscale topology optimization
approach for designing a porous fusion cage with prescribed
stiffness, including microscale optimization to obtain the
unit cell with specified elastic properties and macroscale
optimization to determine the layout of the framework struc-
ture over the porous cage. From a biomechanical point of
view, the numerical simulation of TLIF verifies that the
designed porous cage can reduce the risk of stress shielding
and cage subsidence. The solid-mimic porous cage enables
the prediction of stress distribution on bone endplates and
frameworks of the porous cage, but fails to predict the peak
stress on the porous structure. Thin-walled structures should
be avoided in porous cage development to reduce the risk
of local stress concentration. In addition, the morphological
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and mechanical discrepancies between as-designed and fab-
ricated structures measured by SLM indicate the necessity
of further research on the optimization of fabricating param-
eters and post-treatments. The present multiscale optimiza-
tion approach can be extended to the development of cages
with other shapes or materials, as well as additional types
of orthopedic implants.
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