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Introduction

Porous Biodegradable Lumbar
Interbody Fusion Cage Design
and Fabrication Using Integrated
Global-Local Topology
Optimization With Laser
Sintering

Biodegradable cages have received increasing attention for their use in spinal proce-
dures involving interbody fusion to resolve complications associated with the use of non-
degradable cages, such as stress shielding and long-term foreign body reaction.
However, the relatively weak initial material strength compared to permanent materials
and subsequent reduction due to degradation may be problematic. To design a porous
biodegradable interbody fusion cage for a preclinical large animal study that can with-
stand physiological loads while possessing sufficient interconnected porosity for bony
bridging and fusion, we developed a multiscale topology optimization technique. Topol-
ogy optimization at the macroscopic scale provides optimal structural layout that ensures
mechanical strength, while optimally designed microstructures, which replace the macro-
scopic material layout, ensure maximum permeability. Optimally designed cages were
fabricated using solid, freeform fabrication of poly(e-caprolactone) mixed with hydroxy-
apatite. Compression tests revealed that the yield strength of optimized fusion cages was
two times that of typical human lumbar spine loads. Computational analysis further con-
firmed the mechanical integrity within the human lumbar spine, although the pore struc-
ture locally underwent higher stress than yield stress. This optimization technique may be
utilized to balance the complex requirements of load-bearing, stress shielding, and inter-
connected porosity when using biodegradable materials for fusion cages.
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shielding, device-related osteopenia, and subsidence [6,7].
Although superior in mechanical strength, metallic cages often fail

Spinal fusion is a treatment option for degenerative spinal con-
ditions when conservative treatments fail. In 2001, 357,000
patients underwent lumbar spinal surgery in the United States
alone, of which over 122,000 were lumbar spinal fusions for de-
generative disc conditions [1]. Interbody cages can provide stabil-
ity and limit motion at the bone graft site as well as allow
immediate restoration of disk height and neuroforaminal volume,
thus enhancing fusion rate and effectively relieving pressure and
pain [2,3]. Conventional metallic cages, packed with bone graft or
bone morphogenetic protein (BMP), result in good radiographic
fusion rates (>90%) and improved clinical outcomes [4,5]. Cur-
rent metallic cages, however, are associated with excessive rigid-
ity that may increase postoperative complications such as stress
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to effectively transfer loads to stimulate bony tissue remodeling
[6,8]. Radiopaque metallic cages also interfere with visualization of
bony fusion at the graft site during postoperative follow-up [9,10],
making it difficult to determine the progress of bony healing.

Biodegradable fusion cages made of polylactide copolymers
have gained increasing attention. The material disappears over
time and is replaced with newly grown tissue, which is a primary
advantage over nondegradable material [11,12]. The material
properties of bioresorbable materials are closer to those of verte-
brae trabecular bone, thereby distributing the load more evenly to
the ingrown bone and the device [8]. In spite of these beneficial
aspects, the use of biodegradable cages for lumbar interbody
fusion is rare due to significantly lower levels of strength com-
pared to metallic or nondegradable polymeric cages. Although
degradability is a desirable feature of orthopedic implants for
bone healing, it is critical that reduction in material properties due
to degradation should be timed to coincide with the increase in
mechanical stability resulting from bone growth.
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To address the intrinsic disadvantages of bioresorbable materi-
als, several biodegradable cages were investigated in preclinical
animal models, demonstrating good outcomes [11,13,14]. How-
ever, concerns of early device failure were again raised with too
rapid in vivo degradation being the suspected reason. In these
studies, conventional designs [15], including hollowed cylinders
with threads, open boxes, and vertical rings, were used for biode-
gradable cages. Mere exchange of permanent materials for biode-
gradable polymers in conventional designs, such as hollow
cylinders or open boxes, may not provide sufficient strength for
lumbar fusion.

A hierarchical scaffold tissue engineering strategy [16] with to-
pology optimization may overcome these hurdles in the design of
biodegradable fusion cages, with the capability of controlling the
functional properties by designed microstructures. Based on this
concept, Lin et al. [17] applied integrated global-local topology
optimization to design porous titanium fusion cages that provide
sufficient but not excessive strength and effectively transmit strain
energy to the regenerate bone. Topology optimization distributes
a limited amount of material within a predefined design domain
under specific loading conditions to achieve desired mechanical
stiffness. Lin et al. [18] further tested the efficacy of the optimized
cages made of titanium. It should be noted that the goal of these
previous studies was reducing stiffness to avoid complications
associated with excessive rigidity. However, biodegradable cages,
which have less stiffness, already satisfy the previous design goal.
The design target should, therefore, address the problem related to
weaker material properties.

Thus, the goal of our study was to design, fabricate, and test
biodegradable poly(e-caprolactone) (PCL) cages, which are
mechanically strong enough to support loads, have sufficient pore
space for delivery of biologics and bone ingrowth, and can transfer
loads seamlessly from the designed cage to newly grown bone tis-
sue. We assumed that a globally optimum structure maximizes the
overall stiffness of the fusion cage and locally optimized micro-
structures maximize the transport characteristics of the fusion cage.

Materials and Methods

Fusion Cage Design for an In Situ Large Animal Model
Using Integrated Global-Local Topology Optimization. Global
topology optimization determines optimal material density distri-
bution, or material density map, which maximizes stiffness of the
fusion cage with constrained volume fraction to preserve suffi-
cient porosity for bony fusion. Topology optimization, in general,
is executed within finite elements (FEs), which are assigned a den-
sity value representing the structural topology. For density values,
0 to 1:0 indicates no material or void, and 1 indicates a solid. In
our study, the density distribution was segmented into high- and
low-density regions, which served as a map [19,20] to place spe-
cific microstructures. Low-bulk modulus microstructures were
used to replace the low-density region and high-bulk modulus
microstructures were used for the high-density region. The thresh-
old density value was determined such that the overall porosity of
the porous fusion cage matched 50%. Porosity of 50% has been
posed as a critical criterion to balance the compromised modulus
of tissue scaffolding due to degradation and its recovery from
ingrown tissue in the void space [21]. This criterion has been
incorporated into many of our previous scaffold designs to test the
success of bone tissue augmentation [22,23]. Finally, the outer
wall was designed to add more stability to the fusion cage.
Detailed geometric features were added, such as a bullet-shaped
tip for easy insertion of the fusion cage and fixation geometries
such as teeth to increase pull-out friction.

FE Modeling for Global Topology Optimization. For global
topology optimization, FEs were modeled based on computed to-
mography (CT) images of a Yucatan minipig lumbar spine (L2-L5)
(Fig. 1(a)). The FE model included cortical bones and cancellous
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Fig. 1 (a) Ligamentous FE models of mini-pig lumbar spine
segments (L2-L5) and (b) design domain for global topology
optimization at L4-L5 level

Table 1 Mechanical properties of components of the finite ele-
ment models

Young’s Poisson’s  Cross-sectional
Components modulus (MPa) ratio area (mm?)
Cortical bone 12,000 0.3 -
Cancellous bone 100 0.2 -
Equivalent disc 5 0.4 -
Facet joints 5 0.4 -
Ligaments (rod elements)
ALL 20 63.7
PLL 20 20
ITL 58.7 4
ISL 11.6 40
SSL 15 30
Poly(e-caprolactone) 300 0.3 -

bones, facet joints, nucleus pulposus, annulus fibrosus, and spinal
ligaments. The design domain for the global material density map
was defined as the L4-L5 level intervertebral disk space (Fig. 1()).
Material properties were adapted from previous FE studies
found in the literature [17,24,25] and assumed to be those of
humans (Table 1). For PCL, the modulus was obtained from the
compression test of fabricated solid cylinders and Poisson’s ratio
was assumed to be 0.3. We applied 5 Nm of flexion, extension,
lateral bending, and torsion with 115N of precompression to sim-
ulate the physiological loading condition. Specifically, the pre-
compression load was determined such that the resultant stress
level in the intervertebral disk model matches the experimentally
measured pressure [26]. FE analysis and optimization were per-
formed using OptiStruct software (Altair Engineering, Troy, MI).

Microstructure Design Using Local Topology Optimization.
Optimal microstructures that achieved prescribed effective me-
chanical and mass transport properties of the global structure were
designed in our previous study using local topology optimization
[27]. The homogenization method, which is based on the periodic-
ity of microstructure and separation of length scales between
global and local structures, determines the averaged properties of
the global structure from an analysis of a representative micro-
structure. A microstructure can be considered optimal if the result-
ing effective property it generates is close to a theoretical bound,
which limits the maximal achievable property for given material
volume fraction. In the case of two properties that are competing,
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Fig. 2 Global density maps (left) and segmentations (right) obtained using global
topology optimization, under (a) flexion, (b) extension, (c) lateral bending, and (d)
torsion. (e) Combination of all loading modes used for the final integrated design.

cross-property bounds limit the maximal achievable property pairs
[28]. In addition to the topology optimized microstructures, micro-
structures with three orthogonal cylindrical holes were modeled at
different porosities. The mechanical and mass transport properties
were then evaluated with the homogenization method and optimal-
ity was checked within the cross-property bounds. These micro-
structures were used to replace the global density map.

Fabrication and Testing. To validate the mechanical stiffness
and strength of our optimal fusion cages, compression tests were
conducted on manufactured fusion cages. The final designs were
fabricated using a Formiga P100, a selective laser sintering (SLS)
solid freeform fabrication (SFF) machine (EOS Electro Optical
Systems, Germany). PCL powders mixed with a small volume of
hydroxyapatite (HA) were used for the layer-by-layer laser sinter-
ing of our designs. For comparison, a conventional transforaminal
lumbar interbody fusion (TLIF) cage was reverse-engineered
using micro-CT scan. Then, the conventional design was also fab-
ricated with the same material (PCL/HA mixture). The two opti-
mized cages and the conventional TLIF cage were mechanically
tested using an MTS test system (MTS Systems Corp., Eden Prai-
rie, MN) (1 mm/min with preload of 11b force =4.45N). Load
displacement responses were compared among the optimal and
conventional designs. It should be noted that the optimal designs
were scaled to match the height of the conventional TLIF design.
Solid cylindrical specimens (8§ mm in diameter and 16 mm in height)
were also fabricated and mechanically tested to measure Young’s
modulus and yield stress of the sintered bulk PCL/HA mixture.
Young’s modulus was defined as the slope of the linear region of
stress—strain curve, and yield stress was measured from the intersec-
tion of the 0.2% offset of the linear slope and the original
stress—strain curve.

To further validate load-supporting capacities of the optimal
fusion cages, image-based FE analyses were conducted. The opti-
mal designs without detailed geometric features were converted to
voxel elements using Voxelcon software (Quint Corp., Tokyo,
Japan). Compression loads of 1500 N, which is generally accepted
as the load level at the human lower back with moderate activity
[29], were applied to the top of the cages and the bottom was con-
strained. To investigate how stress levels changed after initial
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bony fusion inside the optimal cages, additional models were pre-
pared by filling pore space with cancellous bone.

Results

Global Density Map and Local Microstructures. To design a
mechanically stable porous fusion cage, we obtained an optimal
material density distribution with maximized stiffness at 50%
porosity (Fig. 2). High-density regions were properly located to
support the applied loadings, i.e., flexion (Fig. 2(a)), extension
(Fig. 2(b)), lateral bending (Fig. 2(c¢)), and torsion (Fig. 2(d)). In
addition, the combination of all loadings resulted in the summation
of all high-density regions (Fig. 2(e)). Segmentations of the global
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Fig. 3 All property pairs of microstructures are on the cross-
property upper bounds, indicating the microstructures are opti-
mal. (a) and (c) were designed using microstructural topology
optimization, and (b) and (d) were designed using primitive
pore geometry (cylindrical holes).
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Table 2 Mechanical and mass transport properties of micro-
structures used in the design of porous fusion cages

Normalized Normalized Normalized
effective bulk  effective Young’s effective
Microstructures modulus (%) modulus (%) diffusivity (%)
Figure 3(a) 33.2 42.8 16.2
Figure 3(b) 22.4 38.9 24.5
Figure 3(c) 11.1 9.7 41.6
Figure 3(d) 9.3 20.2 44.8

© (D) €

Fig. 4 (a) Pore architecture and final design of the cylindrical
pore fusion cage. (b) Pore architecture and final design of topol-
ogy optimized pore fusion cage. (c¢) A prototype fabricated
using SFF. (d) Prototypes scaled to fit the minipig (upper) and
human (lower) intervertebral disk spaces. (¢) The customized
cage height was checked in domestic pig lumbar intervertebral
disk space.

density map are also illustrated in Fig. 2, under flexion, extension,
lateral bending, torsion, and the combination of all the loadings.
Mass transport properties of the porous fusion cage were maxi-
mized by optimally designed microstructures. The close proximity
of the properties to the cross-property upper bounds indicates that
mechanical and mass transport properties of the microstructures
are optimal (Fig. 3, Table 2). For microstructures with cylindrical
pores, the high-bulk modulus microstructure (Fig. 3(b)) showed
22.4% of the base material bulk modulus, whereas the low-bulk
modulus microstructure (Fig. 3(d)) showed 9.3% of the base mate-
rial bulk modulus. Likewise, for the optimized microstructures,
the high-bulk modulus microstructure (Fig. 3(a)) showed 33.2%
of the base material bulk modulus, whereas the low-bulk modulus
microstructure (Fig. 3(c)) showed 11.1% of the base material bulk
modulus. The topology optimized microstructures exhibited more

mechanical stiffness but less diffusivity than microstructures with
cylindrical pores (Table 2).

Integrated Design. By integrating the global density map and
local microstructures, we successfully designed optimal porous
fusion cages with maximum stiffness and permeability. Segmenta-
tion of the global density map for the combination of flexion,
extension, lateral bending, and torsion (Fig. 2(e)) was chosen for
the integrated fusion cage design as a representative example. To
guarantee overall stability of the fusion cage, we surrounded the
porous structure with a “solid wall.” To do this, we defined the
periphery of the design domain as pure solid, the inside of which
was replaced with microstructures. The high-density region was
replaced with high-bulk modulus microstructures and the low-
density region was replaced with low-bulk modulus microstruc-
tures. For fixation, sawtooth geometry was added to the top and
bottom of the outer wall. For easy insertion of the fusion cage, a
bullet-shaped tip was modeled to one lateral solid region, whereas
the other lateral solid region was reserved for the surgical tool
connection. The integrated porous structure and final fusion cage
design are illustrated in Figs. 4(a) and 4(b).

Fabrication and Mechanical Test. Using an SFF technique
with the PCL/HA mixture, we successfully fabricated prototypes
of the optimal porous fusion cages with all the complex pore geo-
metries and detailed features outlined above (Figs. 4(c)—4(e)). The
current design and fabrication methods are flexible such that the
cage designs were easily customized. For example, the smaller
cage in Fig. 4(d) was fabricated using the original design with
slight adjustment in size to fit in the intervertebral disk space of a
domestic pig lumbar spine (Fig. 4(e)), while the larger cage in
Fig. 4(d) was fabricated by up-scaling the original design to attain
fair comparison of mechanical strengths to conventional TLIF
design. Detailed design modifications such as sawtooth fixation
and bulletlike tips can be also easily implemented owing to SFF.
Furthermore, the integrated topology optimization process can be
repeated with accurate anatomy and proper boundary conditions
for more rigorous functional design of fusion cages for other
species.

Compression tests, conducted on the prototypes without
detailed sawtooth geometry (Fig. 5), clearly showed that our opti-
mal fusion cages are stronger than the conventional biodegradable
TLIF design (Fig. 6). Stiffness of the porous fusion cage with opti-
mized microstructures was 7548.6 N/mm and that of the cylindri-
cal pore cage was 7117.9N/mm, while stiffness of the
biodegradable TLIF design was 2455.4 N/mm. Based on 0.2% off-
set yield stress, the yield was 3376 N (0.667 mm compression dis-
placement) for the cylindrical pore fusion cage and 2923 N
(0.588 mm compression displacement) for the optimal pore fusion
cage. The yield of the biodegradable TLIF cage was 1248 N
(0.618 mm compression displacement), which was less than that
of our cage without pore structures (1947 N at 0.584 mm compres-
sion displacement).

Fig. 5 For compression tests, fusion cages with (a) cylindrical pore microstruc-
tures, (b) optimized microstructures, and (c) the conventional TLIF cage were fabri-
cated without detailed features to eliminate the initial yield caused by teethlike
geometric features

101013-4 / Vol. 135, OCTOBER 2013
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Fig. 6 Line graph showing compression test results, confirm-

ing superior stiffness and strength of the optimized designs
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Fig. 7 Stress—strain curve obtained from compression test of
a bulk cylindrical specimen to determine Young’s modulus and
yield stress for the FE analysis

Solid cylinders (8 mm diameter and 16 mm height) were fabri-
cated to determine bulk compressive modulus and yield stress of
the sintered PCL/HA mixture (Fig. 7). Young’s modulus was
295.3 £ 13.6 MPa and yield stress was 10.4 = 0.2 MPa (n = 10).

Estimation of Yield From the Stress Analysis. FE analyses
confirmed that porous PCL cages can support physiological
loading. To check the load carrying capacity, we first conducted
FE analysis on the wall structure. The maximum von Mises
stress was 8.23 MPa under 1500N of compressive force (Fig.
8(a)), which is below the experimentally measured yield stress
(10.4 MPa) for sintered bulk PCL/HA specimens. However,
introduction of microstructures raised the local stress levels
over the yield at the thin structural features (Figs. 8(b) and
8(c)). Based on the compression tests (Table 3), however,
yield of the global structure was over 3000 N, indicating the
surrounding wall supported the load over local yield load.
When assuming initial bony fusion, local stresses at the pores
reduced to 9.34 and 8.6 MPa, which are below yield (Figs. 8(d)
and 8(e)).

Journal of Biomechanical Engineering

Discussion

Biodegradable cages have received considerable attention as an
interbody fusion system. The underlying rationale is that reduced
stiffness adjacent to bone may eliminate stress shielding and that
complete resorption of the cage will avoid adverse foreign body
reactions. Conventional hollowed cylindrical cages or vertical
ring types, however, may not be adequate design candidates for
biodegradable cages. The thin-wall geometry originally designed
for metallic cages may collapse under physiological loading con-
ditions when simply replacing permanent materials, such as tita-
nium or polyethylethylketone, with significantly less-rigid
biodegradable polymers. In this regard, integrated global and local
topology optimization in the design of PCL cages has been dem-
onstrated to achieve these generally desired stiffness and strength
characteristics needed for better fusion outcomes. Furthermore,
this design approach is highly flexible and can be readily applied
to either preclinical animal models or human clinical studies.

Global topology optimization can incorporate an anatomically
accurate shape, which makes in situ fusion cage design possible.
Various physiologically relevant loading modes at the lumbar
spine were concurrently considered in the optimization procedure
to ensure in vivo structural integrity. Measured compressive
strength revealed that our optimally designed PCL cages could
support physiological load magnitudes at the lumbar spine. Fur-
thermore, this design technique facilitates the design of fusion
cages with specific physiological demands by introducing local
microstructures with various stiffness, permeability, and diffusiv-
ity properties.

With the solid freeform fabrication technique, our optimal PCL
cages could be accurately constructed with controlled pore archi-
tectures and sufficient mechanical properties. The effectiveness of
a laser-sintered PCL fabrication as a bone scaffold was previously
attested by its stiffness, which is close to that of trabecular bone,
and anatomically specific global shape with controlled porous
architecture to allow bony ingrowth [30]. While the modulus of
the bulk PCL specimen was 120 MPa in that study, the experimen-
tal and computationally estimated compressive modulus of porous
scaffolds ranged from 46 to 68 MPa, falling within the lower
range of human trabecular bone [31]. In our study, the compres-
sive modulus of the bulk specimen was 295 MPa, which is in the
mid-range of reported values (120 ~450MPa) [30,32-34]. The
improved strength may be due to optimally determined SLS proc-
essing parameters, including laser power, beam path speed, and
PCL powder particle size.

Our porous fusion cages demonstrated their ability to support
physiological loadings. To estimate in vivo load level in different
postures, intradiskal pressure was measured in flexion up to
30 deg using a pressure needle, and converted to load by multiply-
ing disk area, which was measured from a magnetic resonance
imaging scan [35]. In that study, load levels at L4-L5 lumbar
spine have been estimated around 500N to 3000N, varying
according to posture. In another study, theoretical estimation of
axial loads at L3 were reported to range from 340N~ 2350N
[36]. Our compression tests revealed that the optimal fusion cages
scaled for human vertebral geometry could withstand over 3 kN of
loads, which is above the physiological level of the human lumbar
spine. The comparison of compressive mechanical responses with
conventional TLIF cages also demonstrated the inadequacy of
adapting a design previously used for metallic cages. Moreover,
the compliance of PCL may also benefit mechanical stimulus on
growing bone, as results from the stress analysis indicated that
load transfer took place from the fusion cage to newly generated
bone when initial bony fusion was assumed. However, whether
the transferred load becomes detrimental over time warrants fur-
ther study and investigation of mechanoregulation within the
microstructure.

The stiffness of our fabricated fusion cage can be improved by
increasing the HA content in the PCL powder, owing to HA’s
high stiffness factor. Shor et al. [37] demonstrated a 40% increase
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Fig. 8 (a) von Mises stress level for optimal fusion cage without pore structures is
below the yield stress (8.5 MPa). With initial pore structures (b) and (c), the stress
level increased over the yield compared to (a). However, after initial bony fusion
inside the pores (d and e), the stress level decreased below the yield (9 MPa). These
results indicate that the majority of loading support is provided by the outer wall.
Although local yield at the microstructures increases initially, ingrown bone will
take over the loads from the fusion cage, alleviating the load burden at the

microstructures.

Table 3 Stiffness and yield loads of two designed cages with
and without microstructures compared with those of conven-
tional TLIF and poly-L-lactic acid cages [49]

Cage Stiffness (N/mm) 0.2% yield load (N)
Cylindrical pore cage 7117.9 3376.2
Optimal pore cage 7548.6 2923.5

Cage wall only 5228.1 1947.4
Conventional TLIF cage 24554 1248.5
Poly-L-lactic acid cage 4000° 3500*

#Average values of stiffness and yield load taken from van Dijk et al. [49].

in the compressive modulus by adding 25% HA. It was also
reported that stiffness of the PCL/HA mixture was proportional to
the content of HA [32]. The reason we chose 7% HA was due to a
limitation in our SLS laser beam controllability. With further opti-
mization of the laser beam parameter, our sintered PCL/HA com-
posite fusion cages may have improved mechanical strength.

In an effort to elucidate optimal scaffold design parameters for
better tissue regeneration, pore architectures, such as pore size
and porosity, have been extensively investigated. Although there
were large variations among researchers regarding optimal pore
size, a minimum 300 pum pore size has been suggested to enhance
bone growth and capillary formation [38]. The minimum pore size
of our optimal cages was approximately 800 um, which is limited
by current SLS processing parameters. In a previous study by our
group [39], no significant differences were found in bone growth
into PCL scaffolds at longer time points between pore sizes of
350 um and 800 um. Thus, it is expected that our porous PCL
cages may enhance bone ingrowth with large enough pores, along
with the maximized permeability design provided by local topol-
ogy optimization.

In addition to sufficient compressive modulus for load bearing,
irreversible creep of the PCL may play a favorable role in
preventing fracture of the cage into small pieces and maintaining

101013-6 / Vol. 135, OCTOBER 2013

structural connectivity, even under excessive loading conditions.
PCL has a very low glass transition temperature of —62°C and
melting point of 57 °C. At room temperature or in a body, PCL is
in a rubbery state, thus exhibiting high ductility [33]. The long
degradation profile compared to other degradable polymers may
make PCL more suitable to interbody fusion, which requires a
long healing time of more than one year. Fast degradation and
loss of structural integrity may cause poor fusion performance.
Jiya et al. [40] raised concern of using PLDLLA poly(l,dl- lactic
acid) cages in their prospective randomized clinical study compar-
ing fusion performance between polyether ether ketone (PEEK)
and PLDLLA cages. Their PLDLLA showed significantly higher
subsidence and lower fusion rates compared to PEEK due to early
device failure. The authors explained that the rapid decrease in
mechanical strength during degradation could be related to device
failure, which in turn resulted in the low rate of fusion. In vitro
measurements of mechanical properties of PCL, such as modulus
and yield stress, were shown to remain unchanged during the
entire degradation time course [41]. PCL was also shown to
maintain initial elastic modulus and 95% of polymer mass up to
12 months in vivo [42]. However, it should be noted that degrad-
able spine cages are still subject to mechanical failure over
time under continuous loading, depending on the magnitude of the
load [43].

The validity of using quadrupeds in studies of spine biome-
chanics has been questioned due to differences in the anatomy and
posture of quadrupeds [44]. However, spinal trabecular arrange-
ments were found to be similar between human and porcine verte-
brae, indicating axial compression along the spinal axis is dominant
in porcine spine, based on Wolf’s law [45]. In addition, facet joints
are interlocking, rather than sliding with each other, which indicates
that the load perpendicular to the spinal column can be converted to
longitudinal stress along the spinal column. Smit [46] also
supported the large quadruped pig animal model because of these
similar loading modes. The author, however, noted that the consid-
erably higher density of trabecular bone in quadruped vertebral
bodies is an indication of higher load levels in the animal lumbar
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Table 4 Surface-to-volume ratio of microstructures

Porosity Pore surface Specific
Microstructures (%) area (mm?) surface area (mm™ ')
Figure 3(a) 29.4 12.54 1.568
Figure 3(b) 40.0 9.61 1.201
Figure 3(c) 58.8 14.16 1.770
Figure 3(d) 60.0 9.36 1.170

spine. The global topology optimization in our study was conducted
with porcine lumbar spine geometry, but the material properties
were human. For application in a preclinical study, it will be impor-
tant to consider the effect of these differences by developing opti-
mal topology designs for both sets of material properties.

One possible application for optimal microstructures in inter-
body fusion would be controlled release of biologics, such as
Bone morphogenetic protein 2 (BMP2). Although the microstruc-
tures were optimized in terms of functional properties such as per-
meability and diffusivity, it should be noted that the optimally
designed microstructures were found to have a larger pore surface
area than in the cylindrical or spherical pore microstructures (Ta-
ble 4, Fig. 3). Increased surface area with maximized permeability
may increase the efficacy of osteobiologic release, especially if
the BMP2 can be tightly bound to the cage with local retention. It
is possible to modify the surfaces of these optimized cages using
either biomineralization methods [47] or by chemical conjugation
techniques [48]. Integration of designed cages with osteobiologic
delivery could address the limitations of current cage delivery sys-
tems that use a collagen sponge for osteobiologic delivery that is
separate from the load-bearing cage.

Conclusions

Integrated global-local topology optimization combined with
the SFF technique and using a PCL/HA composite is a promising
method for the design of biodegradable fusion cages. Based on ex-
perimental and computational verification, optimally designed
PCL cages have sufficient mechanical properties to support lum-
bar interbody loads. This, combined with the longer degradation
period of PCL, may once again make bioresorbable cages a viable
solution for spine fusion applications. However, rigorous preclini-
cal testing of this postulate in a large animal model will be
required.
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