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Abstract Surgeons often use spinal fixators to manage
spinal instability. Dynesys (DY) is a type of dynamic fix-
ator that is designed to restore spinal stability and to pro-
vide flexibility. The aim of this study was to design a new
spinal fixator using topology optimization [the topology
design (TD) system]. Here, we constructed finite element
(FE) models of degenerative disc disease, DY, and the TD
system. A hybrid-controlled analysis was applied to each of
the three FE models. The rod structure of the topology
optimization was modelled at a 39 % reduced volume
compared with the rigid rod. The TD system was similar to
the DY system in terms of stiffness. In contrast, the TD
system reduced the cranial adjacent disc stress and facet
contact force at the adjacent level. The TD system also
reduced pedicle screw stresses in flexion, extension, and
lateral bending.
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1 Introduction

Spinal surgeries, including traditional and minimally
invasive deformity correction, are often used to manage
spinal instability [1]. In contrast to the traditional open
approach, minimally invasive spinal surgery presents sev-
eral advantages. For example, minimally invasive defor-
mity corrections are associated with relatively short
operating times, reduced medical complications, smaller
incisions, no muscle stripping, less anaesthesia, shorter
hospital stays, quicker recuperation periods, and reduced
blood loss. However, minimally invasive deformity cor-
rections must be technically feasible to be readily dupli-
cated and widely adapted [2]. Additionally, with respect to
surgical implants, spinal fusion surgery is the traditional
procedure, and it has clinically curative effects [2]. How-
ever, spinal fusion surgeries have other problems, including
donor ailments, inherent surgery-associated morbidity
rates, and adjacent segment disease [1, 3, 4]. Several
clinical reports have demonstrated that spinal fusion sur-
gery may accelerate degeneration at adjacent segments |5,
6]. Consequently, several flexible posterior spinal fixation
systems have gradually been introduced into the clinic [1,
7, 8]. These implants are designed to restore spinal stability
and reduce the load on the adjacent disc. The Dynesys
(DY) system (Zimmer, Minneapolis, MN, USA) is a type
of dynamic stabilization device that has been used in
clinics for more than a decade. The DY system consists of
polycarbonate urethane (PCU) spacers, polyethylene tere-
phthalate (PET) cords, and titanium alloy pedicle screws.
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The length of the PCU spacers can be adapted for the
clinical situation, the PET cords are introduced through the
screw heads, and the PCU spacers are interposed and fixed
after pre-loading [8, 9]. Moreover, a previous clinical study
[10] indicated that the DY system produced satisfactory
outcomes, with the patient satisfaction reported to be as
high as 95 %. However, complications, including slight
screw loosening (3 of 26 patients), adjacent segment
degeneration (47 % patients), and screw breakage with low
back pain (one patient), were observed at a 4-year follow-
up. Various clinical studies [10-12] have addressed the
similarity in stiffness between the DY system and a rigid
fixation system. Previous clinical literature [10-12] has
also addressed that the incidence of adjacent level degen-
eration in patients using the DY system was similar to that
observed in patients using a rigid fixation system. Biome-
chanically, the DY system reduces the range of motion
(ROM) of the intact spine [13-16], but the DY system is
more flexible than a rigid internal fixator [17]. Addition-
ally, previous biomechanical investigations have demon-
strated that the DY system provides greater stiffness [17,
18]. Niosi et al. [15, 19] indicated that a DY system with
long spacers typically results in increased ROM and a
decrease in facet loads compared to a system with shorter
spacers.

Conversely, Chen et al. [20] sought to devise a new
intervertebral cage design to allow more bone graft volume
using topology optimization. They obtained a new cage
that had a volume of 1,603 mm?, which was significantly
smaller than the initial cage model (2,058 mm? ). The new
design provided satisfactory ROM and stress levels at the
adjacent disc, but it displayed a higher stress level than the
original cages. Lin et al. [21] demonstrated the ability to
use the optimized topology design (TD) in lumbar fusion
cages made from Ti-6Al-4V alloy using a rapid prototyp-
ing process, i.e. selective laser melting (SLM) (Fraunhofer
ILT, Aachen, Germany), to achieve the designed spatial
arrangement of material and to reproduce the designed
microstructure features. Topology optimization algorithms
[21-23] generate an optimized material distribution for a
set of loads and constraints within a given design space.
Radiographic characterizations and mechanical properties
were investigated to determine how the structural charac-
teristics of the fabricated cage were reproduced from
design characteristics using micro-computed tomography
scanning. The new, porous Ti-6Al-4V optimal-structure
cage displayed consistent mechanical properties; thus, it
can be a promising alternative for use as a porous implant
for spine fusion. Furthermore, Goel et al. [1] indicated the
importance of optimizing the dynamic implant stiffness to
achieve the desired spinal ROM.
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Hence, the aim of this study was to design a new spinal
fixator using topology optimization [20-26] (TD system;
TD system) to reduce the overall stiffness and volume. The
lumbar spine with the TD system was evaluated in terms of
ROM, disc stress, facet joint force, and pedicle screw
stress.

2 Materials and methods
2.1 Validation of the FE model

A three-dimensional, nonlinear finite element (FE) model
of the human lumbar spine was created using the com-
mercial software, ANSYS 11.0 (ANSYS Inc., Canonsburg,
PA, USA), as described in our previous studies [27-30]. A
detailed description of this lumbar spine FE model was
previously reported [27-30]. Previous studies [27-30] have
indicated that an FE intact model of the L1-L5 lumbar
spine was created using computed tomography scanned
files. To obtain reliable data, the convergence test and
model were validated [28, 29]. For the convergence test
[28, 29], three mesh densities (4,750 elements/4,960 nodes,
coarse mesh density model; 27,244 elements/30,630 nodes,
normal mesh density model; and 84,594 elements/94,162
nodes, finest mesh density model) were chosen to test for
any ROM changes occurring in the intact model, and the
finest mesh density was selected because the change was
within 1.03 % (<0.2°). For model validation [28, 29], the
ROM in the five levels of the intact model was validated
using previous cadaveric in vitro tests. The FE intact model
displayed stiffer behaviour in flexion, with an ROM value
that was 4° less than that described in Rohlmann’s in vitro
study. In addition, softer results were obtained in extension
and torsion compared with the in vitro test data; however,
the differences were still within 2°. Overall, the discrep-
ancy between the in vitro tests and our FE simulation was
within one standard deviation.

Although our FE model was developed in a previous
study [20], it did not consider degenerated discs. Therefore,
this study varied the material properties of degenerated
discs and evaluated the ROM and annulus stress of a
degenerated lumbar spine. Umehara et al. [31] reported that
the Young’s modulus of the ground substance of the
annulus increased as the disc degenerated. Thus, the cor-
responding Young’s modulus (E) of the degenerated discs
in each test increased by 10 % relative to the intact disc.
This FE model extracted the L4-L5 motion segment from
the entire lumbar spine model to test the degenerated disc.
The degenerated disc was simulated with hyperelasticity
behaviour, and the material properties were controlled
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using two parameters (C1 and C2) in the Mooney—Rivlin
formulation. The degenerated L4-L5 model was validated
experimentally [32] by measuring the ROM using a 7.5-
Nm moment for flexion—extension, lateral bending, and
torsion. The experimental results [32] indicated that the
grading system of intervertebral disc degeneration agreed
with the system of Wilke et al. [33]; each of these
parameters was classified on a scale ranging from 0 (no
degeneration) to 3 (severe degeneration). Grade II disc
degeneration represented moderate degeneration. To
examine any discrepancies, the FE analysis was compared
with a previous in vitro test [32] using the following
equation:

degeneration. However, the DDD model, which consisted
of 112,174 elements and 94,162 nodes, did not include the
spinal fixation system.

2.2 New design of dynamic spinal fixator using
topology optimization

In the clinic, several reports have demonstrated that spinal
fusion surgery accelerated degeneration at adjacent seg-
ments due to the higher stiffness from the rigid rod [3, 6].
Some spinal implants, such as the dynamic spinal fixator,
have been substituted to reduce the stiffness of the spinal
fixator while preserving the spinal ROM [34]. Conse-

error = \/(ROMP - ROME)fZ]exion—O—extension + (ROMP - ROME)Z

2
lateralbending + (ROMP - ROME)torsion

ROMp: the ROM in the present FE study, ROMg: the
ROM in the previous in vitro test.

The FE analysis exhibited a similar trend to that
observed in previous experimental results (Fig. 1). When
the Young’s modulus of the annulus fibrosis of the disc was
increased by 100 % (the corresponding Young’s modulus
(E) was 6.3 MPa), the ROM of L4-L5 was closer to that of
the in vitro results. The smallest error (0.72) was observed
after applying a data normalization method.

Then, an entire lumbar spine model with degenerative
disc disease (DDD) was created to compare the DY and TD
models using the above parameters (disc annulus fibrosis:
Cl = 0.84, C2 = 0.21; Young’s modulus E = 6.3 MPa;
nucleus: elastic modulus = 1.66 MPa; and Poisson’s
ratio = 0.499) to simulate the stabilization of grade II disc

Fig. 1 Validation of the error
data and ROM

OPresent study: Torsion

124 OError

ROM (degree) and error value

OPresent study: Flexion-Extension
OPresent study: Lateral bending

quently, this study focuses on the distribution of global
structural stiffness from the rod. For this purpose, we
employed topology optimization to determine the redun-
dant rod region that transmits the least strain energy. This
study applied topological optimization software (ANSYS
11.0; ANSYS Inc., Canonsburg, PA) to design a new rod
aimed at effectively reducing the stiffness of the rod.

The theory of topological optimization seeks to mini-
mize the energy of structural compliance, termed the
objective function. Minimizing compliance is equivalent to
maximizing the global structural stiffness [20], so the
standard formulation of topological optimization defines
the problem as minimizing the structural compliance while
satisfying a constraint on the volume (V) of the structure.
The optimization problem is as follows:

B Kettler et al., 2011: Flexion-Extension
OKettler et al.,, 2011: Lateral bending
DOKettler et al., 2011: Torsion

10%  120%
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objective function : minimize (U,)
limitation : 0 <n;<1(i =1,2,3,...,n)
V<V,-V*

V= zn:’?ivi
Ei = E(n;)
{oi} = [El{a}

U,.: the energy of structural compliance, #;: the internal
pseudo-densities that are assigned to each element (i) in the
topology problem, V: the computed volume, V,: the ori-
ginal volume, V. the amount of material to be removed,
V;: the volume of element (i), E;: the elasticity tensor for
each element, E: the elasticity tensor, o;: the stress vector
of element (i), ¢;: the strain vector of element (7).

The density variable, #, varied between 0 and 1, where
an ; closer to 0 represented material to be retained and an
n; closer to 1 represented material that should be removed.
The topological optimization of the structural simulation
was performed for flexion, extension, lateral bending, and
torsion. To determine whether enough material was
removed by topology optimization, the study set an
excessive volume reduction, as determined by a 50 %
volume reduction and 20 iterations. The convergence tol-
erance was defined as 0.0001. Then, the final design of this
new rod, termed the topology-I rod (Fig. 2), was obtained
from the topology optimization. The volume of the topol-
ogy-I rod was reduced by approximately 39 % compared to
that of a rigid rod (®6 x L46). The location of the

AP aspect

effective material from the topology optimization was in
anterior—posterior (AP) direction of the rod. Therefore, we
removed some material from the medial-lateral direction
of the rod, and it was shaped like an I-rod.

Additionally, we created a sleeve mechanism in between
the caudal screw (screw hole ®7 mm) and rod (®6 mm) in
the TD model (Fig. 3). We expected that the TD system
would not be rigid in extension and lateral bending because
the facet joints can support some forces. Therefore, we
added a sleeve to the distal end of the rod to allow for
relative movement to reduce the rigidity of the spinal
implant in extension and lateral bending. Hence, we
expected the TD model to induce less stiffness because of
topology optimization and its mobility.

2.3 FE model of the DY and TD systems

The DY [27, 30] and TD models (Fig. 3) were bilaterally
inserted into the L.3—L4 level of the FE model. The implant
for the DY model consisted of four titanium alloy screws
(Diameter: 6.4 mm, Length: 45 mm, Hole diameter:
6 mm). Moreover, we modelled two PCU spacers (Diam-
eter: 12 mm, Length: 30 mm) and two PET cords that
contacted the screw in the DY model. In the TD FE model,
the implant consisted of four titanium alloy screws
(Diameter: 6.4 mm, Length: 45 mm, Hole diameter: 6 and
7 mm) and two titanium alloy topology-I rods
(®6 x P8 x L48 mm). The topology-I rods were bound
to the L3 screws and contacted the 1.4 screws. Therefore,
the TD system was mobile between the lower pedicle
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Fig. 2 Results of topology optimization: a The rigid rod in the L3-L4 motion segment, the arrow indicates the location of redundant material in
anterior—posterior (AP) aspect of spinal model; b the new design (topology-I rod); ¢ the size of the topology-I rod
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Titanium

pedicle screw

-

PET cord

PCU spacer

(a)

Fig. 3 FE model: a DY system and b TD system

screw and the rod in extension (rod: ®6 x ®8 mm plus
screw hole diameter: ®7 mm), which could support similar
normal stiffness. Previous reports [35-37] have indicated
that a mobile implant could restore the ROM and stiffness
to a normal behaviour. The DY model consisted of 292,502
elements and 126,090 nodes. The TD model included
224,960 elements and 116,751 nodes. The material prop-
erties of the implant were based on information from pre-
vious studies [27, 30, 38].

2.4 Boundary and loading conditions

Several studies indicated that controlling the ROM is a
reasonable approach for predicting the effects of implan-
ted spinal instrumentation on adjacent levels [29, 39, 40].
This study implemented a hybrid-controlled [29, 39, 40]
analysis. A preload of 150 N was applied to the superior
surface of the L1 level, as described in the in vitro study
by Yamamoto et al. [41]. In addition, the PET cord pre-
tension of 300 N in the DY model was simulated in a link
element produced by initial strain [27, 30]. A moment was
applied to the top surface of the L1 vertebral body. All
nodes pertaining to the bottom surface of the LS vertebral
body were fixed. The ROMs under flexion, extension,
torsion, and lateral bending were set at 12°, 10°, 8°, and
20°, respectively. These load values were copied from
previous studies [27, 30], which corresponded to 9.97,
12.47, 26.57, and 12.13 Nm, respectively, in the DDD
model (Table 1).

Hole diameter: 6 mm

Titanium pedicle
screw

Hole diameter: 7 mm

Diameter 6 mm for Bonded

the sizes of the body

Diameter 8 mm for
the distal end of the

Imodified rod

Topology-I rod
O 6xD8*L48 mm °

Contact

(b)

3 Results

We compared the biomechanical behaviour of the lumbar
spine using the DY and TD models.

3.1 ROM of the lumbar spine

The TD and DY models reduced the ROMs at the bridged
level. The ROMs from the bridged level for all motions of
the TD and DY models were, at most, 0.94 and 0.88 times
those of the DDD model (Table 1). In flexion, the ROM of
the TD model was greater than that of the DY model. The
stiffness of the TD model was, at most, 1.19 times the
stiffness of the DDD model in extension, lateral bending,
and torsion. Additionally, the stiffness of the DY model
was, at most, 1.15 times the stiffness of the DDD model in
extension, lateral bending, and torsion.

3.2 Stress on the adjacent disc

The cranial adjacent disc stresses (CADS) of the TD and
DY models were 1.22 and 1.35 times the L2-L.3 disc stress
of the DDD model (Table 2) in flexion. However, the
CADS in the TD model were similar to those in the DY
model in extension, lateral bending, and torsion. The
CADS values only were varied by 7 % between these
models.

Additionally, the TD model decreased the high stress
region in the CADS in flexion relative to the same region in
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Table 1 ROM comparison for each motion segment in the three FE models

Motion Model L1-L2 L2-13 L3-14 L4-L5 Moment L1-L5 stiffness
(degree) (degree) (degree) (degree) (Nm) (Nm/degree)
Flexion DDD 2.54 2.82 (100 %) 2.94 (100 %) 3.75 9.97 0.83 (100 %)
DY 342 3.63 (129 %) 0.06 (2 %) 4.87 14.60 1.22 (147 %)
TD 3.14 3.32 (118 %) 0.87 (30 %) 4.49 13.18 1.11 (133 %)
Extension DDD 2.30 2.35 (100 %) 2.27 (100 %) 3.14 12.47 1.24 (100 %)
DY 2.36 2.39 (102 %) 1.90 (84 %) 3.32 13.18 1.32 (107 %)
TD 2.34 2.39 (102 %) 2.13 (94 %) 2.99 9.86 1.30 (105 %)
Lateral bending DDD 4.11 4.60 (100 %) 5.05 (100 %) 6.14 26.57 1.33 (100 %)
DY 4.69 5.23 (114 %) 3.05 (60 %) 6.98 30.17 1.51 (114 %)
TD 4.50 4.99 (108 %) 3.85 (76 %) 6.66 29.46 1.47 (111 %)
Torsion DDD 1.60 1.75 (100 %) 2.07 (100 %) 2.35 12.13 1.56 (100 %)
DY 1.72 1.84 (105 %) 1.83 (88 %) 2.55 14.20 1.79 (115 %)
TD 1.78 1.81 (103 %) 1.64 (79 %) 2.54 14.44 1.86 (119 %)

The parentheses indicate the following value: w x 100 %

the DY model (Fig. 4a). Moreover, the stress distribution
of the TD model was similar to that of the DY model in
extension, lateral bending, and torsion (Fig. 4b, d).

3.3 Facet contact forces (FCF)

The TD model decreased the L2-L.3 and the L3-L.4 FCF
compared to the DY model in lateral bending and torsion.
However, the TD model was similar to the DY model in
the L2-L.3 FCF, and it increased the L.3-L.4 FCF compared
with the corresponding values in the DY model in exten-
sion. The L2-L.3 FCF of the TD model was, at most, 1.07
times that of the DDD model and 1.06 times the L3-14
FCF of the DDD model (Table 3).

3.4 Stress on the pedicle screw

In flexion, extension, and lateral bending, the pedicle
screw of the TD model exhibited less stress than it did in
the DY model (Fig. 5). The maximum screw stress of the
TD model was 0.7 times that of the DY model. However,
the minimum stress in extension for the TD model was
0.23 times that of the DY model. Regarding torsion, the
TD model demonstrated greater screw stress than the DY
model. The maximum screw stress of the TD model was
2.46 times that of the DY model in the L3 screw in
torsion. However, in the L4 screw, a similar stress dis-
tribution trend was observed between the TD and DY
models in torsion. As for the rod stress, the maximum
stresses were 60 MPa under flexion, 190 kPa under
extension, 292 MPa under lateral bending, and 272 MPa
under torsion.

@ Springer

4 Discussion

In this study, the model was validated to compare ROM
and disc stress distribution. The validation results were
consistent with those of previous in vitro studies [32]. The
biomechanical behaviour of the lumbar spine with DY was
also compared to other studies. This FE analysis showed
that the insertion of DY reduced the ROM of the implanted
level in flexion and lateral bending, and less so in exten-
sion. Our results agree with a majority of the previous
biomechanical studies, as the DY reduced the ROM below
the magnitude of the intact spine for the implanted level
under flexion and lateral bending [9, 14, 15, 17]. Kiapour
et al. [42] predicted that the upper adjacent level slightly
increased the ROM (extension: 4 %; torsion: 4 %), and a
similar trend was observed in our FE study (extension:
2 %; torsion: 5 %). Some clinical studies have reported
signs of degeneration adjacent to the surgical level in
between 9.6 and 29 % [8, 43] of cases using the DY sys-
tem. From their clinical observation, the previous
researchers presumed that the DY system acts as a rigid
fixator. This FE study found a remarkable increase in the
annulus stress at the adjacent levels when using DY, and
this result was consistent with those of an earlier in vitro
study [18]. Therefore, DY is likely to increase the annulus
stress at the adjacent levels and cannot restore normal load
sharing to the lumbar spine; however, the stress-shielding
effect on adjacent levels was still less than that of a rigid
fixator [9].

The TD system was expected to be a dynamic stabil-
ization system. The basic intent of a dynamic stabilization
system is to reduce the stiffness of the rigid fixation system
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to allow limited motion at the implanted level while pre-
venting the concentration of stress at adjacent levels. The
primary finding of our study demonstrated that the TD

Table 2 Comparison of disc stresses in the three FE models

Motion Model L2-1L3 L3-14

Unit: kPa

Flexion DDD 792 (100 %) 737 (100 %)
DY 1,070 (135 %) 282 (38 %)
TD 965 (122 %) 302 (41 %)

Extension DDD 689 (100 %) 645 (100 %)
DY 700 (102 %) 492 (76 %)
TD 701 (102 %) 585 (91 %)

Lateral bending DDD 1,590 (100 %) 1,570 (100 %)
DY 1,910 (120 %) 1,060 (68 %)
TD 1,800 (113 %) 1,420 (90 %)

Torsion DDD 386 (100 %) 407 (100 %)
DY 451 (117 %) 559 (137 %)
TD 434 (112 %) 315 (77 %)

The parentheses indicate the following value:

Flexion

174

Lateral bending

TD

DDD, DY, orTD
DBDDY.orTD 1

650 1070

s s Unit: kPa

47.3

100

500 750 1000

(©

1500 1910

Unit: kPa

system exhibited the traits of a dynamic stabilization sys-
tem, similar to the DY system. However, the TD system
exhibited lower stiffness in flexion than the DY system
because the DY system had greater cord pretension, thus
allowing it to resist the flexion moment. Additionally, the
TD system containing a sleeve mechanism also offered
improved mobility. Therefore, we found that the increase
in adjacent disc stress in the TD system was lower than that
of the DY system.

When a stiff system is implanted, the screw pedicle
screw can loosen, and implant failure is more likely to
occur in the long term [37]. Similarly, the dynamic stabil-
ization system was developed as a soft-stiffness system;
screw loosening and implant failure are rare relative to the
rigid fixation system. A previous clinical study [10]
reported screw loosening (3 of 26 patients) and screw
breakage (one patient) in the DY system at a 4-year follow-
up. The TD system containing a sleeve mechanism allows
for limited motion, and force is transmitted to the facet
joint. Therefore, the screw stresses from the TD system
were much smaller than those generated in the DY system
in flexion, extension, and lateral bending. The reduction in

Extension

.D‘
DY TD

| S a— NI 1SS
18.2 30 50 100 300 500 550 600 701

(b)

Torsion

I DDD I
DY TD

s wesmm—m Unit: kPa
1 3 5 50 100 300 350 380 451

(d)

Fig. 4 A von-Mises stress distribution was observed for the cranial adjacent disc in L2-L3 for all motions. The arrowhead indicates the range of
higher stress distribution
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Table 3 Comparison of facet joint forces in the three FE models

Motion Model L2-13 L3-L4

Unit: N

Extension DDD 44 (100 %) 87 (100 %)
DY 47 (107 %) 46 (53 %)
TD 47 (107 %) 78 (90 %)

Lateral bending DDD 27 (100 %) 31 (100 %)
DY 29 (107 %) 45 (145 %)
TD 21 (78 %) 33 (106 %)

Torsion DDD 147 (100 %) 141 (100 %)
DY 167 (114 %) 164 (116 %)
TD 41 (28 %) 63 (45 %)

The parentheses indicate the following value: % x 100 %

pedicle screw stresses may prolong the life of pedicle screw
in fatigue performance. However, in torsion, the TD system
exhibited greater screw stress than did the DY system, as
the stiffness of the bridged level (8.8 Nm/degree) from the
TD system was greater than that of the bridged level
(7.8 Nm/degree) from the DY system. Therefore, the
stress-shielding effect on the implant from the TD system is
greater than that of the DY system in torsion.

In terms of FCF, the greatest change in the DY system
occurred in extension rather than torsion; this finding was
consistent with an earlier FE study [9]. However, the FCF
from the TD system only changed slightly in extension.
The TD system was similar to the intact spine for the FCF
because of the mobility in sleeve mechanism. This result

A
.

Max. stress: 101 MPa (100%)

|
500000 0.5E7 0.5E8 0.6E8

A

(b)

Max. stress: 70.7 MPa (70 %)

10000 30000 50000

m—Unit: Pa
0.7E8 0.101E9

indicates that greater force is transmitted via the facet joint
form L3 to L4 in the TD system due to the facet arthro-
plasty system. However, in torsion, the TD system had
lower FCF at the adjacent level. This finding may be
attributed to the fact that the sleeve did not offer a sliding
effect on the transverse plane. As a result, the screw and
rod could resist most twisting torque, so less force was
transmitted to the facet joint. Based on our results, we
believe that the sliding feature influences the facet loads at
the bridged level and the adjacent level.

The limitations of the FE analysis are as follows: (1) the
material properties, including the bilinear behaviour of the
spinal ligaments and the degeneration of the disc, were
simplified and idealized from those of a cadaveric speci-
men. The past study [44] demonstrated that the linear
behaviour of the ligaments only had a minor effect on the
ROM as compared with the nonlinear behaviour of the
ligaments. Also, the spinal ligament force was much lower
than the vertebral body force as well. Therefore, this study
only considered the linear behaviour to simulate the spinal
ligament. (2) The lordosis angle and characteristics of disc
degeneration, such as dehydration and reduced disc height,
were not considered; a previous study reported that disc
degeneration would decrease intradiscal pressure and ROM
[45]. Because disc degeneration stiffens the lumbar spine,
this study only modified the Young’s modulus of the
intervertebral disc to compare with in vitro tests to confirm
the reality of the lumbar spine model. Our FE analysis was
in agreement with the previous in vitro test. (3) The thread
on the pedicle screw was ignored. Because we wanted to

Lateral bending

Max. stress: 122 MPa( 7%)

Max‘ stress: 182 MPa (100%)
_— [ ‘m—Unit: Pa
500000 0.5E7 0.5E8 0.6E8 0.7E8 0.18E9

\Torsnon /
\ () / (h)

10000 30000 50000

g

(d
Max. stress: 19.9 MPa (23%) Max. stress: 88 MPa (100%) Max. stress: 128 MPa (246%) Max. stress: 52 MPa (100%)
—— 2 — I Unit: Pa —— E— m—Unit: Pa

5511 30000 50000 500000 O0.5E7

0.5E8 0.6E8 0.7E8 0.1E9

10000 30000 50000 500000 0.5E7 0.2E8 0.3E8 0.4E8 0.84E8

Fig. 5 Screw stress distribution for all motions. The arrowhead indicates the position of maximum stress (Right: DY system, Left: TD system)
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investigate how the new design affects spinal biomechanics
rather than the mechanical interaction between screw
thread and bone, we assumed complete osseointegration
between the bone and screw after a period of time. Without
the screw thread, the stress analysis of the pedicle screw
was likely underestimated. Thus, the conclusions of this
study were made under the above limitations. (4) If the
lordotic curve or fixation level of lumbar spine was chan-
ged in the topology optimization analysis, the modification
of dynamic spinal fixator was possible to give a sight
alteration. (5) This study only predicted the load distribu-
tion using FE method, but this study did not know the real
situation of wear debris in between sleeve and the distal
end of the rod. Wear experiments are suggested to be
conducted in the future.

5 Conclusion

Topology optimization indicated that the effective region
of the rod was located in the AP direction and reshaped as
an I-beam rod. The new TD system with the modified rod
achieved less stiffness and was comparable to the DY
system; however, the increase in adjacent disc stress was
alleviated, which could avoid early disc degeneration.
However, in torsion, the pedicle screw stress increased, and
the facet joint contact force decreased.
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