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Abstract
Lumbar interbody fusion supplemented with a pedicle screw fixator is an effective treatment for spinal instability, but tra-
ditional bilateral pedicle screw fixator may cause some complications, such as degenerative disease of adjacent segments 
and stress concentration. The purpose of this study is to decrease the stiffness of the rod by using topology optimization to 
alleviate the above problems. The finite element models of the intact lumbar spine, lumbar spine implanted with traditional 
bilateral pedicle screw fixator (BPS) and a new fixator designed by using topology optimization (TOD) were developed and 
compared. Compared with the traditional rigid rod, the volume of TOD rod was reduced by 19.8%. The results showed that 
the TOD model was similar to the BPS model in terms of the range of motions. TOD reduced intradiscal pressure, stresses 
in intervertebral discs, and facet contact forces of the adjacent segments. The TOD model significantly decreased the stress 
concentration region of screws and rods and reduced the stresses in pedicle screws, rods and the junction between the 
vertebral bodies and screws. TOD fixator may provide a stable condition to the fusion segment as well as the BPS fixator. 
What’s more, TOD alleviates the adjacent segment disease and lower the risk of screw breakage, rod breakage, and vertebral 
damage. The new rod designed by topology optimization might also be useful in alleviating adjacent segment disease, stress 
concentration and stress shielding effect.

Keywords  Topology optimization · Bilateral pedicle screw fixator · Adjacent segment disease · Stress concentration · 
Lumbar spine · Finite element analysis

1  Introduction

Spinal fusion surgery is a common treatment for spinal insta-
bility. Before this, many scholars have conducted a series of 
experimental studies and biomechanical analysis of fusion 
surgery. However, spinal fusion surgery with bilateral pedi-
cle screw fixator (BPS) has several problems, including 
adjacent segment disease and implant breakage [1–3]. Some 
clinical reports indicated that spinal fusion might accelerate 
the degeneration of adjacent segments [4, 5]. These rigid 
fixators withstood most of the load, which reduced the load 
shared by the fused segment and produced the stress shield-
ing effect [6]. Strong fixator also changed the load-bearing 
of intervertebral discs and facets at the adjacent segments 
and increased range of motion (ROM) and disc pressure at 

adjacent segments. It resulted in a series of problems, such 
as the decrease of bone fusion rate, Osteoporosis, and atro-
phy of fixed segment, degeneration of adjacent interverte-
bral discs and facet joints, screw breakage and rod breakage 
caused by excessive stress concentration [7]. To increase 
load sharing, many scholars have applied a variety of low 
stiffness fixators in biomechanical and animal experiments 
and have achieved encouraging results [8, 9]. However, low 
stiffness fixators cannot provide spinal stability. Besides, 
some flexible posterior spinal fixator systems have been 
developed and put into clinical practice [10]. These implants 
were designed to restore spinal stability and decreased the 
load on adjacent segments to reduce the damage to the 
lumbar spine caused by the fixator system. Some scholars 
believed that a semi-rigid pedicle screw fixator and a rigid 
pedicle screw fixator may provide spinal stability, but the 
former can reduce the stress shielding effect [11]. However, 
some scholars questioned the spinal stability. Dynesys pedi-
cle screw fixator system was used to treat 50 cases of degen-
erative lumbar instability. Two years of follow-up showed 
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that the reoperation rate of Dynesys system was also high 
[12].

Meanwhile, Chen et al. used topology optimization to 
design a new intervertebral cage to allow more bone graft 
volume to be placed [13]. The disadvantage was that the 
stress of the new cage was greater than that of the RF cage. 
The optimization of the implant directly affected the biome-
chanical properties of the spine. Furthermore, Lin et al. dem-
onstrated the ability of topological optimization to change 
the biomechanics of the lumbar fusion cages [14]. Topology 
optimization algorithms generated an optimized material 
distribution for the set loads and constraints within the given 
design space [15, 16]. Topology optimization can distribute 
materials preferably, reduce stress concentration, change 
stiffness, and achieve different biomechanical behavior by 
changing the structure. Clinically, some reports have dem-
onstrated that spinal fusion surgery accelerated the degen-
eration of adjacent segments because of the higher stiffness 
of rigid rods [4, 5]. The stress concentration caused by the 
rigid rod caused some problems such as broken screws and 
broken rods [17]. In this study, the stiffness of the connect-
ing rod was reduced appropriately by reducing the volume 
of the connecting rod without affecting the lumbar motion, 
and the overall stiffness of the connecting rod that had been 
reduced in volume was maximized by adjusting the struc-
ture using topology optimization. This study used ABAQUS 
6.14 (Dassault Simulia, Providence, USA) to design a new 
rod and designed to effectively reduce the stiffness of the 
rod to alleviate the above-mentioned problems. Therefore, 
the objective of this study is to design a new lumbar spinal 

fixator by using topology optimization (TOD fixator) to 
reduce overall stiffness and volume and solve the various 
problems [6, 18, 19] existing in traditional spinal fixators.

2 � Materials and Methods

2.1 � Finite Element Modeling and Materials

In this study, a three-dimensional nonlinear L1–L5 finite ele-
ment model (FEM) of the intact lumbar spine was used. The 
geometry of the spine was obtained by computer scanning 
tomographic specimens [20]. The model mainly includes 
vertebrae, intervertebral discs, endplates, and various liga-
ments, as shown in Fig. 1. Each vertebral body in L1–L5 
is composed of the outer cortical bone and the inner can-
cellous bone. The cortical bone was C3D8 elements and 
its thickness is 0.5–1.0 mm. Cancellous bones are tetrahe-
dron elements. Intervertebral disc consists of the annular 
matrix, annulus fibrosus, and nucleus pulposus. Fibers are 
crisscrossed in the annular matrix. The Young’s modulus 
of the fiber decreases proportionally from the outer layer to 
the inner layer. The nucleus pulposus is an incompressible 
substance. There is a 0.5 mm thick endplate between the 
vertebral body and the intervertebral disc (Fig. 1). The facet 
joints were modeled by surf-to-surf. The material properties 
of lumbar ligament is low elastic. The material properties 
were assumed to be homogeneous and isotropic [21–23], 
and the data were adopted from the literature and are given 
in Table 1.  

Fig. 1   Finite element model of 
the intact human L1–L5 lumbar 
spine
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2.2 � The Validation of FEM

In this paper, based on the existing in vitro cadaveric experi-
ments and numerical analysis, the L1–L5 spine finite ele-
ment model was verified. The present model results are in 
good agreement with published results, including experi-
mental data and numerical results [24, 25]. The investiga-
tions of Renner et al. [24] and Dreischarf et al. [25] pre-
sented the compressive deformation, intradiscal pressure, 
and range of motion of each segment of L1–L5 under fol-
lower loads. In summary, the present developed model can 
be used for further analysis. The detailed model verification 
results are shown in Table 2.

2.3 � New Lumbar Spinal Fixator by Using Topology 
Optimization

Topology optimization theory is to satisfy the objective 
function as far as possible under constraint conditions. 
Structural energy is used to measure the stiffness of the rod, 
and minimizing the structural energy is equivalent to maxi-
mizing overall structural stiffness [13]. In this paper, topol-
ogy optimization is to minimize the structural energy of the 
rod, and its structural volume (V) is the constraint.

(1)C(a) = EA∕l, (N∕mm)

(2)C(b) = 3EI∕l2, (N∕mm)

where l the length, A the area, E Yong’s modulus, I the sec-
ond moment of area, C(a) the axial stiffness of rod, C(b) the 
bending stiffness. Based on the above formula, the volume or 
parameters of the connecting rod directly affect its stiffness 
[26, 27]. Therefore, the reduction in the stiffness of the con-
necting rod is determined by the decrease in its volume (the 
constraint), and topology optimization is to maximize the 
structural rigidity of the rod that has been reduced in volume 
by adjusting the structure. Appropriate reduction of the rod 
volume (the constraint) determines that the stiffness of the 
rod can be decreased and ensures that the lumbar motion 
cannot be affected. Some numerical studies indicated that 
the stiffness of the connecting rod greater than 1000 N/mm 
had only a minor effect on intersegmental rotation [28, 29]. 
An in-vitro Biomechanical Study by Kwonsoo et al. inves-
tigated the effect of the connecting rod (Φ5.5 × L42.5 mm) 
stiffness on the motion of the lumbar spine instrumented 
with pedicle screw fixator at L4–L5 level. They found that 
the range of motion was only marginally increased when the 
implant stiffness beyond 70 GPa (aluminum) [30]. Since the 
bending stiffness of rod directly affects the stability of the 
diseased lumbar spine and its axial stiffness is much larger 
than the bending stiffness, many studies and present research 
have focused on the bending stiffness of the rod. In the pre-
sent study, based on the parameters of rod, the change of the 
connecting rod stiffness between 5220 and 8947 N/mm may 
marginally affect the range of motion of the lumbar spine. 
To ensure the stability between the screws and the connect-
ing rod, only the area about 16.5 mm in the middle of the 
rod was reduced, as Fig. 3 shown. Based on the formula of 

Table 1   Material properties of 
spinal components

Component Element type Young’s modulus (MPa) Poisson’s ratio Cross-
sectional area 
(mm2)

Bone
 Cancellous bone C3D4 100 0.2
 Cortical bone C3D8 12,000 0.3
 Posterior bone C3D4 3500 0.25
 Endplate C3D8 500 0.25

Intervertebral disc
 Nucleus pulposus C3D8 1 0.49
 Annulus ground substance C3D8 4.2 0.45
 Annulus fibers T3D2 357–550 0.3

Ligaments
 Anterior longitudinal T3D2 7.8 (< 12.0%) 20.0 (> 12.0%) 63.7
 Posterior longitudinal T3D2 10.0 (< 11.0%) 20.0 (> 11.0%) 20
 Capsular T3D2 7.5 (< 25.0%) 32.9 (> 25.0%) 30
 Intertransverse T3D2 10.0 (< 18.0%) 58.7 (> 18.0%) 1.8
 Interspinous T3D2 10.0 (< 14.0%) 11.6 (> 14.0%) 40
 Supraspinous T3D2 8.0 (< 20.0%) 15 (> 20.0%) 30
 Ligamentum flavum T3D2 15.0 (< 6.2%) 19.5 (> 6.2%) 40
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calculating the bending stiffness of the rod (2), when the 
volume of the middle area of the rod was reduced by 50%, 
the maximum stiffness of rod was approximately 7582 N/
mm which may not affect the range of motion of the lumbar 
spine. Therefore, the process was expected to reduce the 
volume of the area approximately 16.5 mm in the middle of 
the rod by 50% and iterate 30 times. Convergence tolerance 
is defined as 0.0001.

Topology optimization is as follows: objective func-
tion: minimize Uc, Uc: the energy of structural compli-
ance; limitation: 0 < ηi < 1 (i = 1,2,3,…,n), ηi: the internal 
pseudo-densities that are assigned to each element (i) in 
the topology

V: the computed volume, V0: the original volume, V*: the 
amount of material to be removed, Vi: the volume of element 
(i), Ei: the elasticity tensor for each element, E: the elasticity 
tensor, σi: the stress vector of element (i), εi: the strain vector 
of element (i).

(3)V =

n
∑

i

�
i
V
i

(4)V ≤ V0V
∗

(5)Ei = E
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i

)

(6)
{
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}
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}

The density variable, ηi varied between 0 and 1, where ηi 
near 1 represents the material to be retained, while ηi close 
to 0 represents the material that should be removed. (Fig. 2a) 
Topology optimization was carried out in flexion, extension, 
lateral bending, and torsion. Then, the new rod structure 
deriving from topology optimization was called the topolog-
ical rod (Fig. 2b). Compared to the rigid rod (Φ5.5 × L42.5), 
the volume of the topology rod was reduced by approxi-
mately 19.8%. From the results of topology optimization, the 
effective materials were located on anterior–posterior and 
outside direction of the rod. Therefore, the invalid material 
located inside was removed, that is, the topology optimiza-
tion of the connecting rod. Based on our calculation, the 
safety factor of the new connecting rod is sufficient to meet 
the actual engineering needs.

2.4 � FEM of the Traditional BPS Fixator and New TOD 
Fixator

The BPS and TOD fixators were bilaterally implanted 
into the L4–L5 vertebral body finite element model [31, 
32]. The reason for the L4–L5 level is that the preva-
lence of L4–L5 in individuals suffering from lumbar 
diseases is greater than other intervertebral discs [33, 
34]. The traditional bilateral pedicle screw fixator sys-
tem includes pedicle screws (Φ6 × L55 mm) and longi-
tudinal rods (Φ5.5 × L42.5 mm) (Fig. 3a) [35]. Titanium 
(E = 120,000  MPa, v = 0.3) material properties were 
defined for pedicle screws and longitudinal rods. The TOD 

Table 2   Comparison of the 
results for the present study 
with the experimental data of 
Renner et al. [24] and numerical 
results of Dreischarf et al. [25] 
under static loading conditions

FLX, flexion; EXT, extension; LAT, lateral bending; FL, follower load; ROM, range of motion

Loading condition Chosen parameters Spinal levels

L1–L2 L2–L3 L3–L4 L4–L5

1200 N FL
 Renner et al. Compression (mm) 1.20 ± 0.30 1.5 0 ± 0.80 1.5 0 ± 0.50 1.6 0 ± 0.50
 Present study Compression (mm) 1.48 1.59 1.83 1.71

 + 8/-6 Nm FXT-EXT with 800 N FL
 Renner et al. Segmental ROM (deg) 5.7 ± 2.7 6.4 ± 1.5 8.30 ± 2.1 10.0 ± 2.8
 Present study Segmental ROM (deg) 5.26 5.5 6.36 7.45

 ± 6 Nm left–right LAT
 Renner et al. Segmental ROM (deg) 10.5 ± 5.6 12.3 ± 6.7 8.4 ± 2.9 10.0 ± 3.0
 Present study Segmental ROM (deg) 5.81 6.74 5.87 7.54

7.5 Nm FXT with 1175 N FL
 Dreischarf et al. Intradiscal pressure (MPa) 1.8 ± 0.1 1.5 ± 0.4 1.3 ± 0.3 1.3 ± 0.3
 Present study Intradiscal pressure (MPa) 1.87 1.78 1.58 1.5

7.5 Nm EXT with 500 N FL
 Dreischarf et al. Intradiscal pressure (MPa) 0.6 ± 0.4 0.5 ± 0.3 0.5 ± 0.4 0.5 ± 0.4
 Present study Intradiscal pressure (MPa) 0.46 0.61 0.66 0.64

7.8 Nm LAT with 700 N FL
 Dreischarf et al. Intradiscal pressure (MPa) 0.7 ± 0.3 0.7 ± 0.4 0.6 ± 0.3 0.6 ± 0.4
 Present study Intradiscal pressure (MPa) 0.55 1.05 0.9 0.79
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fixator system includes pedicle screws and rods designed 
by topology optimization (Φ5.5 × Φ4 × L42.5  mm) 
(Fig. 3b). Cage (L16 × W10 × H8 mm) provided support 
stability for intervertebral fusion. PEEK (E = 3600 MPa, 
v = 0.3) material properties were defined for the cage. 
This study adopted the single cage method [36], one of 
the commonly used fusion methods, to improve the stabil-
ity of the lumbar spine.

In this paper, the model of pedicle screw was simpli-
fied and structures such as threads and chamfers that have 
little effect on mechanical properties were removed. To 
implant the cage and pedicle screw, one of the facet joints 
between L4 and L5 vertebral bodies was removed. Moreo-
ver, the intact lumbar spine model (Intact) was created to 
compare with the BPS model and the TOD model.

2.5 � Loading and Boundary Conditions

The constraint type ‘Tie’ was defined between pedicle 
screws and vertebral bodies, as well as pedicle screws and 
longitudinal rods. To simulate the condition after fusion, 
the interfaces between cage and endplates were bonded 
via node sharing. The lower surface of the L5vertebral 
body was fixed throughout the simulation process. The 
nodes on the upper surface of L1 were combined with 
reference points for load application. A preload of 150 N 
was applied to the superior surface of the L1 level [28]. 
The nodes on the uppermost surface of the L1 vertebra 
were coupled to a reference node for load application. A 
10Nm moment was applied to this reference node. And 

Fig. 2   a The rigid rod in the 
L4–L5 motion segment, the 
arrow indicates the location of 
redundant material in inside 
aspect of spinal model, b the 
new design (topology rod) and 
the size of the topology rod

Fig. 3   (a) The finite element 
model of L1–L5 fusion spine 
with BPS fixator (b) The finite 
element model of L1–L5 fusion 
spine with TOD fixator
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the flexion, extension, torsion, and lateral bending of the 
model were achieved by changing the direction of torque.

3 � Results

The numerical results about adjacent segment disease and 
stress concentration such as the disc stress, intradiscal pres-
sure, and Von-Mises stress distributions of rod and pedicle 
screw were compared and listed. Essential indexes such as 
range of motion and stiffness of the spine were used to assess 
the stability of the structure and stable environment for the 
fused vertebrae. The Von-Mises stress distributions of the 
vertebrae with TOD fixator and BPS fixator under the dif-
ferent loads were compared and analyzed. The stress in L4/5 
endplates was used to assess the load sharing of the TOD 
and BPS model.

3.1 � Range of Motions

The ROMs of the fusion lumbar segment (L4–L5) in the 
TOD and BPS models were all under 1.06º and were reduced 
in all motions when compared to Intact. For the fused 
segment (L4–L5) level, the ROMs of TOD were similar to 
those of BPS. For example, in all motions, the ROMs of 
L4/5 were 0.65, 1.05, 0.68, and 0.87 degrees for TOD, and 
0.57, 1.06, 0.52, and 0.88 degrees for BPS. For the adjacent 
segments (L1–L2, L2–L3, and L3–L4), the TOD model 
generated smaller ROMs in all motions compared with the 
BPS model. The stiffness of the BPS and TOD were, at 

most, 1.83 and 2 times the stiffness of the intact model in all 
motions (Table 3).

3.2 � Stress in Intervertebral Discs and Facet Contact 
Forces

It was found in Fig. 4a, b that the stress of the L2/3 and L3/4 
discs in the TOD model were smaller than those of the BPS 
model in all motions. Especially in torsion, the stresses of 
the L2/3 and L3/4 disc were 0.212, 0.236 MPa for the TOD 
model, and 0.458, 0.469 MPa for the BPS model. The TOD 
model decreased the intradiscal pressure of L2/3 and L3/4 
discs in all motions compared with the BPS model.

As illustrated in Fig. 5a, b that the facet contact force 
between L2 and L3 in the TOD model were smaller than 
the BPS model in extension, torsion, and lateral bend-
ing. For example, the L2/3 facet contact forces were 32.9, 
156, and 44.4 N in extension, torsion, and lateral bending 
for TOD, and 52.8, 204, and 52.6 N for BPS. The force 
between L3 and L4 of TOD in extension and torsion (196 
and 223 N) decreased the facet contact force compared to 
the BPS model (205 and 203 N). The TOD model increased 
the Von-Mises stress of L4/5 endplates compared to the BPS 
model (Fig. 5c, d). Especially in flexion, the stresses of the 
L4 inferior and L5 superior discs were 0.37 (119%), 0.361 
(118%) MPa for the TOD model, and 0.312 (100%), 0.305 
(100%) MPa for the BPS model. This implied that the con-
tact stress of TOD model at the fusion level increased by 
18% compared with the BPS model, and this might also 
improve the stress shielding effect.

Table 3   ROMs and stiffness 
comparison for each motion 
segment in the three FE models

The parentheses indicate the following value: Intact, TOD, or BPS
Intact

× 100%

ROMs(degree) Total lumbar 
ROMs (degree)

Stiffness (Nm/degree)

L1/L2 L2/L3 L3/L4 L4/L5

Flexion
 Intact 6.2 3.79 (100%) 1.85 (100%) 2.53 (100%) 14.40 0.69 (100%)
 TOD 3.99 2.86 (75.5%) 1.48 (80.0%) 0.65 (25.7%) 8.98 1.11 (161%)
 BPS 4.23 3.16 (83.4%) 1.63 (88.1%) 0.57 (22.5%) 9.6 1.04 (151%)

Extension
 Intact 6.54 7.53 (100%) 5.06 (100%) 6.72 (100%) 25.85 0.39 (100%)
 TOD 4.70 6.49 (86.2%) 5.00 (98.8%) 1.05 (15.6%) 17.20 0.58 (149%)
 BPS 4.92 6.83 (90.7%) 5.21 (131%) 1.06 (15.8%) 18.01 0.56 (143%)

Torsion
 Intact 2.6 1.53 (100%) 1.34 (100%) 1.04 (100%) 6.52 1.53 (100%)
 TOD 2.52 1.69 (110%) 1.10 (82.1%) 0.68 (65.4%) 5.99 1.70 (111%)
 BPS 2.52 2.24 (146%) 1.61 (120%) 0.52 (50.0%) 6.89 1.45 (94.8%)

Lateral bending
 Intact 5.82 6.74 (100%) 5.88 (100%) 6.04 (100%) 24.47 0.41 (100%)
 TOD 3.01 4.48 (66.5%) 3.77 (64.1%) 0.87 (14.4%) 12.13 0.82 (200%)
 BPS 3.29 4.97 (73.7%) 4.25 (72.3%) 0.88 (14.6%) 13.39 0.75 (183%)
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3.3 � Stress in Pedicle Screws and Rods

It was found in Fig. 6 that the stress was concentrated at 
the neck of the pedicle screw for TOD and BPS models 
in all motions. In flexion, extension, torsion, and lateral 
bending, the pedicle screw of TOD exhibited smaller stress 
than it did in BPS (Fig. 6). The max stresses of screws 
in TOD were 52%, 64.8%, and 79.3% of those of BPS in 
flexion, torsion, and lateral bending, respectively. What’s 

more, in torsion, the TOD model decreased the high-stress 
region in screws relative to the same region in the BPS 
model (Fig. 6). It was observed in Fig. 7 that the stress 
concentration region was located in the middle of the rod 
in all motions, and TOD decreased the stress concentration 
region of rods compared to BPS. Moreover, TOD reduced 
the maximum stresses of the rod in flexion, extension, tor-
sion, and lateral bending compared to those of BPS, and 
the difference, at most, can be up to 50.3% in torsion.

Fig. 4   Stress in intervertebral 
discs and intradiscal pressure of 
the L2/3 and L3/4 levels for the 
three FE models

Fig. 5   Facet contact forces of 
the L2/3 and L3/4 levels and 
stress in L4/5 endplates for the 
three FE models
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3.4 � Stress in L4 and L5 Vertebra Body

In order to better illustrate the impact of the pedicle screw on 
the L4 and L5 vertebral bodies, the positions of four screws 
were marked as position1 (upper left), position2 (lower left), 
position3 (upper right), and position4 (lower right), in Fig. 8, 
and the stresses of the position 1,2,3,4 in BPS were compared 
with the stresses of same positions in TOD, respectively. The 
stress concentrations of the L4–L5 vertebral body in BPS and 
TOD were mainly located at the junction between screws and 
the vertebral bodies, as shown in Figs. 8 and 9 (Positions 1, 

2, 3, and 4). The stresses of the position1, 2, 3, and 4 in TOD 
were smaller than the stresses of the same position in BPS in 
all motions. And in torsion, the stresses of the position1, 3 in 
BPS were 2.03 and 1.39 times of those in TOD (Fig. 9).

4 � Discussion

At present, the rigid traditional bilateral pedicle screw lum-
bar fixator bears most of the load, which is prone to lead 
to degenerative disc and facet joint disease at the adjacent 

Fig. 6   Screw stress distribution in pedicle screws for all motions. The arrowhead indicates the position of maximum stress (left: BPS system, 
right: TOD system)

Fig. 7   Screw stress distribution in rods for all motions (left: BPS system, right: TOD system)
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segments. At the same time, excessive concentration of 
stress may lead to problems such as broken rods and bro-
ken screws. To solve these problems, all kinds of new fixa-
tors came into being, but there were many problems. In this 
paper, a new lumbar fixator was designed by topology opti-
mization to alleviate the above problems. Compared to the 

rigid rod, the volume of the topology rod was reduced by 
approximately 19.8%. The new lumbar fixator saved mate-
rial and avoided damaging the tissue around the spine to a 
greater extent.

ROMs and facet contact forces were the main indexes 
to evaluate the performance of the fusion spine. Freudiger 

Fig. 8   The von-Mises stress distribution of the L4–L5 of TOD and BPS vertebrae in flexion and extension

Fig. 9   The von-Mises stress distribution of the L4–L5 vertebrae of TOD and BPS in torsion and lateral bending
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et al. found that the BPS model reduced ROMs compared 
to the intact spine in flexion, extension, and lateral bend-
ing [37]. Our results agree with previous studies including 
experiments and biomechanical analysis. The ROMs of the 
TOD model were similar to the BPS model. As far as ROMs 
are concerned, the ability of the TOD model is obviously 
not losing to the BPS model. In terms of the facet contact 
force, the performance of the BPS model was consistent 
with the result of Rohlmann et al.’s study [38]. They found 
that the bilateral pedicle screw fixator system increased 
facet joint forces at other levels for axial rotation and exten-
sion. In this paper, the results about the facet contact force 
showed that the new topology-optimized lumbar fixator 
significantly reduced the facet contact forces at adjacent 
segments, thereby reducing the possibility of degenera-
tive lesions. Judging from previous tests and finite element 
analysis results, the stresses of the discs at adjacent segment 
increased when BPS was used, and our result was consist-
ent with the earlier experimental and numerical results that 
the stress on disc and facet joints of the adjacent segments 
increased after implanting the pedicle screw fixator [39, 
40]. The stresses and intradiscal pressures in the L2/3 and 
L3/4 disc (the adjacent segments) of the TOD model were 
less than those of the BPS model in all motions, especially 
in torsion. Based on our results, we believe that the new 
fixator may reduce the risk of adjacent segment disease 
and degenerative lesions caused by traditional BPS fixator. 
The TOD model increased the stress in the fused endplates 
(L4 inferior and L5 superior endplates) compared with the 
BPS model, especially in flexion. This implies that the new 
fixator increase the load sharing of the vertebrae and reduce 
the stress shielding effect compared with the traditional 
bilateral pedicle screw fixator. The traditional BPS fixator 
may provide stability for the fixed segment, but the rigid 
fixator led to stress concentration and led to broken screws 
and rods [7, 41, 42]. In this study, the stress concentration 
regions in rods and pedicle screws of TOD and BPS were in 
the middle of rods and the neck of the pedicle screws. And 
some researches predicted the same trend about the stress 
concentration region in rods and pedicle screws [43, 44]. 
The pedicle screws and rods in TOD exhibited smaller stress 
than it did in BPS in all motions. Especially in flexion and 
torsion, the maximum stresses in screws and rods of TOD 
reduced to half of screws and rods in BPS. The properties 
of the pedicle screw and vertebral cortical bone were differ-
ent, and the pedicle screw may directly damage the verte-
bral cortical bone [45]. The stresses in the junction between 
pedicle screws and vertebral bodies are usually larger, so the 
vertebral bodies tend to be damaged easily. In this paper, the 
stress concentration regions in vertebral bodies of BPS and 
TOD were all located at the junction between screws and 
vertebral bodies. This result was consistent with the study 
of Chen et al. that the peak stress of vertebrae was located 

at the junction of the screw and bone, which was consist-
ent with the location of bone fracture observed in a clinical 
setting [46]. The maximum stresses in vertebral bodies of 
the TOD model were similar to those of BPS in flexion, 
extension, and lateral bending. But in torsion, the maximum 
stress in the vertebral bodies of TOD decreased obviously 
compared with the BPS model. Therefore, we infer that the 
new instrumentation may decrease the likelihood of rod 
breakage, screw breakage, and vertebral injury compared to 
the traditional BPS fixator.

The potential limitations in this study are as follows. The 
linear simplification or piecewise linear simplification used 
in this study for the material property of spinal ligaments 
and intervertebral discs with non-linear behaviors might 
influence the accuracy of calculation results. The spinal liga-
ments and intervertebral discs show obvious nonlinearity, 
such as viscoelastic, poroelastic, degenerative, etc. In fact, 
in many finite element analyses [47], the linear simplifica-
tion of material property of human spine tissues was still 
adopted. This simplification did not make a high influence 
on the accuracy of calculation results if choosing appropri-
ate linear material parameters. And the fact that our results 
were consistent with the in vitro experiments confirms the 
reality of our spine FE model. The threads and the chamfer 
on the screws and cage were simplified. The small impact of 
the threads and chamfer was not enough to affect the overall 
results.

5 � Conclusions

In this study, the topology optimization method was used to 
optimize the connecting rod, and a new lumbar fixator was 
designed to solve the problems of traditional bilateral lumbar 
fixator, such as the degenerative disease of the adjacent seg-
ments and stress concentration. The results of biomechani-
cal finite element analysis showed that compared with the 
traditional fixator, the new fixator may reduce intradiscal 
pressure, the stresses of adjacent intervertebral discs, and 
the facet contact forces, thus reducing adjacent segment dis-
ease, degenerative lesions, and the stress shielding effect. 
What’s more, the new lumbar fixator may decrease stress 
concentration and reduce the likelihood of rod breakage, 
screw breakage, and vertebral injury. The topological rods 
in this study are less volume, more economical, and avoid 
damage to vertebral tissue. The present study may provide 
useful information for alleviating adjacent segment disease 
and stress concentration of the fixator in lumbar interbody 
fusion.
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