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Abstract
Introduction: Dynamic stabilization can �x deformities, fractures, and disc degeneration of the spine.
Nitinol and poly(carbonate urethane) (PCU) are applicable elastic biomedical materials. The spinal hybrid
elastic (SHE) rod is a semirigid pedicle screw-based rod intended for use with universal pedicle screws.
This study aimed to investigate the biomechanical effects of different ratios of SHE rod using �nite
element analysis (FEA).

Methods: A 3-dimensional nonlinear FEA of an intact lumbar spine model (INT) was constructed. The
system was composed of pedicle screws, an inner nitinol stick (NS), and an outer PCU shell (PS). Four
groups of models were constructed with the same outer diameter (5.5 mm) as the SHE rod. These groups
had different NS diameter/PS thickness ratios: Nt45 (4.5/1.0), Nt35 (3.5/2.0), Nt25 (2.5/3.0), and Nt15
(1.5/4.0). After implanting at L3-L4, they were compared with INT. The resultant intervertebral range of
motion (ROM), disc stress, facet joint contact force, screw stress, NS stress, and PCU stress were
analyzed.

Results: The overall trend in results indicated that ROM, disc stress, and facet force decreased moderately
in the implanted L3-L4 levels, and increased slightly in the adjacent L2-L3 levels. NS stress and the NS
diameter trended towards inverse proportionality. Changing the ratio did not markedly in�uence screw or
PS stress.

Conclusions: The SHE rod system provided su�cient spinal support and increased gentle adjacent-
segment stress. The optimal NS diameter/PS thickness ratio of the SHE rod system is 4.5/1.0 mm or
3.5/2.0 mm due to the lower stress concentrations for the durability of the implant.

Background
Posterior spinal instrumentation with the pedicle screw-based system is indicated for the treatment of
scoliosis, kyphosis, vertebral fractures, spondylolisthesis, spondylolysis, and degenerative disc diseases
[1, 2]. Fusion with interbody fusion can more effectively strengthen spinal �xation [3, 4]. However, various
complications are associated with poor �xation and ineffective fusion [5]. Rigid fusion not only �xes the
surgical spine, but also increases the displacement and pressure of adjacent levels, and can thus result in
adjacent segment disease (ASD) and failed back surgery syndrome (FBSS) [6, 7].

A nonfusion dynamic stabilization system has previously been developed to support the spine and
preserve physiological functions. This system reduces the risks of ASD and FBSS [8, 9]; however, existing
systems have shortcomings such as complex structures, di�cult operation, and lack of durability [10, 11].
To design a perfect dynamic stabilization system, the mechanical structure and material selection should
be simultaneously improved [12, 13].

The spinal hybrid elastic (SHE) rod is a semirigid pedicle screw-based rod intended for use with universal
pedicle screws. The SHE rod was composed of an inner nitinol stick (NS) and an outer poly(carbonate
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urethane) (PCU) shell (PS). This �nite element analysis (FEA) analysis study was conducted to
investigate the precise ratio of the thicknesses of the NS and PS. We hypothesized that an optimal SHE
rod can provide su�cient spine support, gentle adjacent segment stress, and remarkable durability.

Materials And Methods

Finite element model construction of the lumbar spine
A three-dimensional, nonlinear �nite element model of the human lumbar spine was created using the
commercial software ANSYS 14.5 (ANSYS Inc., Canonsburg, PA, USA). The material properties of the
intact lumbar spine model (INT) have been investigated in previous studies (Table 1) [14–17]. The range
of motion (ROM) of the INT was compared with that of cadaveric specimens in in vitro testing. The
reliability and similar stiffness were validated [18]. The present mesh density was selected based on the
convergence test and the model validated in our previous studies [14, 16]. Overall, the discrepancy
between the in vitro tests and our �nite element simulation was within one standard deviation. The model
also contained intervertebral discs, endplates, posterior bony elements, and seven ligaments. These
intervertebral discs were composed of a ground substance, hyperelastic annulus �brosus, and
incompressible nucleus pulposus with 12 double-cross-linked �ber layers embedded in the ground
substance.

Boundary And Loading Conditions
All models were constrained at the bottom of the L5 vertebrate. For INT, two load steps were imposed
within the �nite element models. During the �rst loading step, a perpendicular axial force of 150 N was
loaded to the top of the L1 spine. In the second load step, a pure unconstrained moment was applied to
ensure that the resultant ROM of the L1 to L5 spine was equal for all motions. The displacement control
angle was determined using the minimally incremental force method. Applying a constant ROM has been
proven to be applicable in predicting adjacent segment effects after spinal implantation [16]. The
resultant intervertebral ROM and stress of the intervertebral disc and facet joint contact forces were
analyzed. Distortion energy theory was applied to the intervertebral discs. The von Mises stress of each
model was obtained after applying torque in each direction of the model.

Fea Construction Of Implants
Four pedicle screws and two SHE rods were implanted at the L3-L4 level of the spinal model. The material
parameters of each element were obtained from previous research [17, 19] (Table 2). The diameter of the
titanium alloy pedicle screw was set to 6.4 mm without threads. The interface between the pedicle screw,
bone, PS, and NS was simulated for the bonded contact. The SHE rod is composed of an inner NS and
outer PS. The outer diameter of the SHE rod was uniformly set to 5.5 mm. These groups had different NS
diameter/PS thickness ratios: Nt45 (4.5/1.0), Nt35 (3.5/2.0), Nt25 (2.5/3.0), and Nt15 (1.5/4.0). (Fig. 1).



Page 4/18

Results
This paper presents the results in two parts. First, the ROM, disc stress, and facet force in the
instrumented groups were compared to those in the INT group. Second, the biomechanical behavior of
the screw, NS, and PS was compared to that of Nt45.

The intervertebral ROM 

At the implanted L3-L4 levels, the ROM in all models decreased compared with the INT, do a degree of 56-
62% in extension, which is similar to �exion (57-60%). The ROM further decreased by 4-18% in torsion and
49-57% in lateral bending. In contrast, the ROM of the cephalic adjacent L2-L3 levels all increased; by 17-
19% during �exion, 13-15% during extension, 1-5% during torsion and 14-17% during lateral bending
(Table 3). 

Overall, the differences between these models were within 5% for both �exion and extension. There was a
downward trend in ROM changes at all levels as the NS diameter decreased (Figure 2). 

Intervertebral disc stress

At the implanted L3-L4 level, the disc stress in all models decreased when compared with INT (Table 4).
The disc stress decreased by 31-33% in �exion, where the maximum occurred in the anterior superior
edge; 42-43% in extension, where the maximum occurred in the posterior inferior edge; 3-19% in torsion,
where the maximum occurred in the left inferior edge; and by 45-55% in lateral bending, where the
maximum occurred in the left superior edge. 

In contrast, the disc stress of the cephalic L2-L3 adjacent levels all increased. This parameter increased
by 24-27% in �exion, where the maximum occurred in the anterior superior edge (Figure 3); by 12-14% in
extension, where the maximum occurred in the posterior inferior edge; by 0-7% in torsion, where the
maximum occurred in the left inferior edge; and by 21-24% in lateral bending, where the maximum
occurred in the left superior edge. 

Overall, the differences between these models were within 10%, except for torsion at the implant level.
The NS diameter was inversely proportional to the disc stress at the implant level. It did not markedly
in�uence the disc stress at the adjacent level (Figure 4).

Facet joint contact force

There was no facet force during �exion in any of the models. At the implanted L3-L4 levels, the facet
force in all models decreased compared with the INT, by 87-95% in extension, 4-37% in torsion and 79-
100% in lateral bending. The Nt45 model showed the greatest decrease (Table 5).

In contrast, the facet force of the adjacent cephalic L2-L3 levels all increased, by 23-25% and 40-55% in
extension and lateral bending, respectively, where the maximum occurred on Nt35, while it increased by 2-
11% in torsion, and the maximum occurred on Nt45. 
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Screw stress

In �exion, the screw stress on Nt35 increased by 1% when compared with Nt45, whereas the other models
decreased by 4-6%. The screw stress increased by 5-7% and 11-15% during extension and lateral bending,
respectively, and decreased by 23-53% in torsion. For all motions, the screw stress of all models ranged
between 98.9 and 211 MPa, and the maximum occurred on Nt45 in torsion (Table 6).

PS stress 

In �exion and lateral bending, the PS stress increased by 4% and 6% on Nt15 compared to Nt45. Except
for these two models, the other models decreased by 26-74%. There was no obvious trend in PS stress as
the NS diameter changed (Figure 5). In all motions, the PS stress of all the models was between 2.7 and
17.4 MPa, and the maximum occurred on the Nt45 in torsion (Table 6).

NS stress 

In �exion, extension, torsion, and lateral bending, the NS stress increased by 24-168%, 16-156%, 48-75%
and 14-117% when compared with Nt45 (Table 6). The NS stress increased as the NS diameter
decreased, and the maximum stress occurred in the lower-third portion (Figure 6). For all motions, the NS
stress of all models was between 39.5 and 383 MPa, and the maximum occurred on Nt25 in torsion
(Figure 7).

SHE rod stress 

The SHE rod stress comprises both the PS and NS stresses. In �exion, extension, torsion, and lateral
bending, the SHE rod stress increased by 18-152%, 9-137%, 40-65% and 12-111% when compared with
Nt45, and the greatest increase occurred on Nt15. The SHE rod stress increases as the NS diameter
decreases. For all motions, the SHE rod stress of all models was between 44.6 and 389 MPa, and the
maximum occurred on Nt25 in torsion.

Discussion
The SHE rod dynamic stabilization system is intended to balance the stability and motion of the spine
after surgery. In this study, the overall trend indicated that ROM, disc stress, and facet force decreased
moderately in the implanted L3-L4 levels, and increased mildly in the adjacent L2-L3 levels. Nevertheless,
the stress shielding effect on adjacent levels is still less than that of a rigid �xator [20]. The fusion FEA
showed more extreme biomechanical changes at the surgical and adjacent levels [14]. The present
results demonstrate that the SHE rod can provide good spinal stability and avoid high loading at the
adjacent levels.

No single clinical material can exhibit biphasic rigidity and �exibility. Therefore, we propose the hybrid
use of semi-rigid and �exible materials. The semi-rigid nitinol is used for the inner stick, and the �exible
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PCU is used for the outer shell. A commercially available SHE rod was devised based on the results of the
precise ratio of the hybrid used in this study.

Nitinol is an elastic shape-memory alloy that minimizes stress shielding, which has even been shown to
trend toward superior fatigue resistance compared with titanium [21]. However, nitinol is not a popular
material in orthopaedic applications because of its poor corrosion resistance and anti-wear properties
[22]. To this end, we introduced a PCU polymer as an insulator. The outer PCU shell enveloped the inner
Nitinol stick, providing perfect insulation against the titanium screw heads and nuts. In the present FEA,
the NS stress increased markedly in the upper and lower portions. This phenomenon is directly related to
the connection between the screw head and nut. Nevertheless, the NS stress was always lower than the
yield strength of nitinol (816MPa) [23]. NS in the SHE system has a low potential implant failure rate.

The spacer in the Dynesys system is made of PCU, which is the same material as PS [18]. The
stabilization of the pretension provided by the spacer and cord in Dynesys differs from that in the SHE
rod system. In addition, PCU is less rigid than nitinol. The outer PS stress decreased under the same load
owing to the stress shielding by the inner NS. As such, we observed no obvious trend in PS stress as the
NS diameter was changed. In most of the present models, the PS stress decreased. The maximum PS
stress was still much lower than the mean tensile strength of the PCU (30MPa) [13]. In addition to the
materials, the structure and ratio of the hybrid in Dynesys were different from those in the SHE rod
system. Therefore, the Dynesys system did not demonstrate exactly similar results to the present study
[24, 25].

This study had some limitations. All spinal models were healthy with no pathological properties or
defects. Degeneration or fractures are common in patients, and posterior decompression is often
performed following spinal �xation. As such, the models we applied did not exactly coincide with
common clinical situations. The interface between the pedicle screw and PS was simulated to be bonded,
as was that between the PS and NS. The model presents an idealized fabrication of the SHE rod.

In conclusion, the SHE rod system provides su�cient spinal support and increases gentle adjacent
segment stress. The optimal NS diameter/PS thickness ratio of the SHE rod system is 4.5/1.0 mm or
3.5/2.0 mm due to the lower stress concentrations for the durability of the implant.

Abbreviations
PCU: poly(carbonate urethane)

SHE: spinal hybrid elastic

FEA: �nite element 31 analysis

INT: intact lumbar spine model

NS: inner nitinol stick
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PS: outer PCU shell

ROM: range of 37 motion

ASD: adjacent segment disease

FBSS: failed back surgery syndrome 
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Tables
Table 1. The elements and nodes of the �ve �nite element models.

Groups NS/PS ratio Node Element

INT   94,162 112,174

Nt45 4.5/1.0 146,116 420,603

Nt35 3.5/2.0 160,660 502,535

Nt25 2.5/3.0 171,575 567,154

Nt15 1.5/4.0 191,703 688,923

PS, PCU shell; NS, nitinol stick (NS).

Table 2. Material properties of implants used in �nite elements analysis.



Page 11/18

Dynamic stabilization system

Titanium alloy pedicle screws Young’s modulus (MPa) 110000

Poisson’s ratio 0.28

PCU shell Young’s modulus (MPa) 68.4

Poisson’s ratio 0.4

Yield strength (MPa)   34.2

Area (mm2) 101.13

Nitinol stick Young’s modulus (MPa) 47000

Poisson’s ratio 0.3

Table 3. Comparison of intervertebral range of motion (degree) in �nite element models

Model Level Flexion Extension Torsion Lateral bending

INT  L2-L3 5.71 3.17 4.08 6.12

  L3-L4 5.71 2.85 4.60 6.17

Nt45 L2-L3 6.81 3.65 4.28 7.15

  L3-L4 2.28 1.09 3.79 2.63

Nt35 L2-L3 6.81 3.65 4.24 7.15

  L3-L4 2.31 1.12 4.01 2.77

Nt25 L2-L3 6.81 3.65 4.16 7.14

  L3-L4 2.38 1.18 4.22 2.96

Nt15 L2-L3 6.72 3.60 4.12 7.01

  L3-L4 2.47 1.24 4.40 3.16

Table 4. Comparison of stress of intervertebral disc (KPa) in �nite element models.
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Model Level Flexion Extension Torsion Lateral bending

INT  L2-L3 893 488 678 1160

  L3-L4 810 414 751 1130

Nt45 L2-L3 1130 556 722 1440

  L3-L4 543 236 611 512

Nt35 L2-L3 1130 556 722 1430

  L3-L4 547 236 611 544

Nt25 L2-L3 1110 556 687 1430

  L3-L4 548 239 696 585

Nt15 L2-L3 1110 548 675 1400

  L3-L4 559 240 731 621

Table 5. Comparison of facet joint contact forces (N) in �nite element models.

Model Level Flexion Extension Torsion Lateral bending

    Left Right Left Right Left Right Left Right

INT  L2-L3 0 0 94 94 0 336 53 31

  L3-L4 0 0 105 105 0 336 41 9

Nt45 L2-L3 0 0 117 117 0 374 82 38

  L3-L4 0 0 6 5 0 213 0 0

Nt35 L2-L3 0 0 118 118 0 366 82 37

  L3-L4 0 0 7 7 0 245 0 0

Nt25 L2-L3 0 0 118 118 0 351 80 35

  L3-L4 0 0 11 11 0 285 1 0

Nt15 L2-L3 0 0 115 115 0 343 74 33

  L3-L4 0 0 14 15 0 323 9 0

Table 6. Comparison of the maximum stress on implants (MPa) in �nite element models.
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Implant Motion Nt45 Nt35 Nt25 Nt15

Screw Flexion 139 140 134 130

Extension 105 110 112 110

Torsion 211 162 107 98.9

Lateral bending 158 178 181 175

PCU shell Flexion 4.7 3 3.5 4.9

Extension 5.1 2.7 3.1 4.9

Torsion 17.4 7.6 6 4.6

Lateral bending 6.8 5.1 5 7.2

Nitinol stick Flexion 44 54.6 72.4 118

Extension 39.5 46 58.4 101

Torsion 219 324 383 381

Lateral bending 127 145 187 275

Figures

Figure 1

Overview of the �nite element model and SHE rod dynamic stabilization system. Systems with different
NS diameter/PS thickness ratios of the SHE rods were implanted into the L3-L4 spine model.
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SHE, spinal hybrid elastic; NS, nitinol stick; PS, PCU shell.

Figure 2

Changes in the ROM compared to the INT at the adjacent L2/L3 level (top) and the implanted L3/L4 level
(bottom). Values for the INT are not presented because the data were normalized to the INT. The
differences between these models were small. There was a downward trend in ROM changes at all levels
as the NS diameter became smaller. 
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Figure 3

The von-Mises stress distribution of the adjacent L2–L3 disc in �exion. The arrow indicates the
maximum at the anterior superior edge. There was no obvious trend in disc stress at the adjacent level as
the NS diameter changed.

NS, nitinol stick (NS).
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Figure 4

The von-Mises stress on the intervertebral disc. The NS diameter was inversely proportional to the disc
stress at the implanted level. It did not markedly in�uence the disc stress at the adjacent level.

NS, nitinol stick (NS).
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Figure 5

The von-Mises stress on the outer PS. There was no obvious trend in PS stress as the NS diameter
changed.

PS, PCU shell; NS, nitinol stick.

Figure 6
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The von-Mises stress on the inner nitinol stick markedly increased on the upper and lower portion. The
maximum occurred on the Nt25 in torsion.

Figure 7

The von-Mises stress on the inner nitinol stick increased as the NS diameter decreased.

NS, nitinol stick (NS).
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