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Abstract: In recent years, the incidence rate of lumbar diseases has been progressively increasing. The
conventional lumbar fusion cages used in existing lumbar interbody fusion surgery are not able to take
into account the multiple characteristics of cushioning, vibration reduction, support, cell adhesion,
and bone tissue growth. Therefore, in this work, based on the CT data of a lumbar intervertebral disc
plain scan, a combined symmetric lumbar fusion cage structure was innovatively designed. The core
was made of lightweight TC4 medical titanium alloy flexible microporous metal rubber (LTA-FMP
MR), and the outer frame was made of cobalt–chromium–molybdenum alloy. Its comprehensive
biomechanical performance was comprehensively evaluated through finite element simulation, static
and dynamic mechanics, and impact resistance tests. The three-dimensional model of the L3/L4
lumbar segment was established by reverse engineering, and a Mises stress analysis was conducted on
the lumbar fusion cage by importing it into Ansys to understand its structural advantages compared
to the traditional lumbar fusion cage. Through static experiments, the influence of the internal nucleus
of a symmetrical lumbar fusion cage with different material parameters on its static performance
was explored. At the same time, to further explore the superior characteristics of this symmetrical
structure in complex human environments, a biomechanical test platform was established to analyze
its biomechanical performance under sinusoidal excitation of different amplitudes and frequencies, as
well as impact loads of different amplitudes and pulse widths. The results show that under different
amplitudes and frequencies, the lumbar fusion cage with a symmetrical structure has a small loss
factor, a high impact isolation coefficient, and a maximum energy consumption of 422.8 N·mm, with
a maximum kinetic energy attenuation rate of 0.43. Compared to existing traditional lumbar fusion
cages in clinical practice, it not only has sufficient stiffness, but also has good vibration damping,
support, and impact resistance performance, and has a lower probability of postoperative settlement,
which has broad application prospects.

Keywords: symmetrical lumbar fusion cage; metal rubber; biomechanics; dynamic performance;
impact resistance

1. Introduction

Lumbar degenerative diseases are one of the main causes of patients with low back
pain or functional impairment of lower limbs. Currently, lumbar interbody fusion (LIF)
surgery is one of the most effective treatments for this condition in clinical practice, aiming
to restore the physiological curvature of the lumbar spine, stabilize the vertebrae, and limit
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the abnormal movement between vertebral bodies and relieve the pain and numbness in
the lower back and legs [1,2]. The main indications for lateral LIF include lumbar segmental
instability, mild spinal stenosis, discogenic low back pain, and posterolateral postoperative
recurrence combined with scoliosis [3,4]. For patients with minor injuries or lesions in
the L1–L4 lumbar segments, lateral LIF provides thorough decompression and corrective
effects. Due to its minimally invasive nature, lateral LIF results in smaller surgical trauma
and significantly lower incidence of complications such as nerve root injury and persistent
pain, compared to posterior and anterior LIF surgeries [5].

As an important part of the LIF process, the fusion device is mainly used to restore the
height and physiological curvature of the lumbar intervertebral space, achieve immediate
postoperative stability, reduce the occurrence of pedicle screw breakage, promote interver-
tebral bony fusion, and reduce the amount of removed autologous bone to a certain extent.
As a result, the occurrence of a series of complications caused by it can be minimized [6,7].
As an intervertebral implant, the symmetrical structural fusion device should not only be
of similar size to the intervertebral disc, but also be made of materials with no cytotoxicity
and good biocompatibility. Moreover, it should have an elastic modulus and strength
similar to those of bone tissue, good wear and fatigue resistance, and be conducive to the
growth of new bone tissue and achieve biomechanical stability [8] (Figure 1). Intervertebral
implant materials commonly used in clinical practice can be roughly divided into autograft,
allograft, nano-hydroxyapatite (n-HA), tantalum metal, polymeric, and bone-induced com-
posite materials, among others. Nevertheless, the amount of autologous bone is limited,
allogeneic bone and n-HA have a low fusion rate, tantalum metal has a high elastic modulus
and strong stress shielding effect, polymers have poor antibacterial properties, which can
easily lead to osteolysis and local inflammation, and bone-induced composite materials are
prone to misplacement caused by postoperative fusion cage settlement. The limitations of
these materials have hindered, to a certain extent, the further promotion and application of
lumbar intervertebral fusion devices [9].
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Figure 1. (a) PEEK-OPTIMA polymer spinal stabilization system; (b) threaded fusion; (c) anterior
cervical intervertebral fusion; (d) metal rubber acetabular; (e) metal rubber ring; (f) metal rubber
cervical disc.

Among several implant materials, titanium alloy has been widely used in the medical
field due to its light weight, high strength, corrosion resistance, good biocompatibility,
high osseointegration ability [10], and other advantages [11,12]. However, in clinical
application, its high elastic modulus makes the fusion cage prone to subsidence after
surgery; thus, the problem of stress shielding has gradually attracted certain attention [13].
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In addition, porous titanium and its alloys, with the advantages of lower Young’s modulus,
ease of bone cell ingrowth, and mechanical properties similar to those of human bone,
i.e., compressive strength, elastic modulus, and reduced stress shielding, are gradually
being applied in the field of medical devices [14–16]. In clinical practice, in order to restore
segmental alignment and balance, single or multiple fusion devices can be implanted
depending on the intervertebral dimensions of the patient. For example, Liu et al. found
no significant difference in the fusion rates between two fusion devices and a single
fusion device through statistical analysis [17]. Herrera et al. used electron beam melting
to prepare non-random lattice structures and performed characterization of the porous
structures [18]. Harrysson et al. prepared titanium implants via electron beam melting,
which had mechanical properties similar to those of human bone in terms of compressive
strength, elastic modulus, as well as reduced stress shielding [15,16], good biocompatibility,
and high osseointegration [13]. The popularity of 3D printing technology due to its high
molding capacity, short processing cycle, customizability, and low cost [19] has driven the
widespread use of titanium and its alloys in the medical field [20,21]. Tantalum has good
biocompatibility [22,23] and high fusion rate, while porous tantalum has an elastic modulus
similar to that of human bone, high bending strength [24], and good wear resistance [25].
However, when applied in posterior LIF surgery, the subsidence rate is relatively high [26].

Metal rubber (MR) is an elastic porous damping material produced through the
winding and pressing of metal wires. As a symmetrical structural material, it has not
only good elasticity, damping, and buffering properties, but also excellent properties
such as high- and low-temperature resistance and corrosion resistance [27]. Moreover,
the interpenetrating porous structure of the material facilitates cell adhesion and bone
tissue growth, nutrient transport, and metabolism, and further reduces the overall mass
while maintaining the required biomechanical stiffness, reducing its own stress masking
effect, and providing new ideas for the design of fusion devices. In recent years, MR
has been gradually applied to the medical field due to its excellent mechanical properties
and flexible porous structure, which are conducive to bone cell growth. Fu Jiangbo and
other scholars of the Harbin Institute of Technology applied MR to an artificial hip joint
and performed friction tests with a steel ball on an artificial hip joint testing machine to
simulate the actual frictional contact situation of its implantation in the body [28]. The team
led by Zhai Wenjie considered the biomechanical requirement of artificial joint cartilage,
which includes both good permeability and cushioning properties. They prepared a
composite made of MR and polyvinyl alcohol hydrogel for the acetabulum and investigated
its frictional performance. The results revealed that the friction torque was lower than
that of the polytetrafluoroethylene acetabulum [29]. The team of Zhao Xianghao at the
Harbin Institute of Technology applied MR to the cervical intervertebral disc, simulated
the mobility of the model in ABAQUS, and verified its feasibility by implanting it into
the cervical vertebrae of goats [30]. Overall, combining the excellent biocompatibility of
titanium alloy with the unique structure and mechanical properties of MR, the lightweight
titanium alloy flexible microporous MR (LTA-FMP MR) intervertebral fusion cage has broad
application prospects.

In this paper, based on the excellent support, cushioning, vibration damping per-
formance, wear resistance, and microporous structure characteristics of LTA-FMP MR, a
symmetric combined LTA-FMP MR lumbar fusion cage is designed. Through finite element
(FE) simulation, static-dynamic mechanics, and impact resistance tests, the present study
investigates the effect of different material parameters of the MR core on the performance
of a combined MR lumbar fusion device (LFD) under various working conditions. Its
comprehensive biomechanical properties are evaluated, providing new insights into the
further research and development of LFDs. The specific content is as follows: The Section 1
provides an overview of the current research status and limitations in the field of lumbar
fusion cages. In Section 2, a three-dimensional structural model of the human lumbar spine
segment is reconstructed using reverse engineering technology, and finite element simula-
tion was employed to assess the stress within the lumbar spine fusion cage assembly under
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various loading conditions. Section 3 focuses on investigating variances in the mechanical
properties of metal rubber cores prepared with different parameters, with quasi-static
tests conducted across various force gradient ranges. Section 4 involves a comprehensive
analysis of the biomechanical performance of the fusion device under different amplitudes,
pulse widths, and frequencies. Finally, in Section 5, the study’s findings and conclusions
are summarized and discussed.

2. LFD Design and Stress Analysis

By improving the lumbar computed tomography (CT) measurement method, effective
measurement of the vertebral body spacing between the L3/L4 segments of the human
lumbar spine can be conducted, guiding the design of the LTA-FMP MR lumbar fusion cage
combination structure. A three-dimensional structural model of the L3/L4 lumbar spine
segments was developed via reverse engineering, and the stress distribution and von Mises
stresses of the upper and lower bone endplates of the lumbar spine fusion cage assembly
under various working conditions, e.g., forward bending, backward extension, bending,
and torsion, were investigated, providing a reference for the subsequent biomechanical
performance research on lumbar fusion cages.

2.1. LFD Structural Design

The symmetric fusion cage is a buffering and damping support device between ad-
jacent vertebral cones of the lumbar spine; thus, its structural design needs to refer to
the spacing between adjacent vertebral segments. As depicted in Figure 2a1, traditional
lumbar CT measurement methods usually take the average value of the middle line and
the front and rear lines of the vertebral body in the midsagittal position [31]. However,
due to the concave nature of the vertebral end face, the quality of the measured data is
generally low, resulting in a designed fusion cage with a smaller size than the actual one,
which increases the risk of postoperative fusion cage displacement. To evaluate the distance
between adjacent vertebral bodies more accurately, Shilei et al. proposed an improved
lumbar CT measurement method based on the traditional one (Figure 2a2), which provides
a more realistic and accurate assessment of the adjacent vertebral spacing than conventional
measurements. This is achieved by focusing on the central region of the lumbar spine,
using the central line connecting the vertebral bodies in the median sagittal position as the
baseline, measuring the vertebral spacing 5 mm anterior and posterior to it, and taking the
average of these three values as the intervertebral height value [32].

In this work, a 24-year-old healthy male volunteer was selected to have a lumbar disc
CT scan at Fujian Provincial Hospital, and the lumbar cone spacing at the L3/L4 segment
was measured by the modified lumbar CT measurement method. Figure 2a3,a4 exhibit the
measurements of the distance between the L3/L4 vertebral bodies and the cross-section
of the L4 cone, respectively. The intervertebral spacing at the center of the vertebral body
in the midsagittal position and at a distance of 5 mm before and after it was 13.43 mm,
14.94 mm, and 13.68 mm, respectively, with an average value of 14.02 mm; the transverse
length of the vertebral body was 53.31 mm, and the longitudinal dimension was 38.42 mm.

The design of a symmetric lateral lumbar fusion cage should meet not only the size
requirements, but also the usage requirements after implantation into the human lumbar
spine. To better analyze its mechanical properties under various operating conditions, the
obtained CT data were imported into the Mimics software in DICOM format, and reverse
engineering was performed to convert the 2D CT images of L3/L4 lumbar spine segments
into a 3D structural model (Figure 2a5). Furthermore, in order to facilitate further analysis,
surface hole filling and smooth repair were performed on the 3D model, resulting in a
repaired 3D model (Figure 2a6).
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Figure 2. 3D modeling process of lumbar vertebrae and fusion apparatus: (a) Construction of
three-dimensional model of lumbar spine: (a1) Traditional CT measurement method; (a2) im-
proved CT measurement method; (a3) L3/L4 lumbar spinal cone spacing measurement map; (a4) L4
cone cross-section measurement diagram; (a5,a6) L3/L4 lumbar segment three-dimensional model;
(b) 3D model of the lumbar fusion cage; (c) assembly drawing of the L3/L4 lumbar spine segment
fusion cage.

The structural design of the symmetric lumbar fusion cage was performed based on the
lumbar intervertebral space parameters obtained by the improved lumbar CT measurement
method. Considering the convenience of the production and processing of the fusion cage,
a combined structure was adopted. The core of the LTA-FMP MR fusion cage was made
of TC4 medical titanium alloy wire, which not only has good elasticity and damping
performance, but also its internal micropore structure (Figure 2b) is conducive to bone cell
adhesion and bone tissue growth, increasing the probability of successful surgery. The
core was shaped like a cuboid with an angle of 8◦ between the front and rear ends of its
upper and lower surfaces. The outer frame of the fusion cage was made of CoCrMo with
toothed protrusions distributed on both sides of its upper and lower surfaces, in order to
increase the friction between the fusion cage and the lumbar vertebral body, reduce the
probability of postoperative slip, and increase the fusion cage stability. For the convenience
of implantation during surgery, the front end of the fusion cage was designed with a bullet
head, taking into account the physiological protrusion of the lumbar spine. The angle
between the front and rear surfaces of the fusion cage was 8◦, providing it with a structural
feature of high front and low back. To facilitate the clamping of the lumbar fusion cage
during surgery, two clamping slots were opened on one side. Moreover, there were large
bone grafting windows on both sides of the outer frame of the fusion cage to facilitate
bone cell growth after its implantation. The LTA-FMP MR core and the CoCrMo frame
were connected by pressing, and the stable connection between them was ensured by
interference fit. Figure 2b presents the three-dimensional model of a lateral lumbar fusion
cage. The outer frame of the lumbar fusion cage was 45 mm long and 20 mm wide, and its
front end was 15 mm high. The angle between the front and rear ends of the upper and
lower surfaces was 8◦, and that between the left and right sides was 172◦. The upper and
lower surfaces of the outer frame were designed with 0.5 mm high toothed protrusions on
both sides, and there were four trapezoidal bone grafting windows on the front and rear
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surfaces (4 mm on the upper bottom; 6 mm on the lower bottom; 12 mm in height). The
right terminal bullet of the fusion device was designed as a semicircular arc with a diameter
of 20 mm. The transition between the upper and lower surfaces was realized through a
circular arc. A clamping groove with a length of 5 mm, width of 4 mm, and height of 4 mm
was opened on the left end side, and a through groove with a length of 31 mm and width
of 14 mm was opened inside to facilitate the installation of the LTA-FMP MR core. To fully
utilize the unique elasticity and damping performance of the LTA-FMP MR core, its upper
and lower surfaces were 0.5 mm higher than the outer frame of the lumbar fusion cage,
with a length of 31 mm, width of 14 mm, and height of 16 mm at the front end. The angle
between the front and rear ends of the upper and lower surfaces was 8◦, and that between
the left and right sides was 172◦.

Subsequently, the 3D model was imported into the FE analysis software ANSYS for
mesh generation and assembly with the lumbar fusion cage to perform simulations under
various working conditions, as shown in Figure 2c.

2.2. Stress Analysis of L3/L4 Segment Lumbar Spine and Fusion Cage

The outer frame of the lumbar spine fusion cage was composed of CoCrMo, and the
inner core of the fusion cage was composed of LTA-FMP MR made of TC4 medical titanium
alloy wire. To truly reflect the stress situation after the implantation of the lumbar spine
fusion cage (Figure 3a), an axial compression force of 500 N was applied to the upper
surface of the L3 vertebral body to simulate the axial compression force experienced by
the human body in daily life. Considering that the human lumbar spine is often in several
motion states, e.g., forward bending, backward extension, bending, and rotation, a torque
of 10 N·m in different directions was applied to the upper surface of the L3 vertebral body
(Figure 3b) and fixed constraints were set to the lower surface of the L4 vertebral body to
limit its six degrees of freedom (Figure 3c), facilitating the simulation of its mechanical
properties under various motion states [33,34]. The contact type between the metal rubber
core and the outer frame of the fusion apparatus is set to Bonded Contact, the contact type
between the lumbar bone and the fusion apparatus is set to Frictional Contact, and the
friction coefficient is set to 0.3. The material performance parameters are shown in Table 1.
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Table 1. Material properties parameter table.

Materials Young’s Modulus (Mpa) Poisson’s Ratio

CoCrMo 116,000 0.3
Metal Rubber 145 0.47

Bone 12,000 0.3

The stress distribution on the upper and lower vertebrae endplates can reflect the
possible tendency of the lumbar fusion cage to sink after implantation, while the peak
stress reflects the stress concentration on the bone endplate. The occurrence of stress con-
centration can increase the probability of fusion cage sinking [35]. Figure 4 illustrates the
stress distribution of the upper and lower vertebrae endplates under various conditions,
i.e., forward bending, backward extension, left bending, right bending, and torsion. In
Figure 4a–d, it can be observed that, during forward flexion, the stress on the upper and
lower bone endplates was mainly concentrated at the front, with maximum stresses of
4.21 MPa and 4.62 MPa, respectively. Under posterior extension, the stresses on the upper
and lower bone endplates were mainly concentrated at the posterior part, with maximum
stresses of 7.28 MPa and 7.79 MPa, respectively. The peak stresses on the upper and lower
bone endplates increased by 73% and 69%, respectively, under backward extension com-
pared to those under forward bending. In Figure 4e–h, it can be observed that, during
left bending, the stress on the upper and lower bone endplates was mainly concentrated
at the left posterior region, with maximum stresses of 5.24 MPa and 5.95 MPa, respec-
tively. During posterior bending, the stress on the upper and lower bone endplates was
mainly concentrated at the right posterior region, with maximum stresses of 5.50 MPa and
4.02 MPa, respectively. Compared to that under left bending, the peak stress on the upper
bone endplate increased by 5.0% during right bending, while that on the lower bone end-
plate decreased by 32.4%. According to Figure 4i,j, during torsion, the stress on the upper
bone endplate was mainly concentrated at the rear, with a maximum stress of 5.38 MPa,
while the stress distribution on the lower bone endplate was relatively uniform, with the
maximum stress located at the lower left corner of the lower bone endplate, reaching a
value of 5.94 MPa.

Figure 5a presents the statistical comparison of peak stresses in the upper and lower
bone endplates under different loading conditions. It can be observed that, under different
loading conditions, the peak stresses on the upper and lower bone endplates were basically
the same. Except for the right bending loading case, the peak stress on the lower bone
endplate was 26.9% lower than that on the upper one, and the increase rate of the peak
stress on the bone endplate was about 10% compared to that on the upper bone endplate
under other loading conditions. In addition, it can be observed that the peak stress of
the upper and lower bone endplates during extension was significantly higher than that
under the other loading conditions. Wang et al. designed four types of fusion devices
based on topology optimization and selected the group with the best peak comprehensive
stress value of the upper and lower bone endplates; their results are compared with the
data obtained in this paper. Since no difference between left and right bending was found,
this paper recorded the mean value of the peak stress value of the upper and lower bone
endplates of left and right bending as bending, and Figure 5b compares the obtained data.
It was found that the peak stress of the upper and lower bone endplates of the lumbar
fusion cage designed in this article was significantly lower than that reported in the relevant
literature [36], indicating that the designed structure is reasonable and effective, and the
probability of fusion cage sink is significantly reduced.
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Figure 4. Stress distribution on the upper and lower vertebrae endplates under different load-
ing conditions: (a,b) Stress distribution of upper and lower vertebral endplates during flexion;
(c,d) Stress distribution of upper and lower vertebral endplates during extension; (e,f) Stress distribu-
tion of upper and lower vertebral endplates during bending(L); (g,h) Stress distribution of upper and
lower vertebral endplates during bending(R); (i,j) Stress distribution of upper and lower vertebral
endplates during torsion.

Intervertebral implants may also face the risk of collapse after surgery. Von Mises
stress is a commonly used evaluation factor for the risk of intervertebral implant collapse.
In general, the lower the peak von Mises stress, the lower the risk of collapse after lumbar
fusion cage implantation. Analyzing the von Mises stress of the symmetric lumbar fusion
cage under axial compression, forward bending, backward extension, left bending, right
bending, and torsion (Figure 5d–j), it can be found that stress concentration existed mainly
at the corners of the MR core of the fusion cage and the front edge of the outer frame.
Figure 5c depicts the von Mises peak stress histogram of the fusion device under various
loading conditions. It can be observed that the peak von Mises stress was significantly
higher during forward bending and backward extension than during the other loading
conditions, with values of 30.34 MPa and 41.53 MPa, respectively. However, the overall
peak stress under various loading conditions was significantly lower than the 203 MPa



Symmetry 2023, 15, 1938 9 of 19

reported in the relevant literature [36], indicating that the risk of collapse may be lower
after implanting the lumbar fusion cage designed in this paper.
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3. Preparation and Quasi-Static Test of Lumbar Fusion Cage Core

To investigate the differences in mechanical properties of metal rubber cores with
different preparation parameters, metal rubber cores with different relative densities and
materials were prepared. Quasi-static tests were conducted under different force gradient
ranges to investigate their energy dissipation mechanism under load and the changes in
contact state between internal wire turns. The changes in energy dissipation, loss factor,
and static stiffness of metal rubber cores with load were analyzed.

3.1. Preparation Process of Lumbar Fusion Cage Core

The core of the lumbar fusion cage was made of LTA-FMP MR. The preparation process
is as follows. First, the wire of suitable material and diameter was selected according to the
use environment and load-bearing requirements. Then, the wire was wound into a certain
diameter metal spiral coil by special winding equipment (Figure 6a Pretreatment stage),
after which it was stretched with a fixed pitch and the blank was wound on an MR blank
automatic winding equipment (Figure 6b Blank forming stage). Subsequently, the wound
blanks were cold stamped into a mold to obtain the required MR core sample (Figure 6c
Stamping stage), which was finally ultrasonically cleaned and dried (Figure 6).
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In particular, good biocompatibility is the first concern, considering that the lumbar
fusion cage should be implanted into the human body. In combination with the prevailing
materials used in intervertebral implants, TC4 medical titanium alloy (Ti-6Al-4V) was
selected to prepare the LTA-FMP MR core, while medical stainless steel (304) was employed
to facilitate the subsequent comparative analysis of the mechanical properties of the two
materials. In general, the higher the relative density of MR, the higher its stiffness, and the
lower its relative density, the lower its load-bearing capacity. This characteristic should
have different effects on the damping and vibration damping capacity of the material. To
investigate the differences in the mechanical properties of MR cores with different relative
densities, three MR cores with relative densities of 1.5 g/cm3, 2.0 g/cm3, and 2.5 g/cm3

were prepared; the specific parameters of the samples are given in Table 2.

Table 2. Parameter table of lumbar fusion cage core sample.

Material Wire Diameter (mm) Relative Density (g/cm3) Mass (g) Porosity Sample Height (mm)

TC4 0.20
1.5 10.16 0.65 14.11
2.0 13.54 0.53 13.95
2.5 16.93 0.42 14.06

304 0.20
1.5 10.16 0.80 14.09
2.0 13.54 0.74 14.08
2.5 16.93 0.67 14.15
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The prepared MR core is exhibited in Figure 6(d3). The outer frame of the lumbar
fusion cage was combined with the core to obtain an MR lumbar fusion cage (Figure 6d).

3.2. Quasi-Static Experimental Study on the Inner Core of Lumbar Fusion Cage

To characterize the mechanical properties of the LTA-FMP MR core under load, quasi-
static tests were conducted to investigate its energy dissipation mechanism under load
and the changes in the contact state between internal wire turns. Quasi-static experiments
with different force gradient ranges were conducted, and the energy dissipation, loss factor,
and static stiffness changes of the LTA-FMP MR cores with load were analyzed. The test
specimen was made of a medical TC4 titanium alloy MR core with a relative density of
2.0 g/cm3, and the load was set to 100 N, 200 N, 300 N, 400 N, and 500 N to meet the
majority of the fusion device usage requirements.

When the LTA-FMP MR core is subjected to an external load, the dry friction between
its internal metal wires will lead to energy consumption. In a loading and unloading
process, the energy ∆W dissipated by the MR can be calculated by the following equation:

∆W =
∫ xmax

0
(Fupload − Funload)dx (1)

The energy U stored in the MR core during a loading and unloading process is:

U =
1
2

∫ xmax

0
(Fupload + Funload)dx (2)

where Fupload is the loading curve, Funload is the unloading curve, xmax is the maximum
deformation, and Fmax is the load corresponding to the deformation xmax.

In order to characterize the static mechanical properties of the LTA-FMP MR core, a
static loss factor η and a static stiffness k are introduced, which can be calculated as follows:

η =
∆W
πU

(3)

k =
Fmax

xmax
(4)

where ∆W is the dissipated energy, U stores internal energy, Fmax is the maximum load,
and xmax is the maximum displacement.

The quasi-static mechanical curves of the MR core obtained under different loads are
presented in Figure 7a. It can be observed that the loading curve exhibited good consistency
under different maximum loads, proving the performance stability of the MR core under
different working conditions. Figure 7b presents the variation of the static parameters of
the MR core under different loads. It was found that the energy dissipation and static
stiffness of the MR core increased with increasing loading, which was due to the increased
deformation of the MR as the load was increased. Moreover, the number of contact points
between the inner wires increased (Figure 7e), the contact state changed from a sliding
state to a relative sliding state, the friction between the wires increased, and the dissipated
energy increased as well. At the same time, the deformation moved gradually from the
soft phase to the exponential hardening phase, with more dry frictional contact between
the internal wires than in the soft phase, resulting in increased stiffness. According to the
variation diagram of the loss factor of the MR core under different loads, the loss factor
gradually decreased with increasing load, while the change in its magnitude was not very
significant, reflecting the long-lasting performance stability of the MR.
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As mentioned earlier, quasi-static tests were performed on six MR cores made of
different materials with different relative densities. Figure 7c,d demonstrate the quasi-static
mechanical curves of the MR prepared by 0.2 mm TC4 and 0.2 mm 304 with different
relative densities, respectively. Good energy dissipation characteristics were observed, and
the variation of the energy dissipation, loss factor, and static stiffness parameters with
relative density for each sample was statistically obtained (Figure 7f–h). In Figure 7f, it can
be seen that the MR core energy dissipation tended to decrease with increasing relative
density for both TC4 and 304 materials. This is due to the fact that the lower the relative
density of the MR core, the lower its stiffness, and the easier it is to enter the exponential
hardening phase of deformation under the same load. The contact characteristics changed
from soft to hard contact, leading to a significant increase in energy consumption. Figure 7g
plots the variation of the loss factor of MR cores with different relative densities. It can
be observed that, with the increase of the relative density, the loss factor of the MR core
gradually decreased. On the other hand, for the same density and wire diameter, the loss
factor of the TC4 MR core was much smaller than that of the 304 one, indicating that the
durability performance of TC4 was almost excellent. Figure 7h shows the static stiffness
variation of the MR core for different relative densities. It was found that the static stiffness
of both the 304 and TC4 MR cores tended to increase with increasing relative density. This
is due to the fact that the higher the relative density of the material, the more the contact
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points between the turns of the filaments inside the MR, which are more constrained during
deformation as indicated by the increased stiffness; for the same density and diameter, the
static stiffness of 304 was significantly lower than that of TC4.

4. Biomechanical Properties of Lateral Lumbar Fusion

In order to assess the dynamic loads of lumbar fusion in daily life, the mechanical
properties of lumbar fusion under different amplitudes and frequencies were analyzed.
The loading dynamics of lumbar fusion were tested under sinusoidal excitation, and a loss
factor was introduced to evaluate it. At the same time, considering the inevitability of
impact loads on the lumbar spine during motion and sudden events, the impact resistance
of lateral access LFDs with two material cores was tested under impact loads with different
excitation amplitudes and pulse widths. The introduction of the impact isolation coefficient
and kinetic energy decay rate can provide insight into the impact-resistant biomechanical
performance of the lumbar fusion cage, leading to a more comprehensive assessment of the
dynamic performance of lateral access LFDs.

4.1. Dynamics of Lateral Lumbar Fusion

The MR LFDs made of TC4 and 304 with three different relative densities (1.5 g/cm3,
2.0 g/cm3, and 2.5 g/cm3) were subjected to sinusoidal excitation loading by means of a
high- and low-temperature dynamic and static universal testing machine. The LFD was
clamped in the upper and lower jigs of the machine in order to eliminate the residual stress
inside it. Each specimen was preloaded for 5 min before the formal test and then tested; the
data from the 30th test after the curve had been stabilized were taken as the test result.

The maximum elastic potential energy W in one loading cycle and the dissipated
energy ∆W in one loading cycle can be calculated by:

W =
1
4
(Fmax − Fmin)X0 (5)

∆W = −ωX0

∫ T

0
F sin(ωt + α)dt (6)

where Fmax and Fmin are the maximum and minimum values of the discrete restoring
forces collected during the test, respectively; X0 and ω correspond to the amplitude and
angular velocity of the excitation displacement; and α is the phase of the displacement at
the beginning of the test.

The equivalent loss factor η can be obtained from the energy ∆W dissipated during
one loading cycle and the maximum elastic potential energy W via the following equation:

η =
1

2π

∆W
W

(7)

4.2. Dynamic Test Results and Analysis

To analyze the effects of different materials, amplitudes, and vibration frequencies on
the dynamic performance of the lumbar fusion cage, tests were designed using the control
variable method to analyze the energy consumption, loss factors, and stiffness. The test
parameters were set as shown in Table 3.

Table 3. Test parameter setting table.

Test Group Material Wire Diameter
(mm)

Relative Density
(g/cm3)

Amplitude
(mm) Frequency (Hz)

Material TC4/304 0.10 2.0 0.6 4
Amplitude TC4 0.10 2.0 0.2/0.4/0.6/0.8/1.0 4

Vibration frequency group TC4 0.10 2.0 0.6 1/2/3/4/5
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The effects of amplitude, frequency, and material on the dynamic performance of the
lumbar fusion apparatus are presented in Figure 8. In Figure 8a, it can be observed that the
energy dissipation of the lumbar fusion cage increased gradually with increasing amplitude
in the range of 0.2 to 1.0 mm. The loss factor decreased gradually with increasing amplitude,
while the stiffness exhibited a trend of decreasing first and then increasing. That was due
to the fact that when the amplitude increases, the deformation of the MR core increases,
the contact points between the wires increase, and the contact state changes from sliding
to relative sliding and parallel sliding, resulting in an increase in the energy dissipated by
friction (Figure 8d–f) and the overall stiffness. Figure 8b illustrates the effect of frequency on
the energy dissipation, stiffness, and loss factor of the lumbar fusion. As it can be observed,
in the frequency interval from 1 Hz to 5 Hz, the stiffness of the LFD decreased gradually
with increasing vibration frequency, while the loss factor gradually increased, and the
energy dissipation exhibited a trend of increasing first and then decreasing. The effect of
the material on the energy dissipation, stiffness, and loss factor of the lumbar fusion is
presented in Figure 8c. It can be observed that, when all the other parameters were the
same, the LFD prepared from TC4 had a higher stiffness and smaller loss factor compared
to that prepared from 304, with 4.46% higher energy consumption and significantly better
overall performance than the 304 material.

Symmetry 2023, 15, x FOR PEER REVIEW  14  of  20 
 

 

4.2. Dynamic Test Results and Analysis 

To analyze the effects of different materials, amplitudes, and vibration frequencies 

on  the dynamic performance of  the  lumbar  fusion cage,  tests were designed using  the 

control variable method  to analyze  the energy consumption,  loss  factors, and stiffness. 

The test parameters were set as shown in Table 3. 

Table 3. Test parameter setting table. 

Test Group  Material 
Wire Diameter 

(mm) 

Relative Density 

(g/cm3) 

Amplitude 

(mm) 
Frequency (Hz) 

Material  TC4/304  0.10  2.0  0.6  4 

Amplitude  TC4  0.10  2.0  0.2/0.4/0.6/0.8/1.0  4 

Vibration fre-

quency group 
TC4  0.10  2.0  0.6  1/2/3/4/5 

The effects of amplitude, frequency, and material on the dynamic performance of the 

lumbar fusion apparatus are presented in Figure 8. In Figure 8a, it can be observed that 

the energy dissipation of the lumbar fusion cage increased gradually with increasing am-

plitude in the range of 0.2 to 1.0 mm. The loss factor decreased gradually with increasing 

amplitude, while the stiffness exhibited a trend of decreasing first and then  increasing. 

That was due to the fact that when the amplitude increases, the deformation of the MR 

core increases, the contact points between the wires increase, and the contact state changes 

from sliding to relative sliding and parallel sliding, resulting in an increase in the energy 

dissipated by friction (Figure 8d–f) and the overall stiffness. Figure 8b illustrates the effect 

of frequency on the energy dissipation, stiffness, and loss factor of the lumbar fusion. As 

it can be observed, in the frequency interval from 1 Hz to 5 Hz, the stiffness of the LFD 

decreased gradually with increasing vibration frequency, while the loss factor gradually 

increased, and  the energy dissipation exhibited a  trend of  increasing first and then de-

creasing. The effect of the material on the energy dissipation, stiffness, and loss factor of 

the lumbar fusion is presented in Figure 8c. It can be observed that, when all the other 

parameters were the same, the LFD prepared from TC4 had a higher stiffness and smaller 

loss factor compared to that prepared from 304, with 4.46% higher energy consumption 

and significantly better overall performance than the 304 material. 

Figure 8. Results of dynamic experiments: (a–c) Effects of amplitude, frequency and material on 

the dynamic performance of lumbar fusion apparatus (d–f) metal-rubber core wire contact state 

   

Figure 8. Results of dynamic experiments: (a–c) Effects of amplitude, frequency and material on the
dynamic performance of lumbar fusion apparatus (d–f) metal-rubber core wire contact state.

4.3. Impact Resistance Performance of Lumbar Fusion Cage

To further investigate the biomechanical performance of lumbar fusion cages under
different excitation amplitudes, pulse widths, and materials, impact tests with various
operating conditions were conducted on an impact test bench. The parameters of the test
groups are listed in Table 4, with Groups A, B, and C being the amplitude test group, pulse
width test group, and material test group, respectively.

Table 4. Impact test parameters for each group.

Test Group Number Impact Amplitude (g) Impact Pulse Width (ms) Relative Density (g/cm3) Relative Density (mm) Material

A1 5 21 1.5 0.2 TC4
A2 7 21 1.5 0.2 TC4
A3 9 21 1.5 0.2 TC4
B1 9 21 1.5 0.2 TC4
B2 9 16 1.5 0.2 TC4
B3 9 11 1.5 0.2 TC4
C1 9 21 1.5 0.2 TC4
C2 9 21 1.5 0.2 304
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To further study the impact resistance of the lumbar fusion cage, the impact isolation
coefficient and kinetic energy decay rate were introduced as evaluation indices of the
impact biomechanical properties.

(1) Impact isolation coefficient

The impact isolation factor is an important indicator for evaluating the impact resis-
tance of the lumbar fusion cage. The ratio of the maximum magnitude of the response
acceleration to that of the excitation acceleration is often expressed, and the impact isolation
coefficient η can be calculated as follows:

η =
a′max

amax
(8)

where amax is the maximum amplitude of the excitation acceleration, and a′max is the
maximum amplitude of the response acceleration.

(2) Kinetic energy decay rate

The kinetic energy decay rate, i.e., the ratio of the kinetic energy decayed by the system
in the first decay cycle to the initial kinetic energy, was employed to quantify the energy
decay of the LFD during impact; the kinetic energy decay rate ψ can be defined as follows:

ψ =
E1 − E2

E1
= 1− E2

E1
(9)

where E1 is the kinetic energy of the system when the response velocity reaches its first
peak after the impact load has been applied, and E2 is the kinetic energy of the system
when the response velocity reaches its second peak.

4.4. Analysis of Impact Test Results

The experimental acceleration excitation curves for different impact amplitudes, pulse
widths, and materials are shown in Figure 9a–c, and the corresponding acceleration re-
sponse curves for the lumbar fusion cage are presented in Figure 9d–f. It can be observed
that, upon impact, the MR located inside the lumbar fusion deformed rapidly. The increase
in the contact points between the internal wires resulted in a rapid increase in the non-linear
stiffness, which, through the friction and slippage between the internal wires, dissipated
the impact energy and rapidly reduced the kinetic energy within the system, allowing it to
quickly return to a stable state. It can also be deduced that the lower the shock amplitude
and the smaller the pulse width to which the fusion is subjected, the sooner the system will
return to stability, while a change in the material will have little effect on that time.

Figure 10 exhibits the variation of the impact resistance parameters of the fusion device
with different impact amplitudes, pulse widths, and materials. In particular, Figure 10a–c
show the variation of the peak acceleration response and the time to the peak response with
amplitude, pulse width, and material, respectively. It can be found that: (1) as the impact
amplitude increased, the peak acceleration response gradually increased and the response
arrival time gradually decreased; (2) As the pulse width increased, the peak acceleration
response gradually increased, with the response reaching a slight decrease in the peak time
from 11 ms to 16 ms, and then increasing, exhibiting an overall increasing trend; (3) The
peak acceleration response of the lumbar fusion prepared by TC4 was higher than that of
the lumbar fusion prepared by 304 and its response arrival time was lower than that of the
lumbar fusion prepared by 304. Figure 10d–f demonstrate the impact isolation factor and
kinetic energy decay rate as a function of the shock amplitude, pulse width, and material,
respectively. In Figure 10d, it can be seen that both the impact isolation coefficient and
kinetic energy decay rate tended to decrease with increasing impact amplitude, indicating
that the impact resistance of the fusion device increased with increasing impact amplitude.
This is due to the fact that the deformation of the MR inside the LFD increases with
increasing impact amplitude, which increases the number of contact points between the
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wire turns inside the fusion device, and can also lead to wire orthogonal contact sliding
(Figure 8d) and relative contact sliding (Figure 8e) in some intertwined wire areas. While
under load, the angle of the wire distribution changes, causing a shift to parallel contact
sliding (Figure 8f), thereby allowing the energy of the impact to be dissipated. According to
Figure 10e, the impact isolation factor changed very little with increasing impact amplitude
under a pulse width ranging from 11 ms to 16 ms, and then exhibited an overall tendency
to increase; the kinetic energy decay rate increased slightly between 11 ms and 16 ms, and
then decreased. In Figure 10f, it can be observed that the impact isolation factor and the
kinetic energy decay rate of the lumbar fusion prepared by TC4 were higher compared
to that prepared by 304, with a 3.14% increase in the kinetic energy decay rate, providing
excellent impact resistance.
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5. Conclusions

A lateral approach symmetric lumbar fusion cage was designed by introducing an LTA-
FMP MR material with damping characteristics. A lumbar spine model was reconstructed
and structural design of the symmetric lumbar fusion model was performed via reverse
engineering based on CT data of the lumbar intervertebral disc. Through FE simulations,
dynamic and quasi-static mechanical and impact resistance tests, evaluation indices such
as the loss factor, impact isolation factor, and kinetic energy decay rate were introduced
to comprehensively evaluate its comprehensive biomechanical performance. The main
research elements and conclusions are as follows:

(1) The lumbar vertebral spacing parameters at the L3/L4 segment were determined
by modified CT measurements to guide the structural design of the lumbar spinal
fusion cage. The fusion cage was designed using a CoCrMo frame and TC4 medical
titanium alloy MR. The L3/L4 segment lumbar spine model was reconstructed using
reverse engineering and assembled with an LFD to obtain the stress distribution on
the upper and lower bone endplates and perform von Mises stress analysis under
various conditions. Comparative analysis of results reported in the relevant literature
was also conducted. The designed lumbar fusion cage had a significantly lower peak
stress under all loading conditions, which significantly reduces the sink probability
of the fusion cage, while the peak von Mises stress was significantly lower than the
203 MPa value reported in the relevant literature, indicating a lower risk of collapse
after implantation.

(2) An innovative LTA-FMP MR core with a spatial microporous structure was introduced,
and the lumbar fusion core parameters were designed by means of forward design.
Quasi-static tests with different force gradients were performed and it was found that
as the relative density was increased, the energy dissipation and loss factor of the
LTA-FMP MR core tended to decrease, while the static stiffness tended to increase.
The core of the LFD prepared from TC4 with a filament diameter of 0.2 mm and
a relative density of 1.5 g/cm3 achieved an energy dissipation of 32.62 N·mm and
exhibited good energy dissipation characteristics.

(3) A biomechanical test platform was built to analyze the mechanical properties under
sinusoidal excitation with different amplitudes and frequencies, as well as impact
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loads with different amplitudes and pulse widths. In-depth and comprehensive as-
sessment of the biomechanical performance of the lumbar fusion cage was performed
by introducing the loss factor, impact isolation factor, and kinetic energy decay rate
evaluation indices. It was demonstrated that, as the amplitude was increased, the
energy dissipation of the symmetric lumbar fusion gradually increased and the loss
factor gradually decreased; however, its stiffness tended to decrease first and then
increase. As the vibration frequency increased, the stiffness gradually decreased and
the loss factor gradually increased, while the energy dissipation exhibited a trend
of increasing first and then decreasing. The impact isolation factor and kinetic en-
ergy decay rate of the lumbar fusion decreased with increasing impact amplitude.
As the pulse width was increased, the impact isolation factor tended to overall in-
crease and the kinetic energy decay rate tended to increase first and then decrease.
Compared to that prepared from 304, the lumbar fusion cage prepared from TC4
had a lower loss factor, a higher impact isolation factor, a 4.46% increase in energy
dissipation, and a 3.14% increase in kinetic energy decay rate, possessing superior
biomechanical properties.
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