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Abstract: To investigate the biomechanical performances of artificial cervical disc (ACD) prostheses,
many studies have been conducted, either with cervical sections of cadavers under physiological
loads or with block-like testing fixtures obeying the ASTM F2346 standard. Unfortunately, both
methods are almost impossible to utilize for accurate results of lifetime anti-fatigue experiments for
at least 10 million cycles due to the difficulties in cadaver preservation and great deviations of natural
cervical bodies, respectively. Based on normal human cervical structural features, a novel specimen
fixture was designed for testing the fatigue behavior of ACD prostheses under flexion, extension, and
lateral bending conditions, with aspects of both structural and functional bionics. The equivalence
between the biomimetic fatigue-testing fixture and the natural cervical sections was investigated by
numerical simulations and mechanical experiments under various conditions. This study shows that
this biomimetic fatigue-testing fixture could represent the biomechanical characteristics of the normal
human cervical vertebrae conveniently and with acceptable accuracy.
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1. Introduction

Disc arthroplasty is a new surgical treatment for intervertebral degeneration and insta-
bility. Compared with traditional cervical fusion surgery, its advantages are that it restores
the range of motion of the cervical spine and can lower the incidence of adjacent segment
degeneration in the long term [1-4]. ACD prostheses are intended to bear alternating loads
within the scope of physiology and should theoretically last for several decades in the
body without failures. The life of ACD prostheses and their minimum acceptable clinical
life are disputed, however. Titanium and titanium alloys are widely used in orthopedic
hard tissue repair and artificial cervical intervertebral disc manufacture because of their
good biocompatibility and non-toxicity [5,6]. The optimum life span has generally been
demonstrated to be 80 million movements, while 10 million movements is suggested to be
the ideal minimum testing cycle [7,8].

Traditional implant trials often choose a series of cervical spine specimens from cadaver
donors moisturized with saline solution. Cervical spine specimens are dissected free from
soft tissues, musculature, and single-segmental cervical intervertebral discs, while the
ligaments and integrity of post-zygapophysial joints are carefully preserved, and then ACD
prostheses are implanted for testing [9-12]. These specimen tests must be completed in a
short time to avoid causing side effects in the process of the biological disintegration of
cadavers [13-17]. Unfortunately, it is almost impossible to carry out a lifetime anti-fatigue
experiment for at least 10 million cycles with fresh-frozen cadavers due to the time and
cost limitations of cadaver preservation.

In dealing with such problems, the tests conducted by ASTM F2346 allow for the analysis
of individual disc replacement devices and the comparison of the mechanical performance
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of multiple artificial intervertebral disc designs in a standard model [18-23]. Specialized test
fixtures have been developed by leading machine manufacturers to conduct both static and
cyclic testing of ACDs following the ASTM F2346 standard in recent decades. Due to the
obvious difference between these test fixtures and the natural cervical spine, the obtained data
about the static and dynamic behaviors of ACD prostheses are less accurate. Therefore, the
results from these tests may not directly predict in vivo performance; however, they can be
used to compare the mechanical performance of different ACD prostheses [19,20].

In dealing with the ultra-high cost and inevitable data deviation of the above-mentioned
testing methods, the biomimetic methodology could be a promising solution for testing
ACD prostheses with better accuracy and efficiency.

The objective of this study was to design a biomimetic fatigue-testing fixture using
synthetic materials similar to human cervical vertebrae for cost-effective, accurate static
and dynamic tests of ACDs, to evaluate the equivalence of the stresses and deformations
(i.e., range of motion) of ACDs within the designed fatigue-testing fixture, and within
C5-C6 cervical spinal segments. Fatigue simulations of ACDs within C5-C6 cervical spinal
segments and within the fatigue-testing fixture and fatigue experiments of ACDs within
the fatigue-testing fixture were also carried out. By comparing results, the feasibility of the
designed biomimetic fatigue-testing fixture can be discussed thoroughly.

2. Materials and Methods
2.1. Biomimetic Design of Fatigue-Testing Fixture
2.1.1. Structural Bionics of Fatigue-Testing Fixture

The design of the biomimetic fatigue-testing fixture is shown in Figure 1. Based on
normal human cervical structural features, four epoxy blocks filled with 70 wt% hydroxya-
patite powder, the same content as natural bone, were used to simulate human cervical
vertebrae, as the elastic modulus of epoxy blocks is close to that of human cervical vertebrae.
A metallic flexible U-plate of the fatigue-testing fixture limited the movement of blocks to
simulate the function of normal human cervical ligaments and facet joints.

In terms of the size measurement and deformation properties of the C5-C6 cervical
spinal segments, as shown in Figure 1, the fixture is cost-effective and reasonable, composed
of a cuboid block (01), three cylindrical blocks (02-04) and a U-plate (05). Among blocks
01-04, the cylindrical blocks 02-04 are concentric, whereas the position of cuboid block
01, as the site for compressive force to be applied, can be varied to form different loading
conditions. According to preliminary estimations, the thickness and width of the U-plate
(05) were 1~2 mm and 30~45 mm. The length, width, and height of the cuboid block
(01) were 25~35 mm, 8~15 mm, and 8~15 mm. The radius and height of the cylindrical
blocks (02-04) were 10~15 mm and 8~15 mm. The distance between the center of the
cylindrical blocks (02-04) and the rear end of the U-plate (05) was 45~65 mm. Using
numerical simulation analysis, the fixture design was further optimized. Additionally, the
lower surface of the cylindrical block (02) and the upper surface of the cylindrical block (03)
were polished to meet the body’s normal physiological curvature of the cervical lordosis.

The fixture was able to work with the integration prostheses and the majority of other
ACD prostheses, such as Dynamic Cervical Implant (DCI), Z-braze Dynamic Fusion, and
Prestige LP, as shown in Figure 1. Among various ACDs, DCI is a single-component
U-shaped implant maintaining the spinal kinematics, which imposes minimum influence
on the adjacent soft tissues compared with other types of prostheses [24]. The U-shaped
open structure of the DCI is more favorable for the direct observation of static and dynamic
behaviors during the numerical simulations of implants. Therefore, DCI (14 mm long,
16 mm wide, and 0.8 mm thick) was selected as the ACD specimen for the study of the
effectiveness of the designed biomimetic fatigue-testing fixture in substitution of the natural
cervical spine in static and dynamic experiments.
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Figure 1. Assembly drawing of fixture and prostheses: (a) Dynamic Cervical Implants DCI under the
flexion or extension condition; (b) Z-braze Dynamic Fusion under the flexion or extension condition;
(c) Prestige LP under the flexion or extension condition; (d) DCI under the lateral bending condition.

2.1.2. Functional Bionics of Fatigue-Testing Fixture

The geometric models of the fatigue-testing fixture with DCI and the cervical bodies
with DCI were established, which were input into the finite element analysis software
ANSYS Workbench 16.0 (Ansys, Canonsburg, PA, USA) and assigned with corresponding
material properties, as shown in Table 1 [25,26].
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Table 1. Material properties of fatigue-testing fixture and spinal components used in the present model.

Description Elastic Modulus (MPa) Poisson’s Ratio
Blocks 20,000 0.35
6061 Al alloy 70,000 0.3
Pure Ti 110,000 0.3
Ti6Al4V 110,000 0.3
Epoxy AB glue 3000 0.38
Cortical bone 10,000 0.4
Cancellous bone 100 0.29
Ligamentum flavum 1.5 0.3
Interspinous ligament 1.5 0.3
Capsular ligament 20 0.3

In the numerical calculation of the equivalent stress and deformation of DCI within
the C5-C6 cervical spinal segments during the static test, the maximum routine loading
parameters in biomechanical tests with cervical spines from cadaver donors were followed;
namely, a 73.6 N preload was applied to the top surface of C5, with an extra 1.8 Nm flexion
moment for flexion movement and a 1.8 Nm extension moment for extension or a 1.0 Nm
lateral bending moment for bending, respectively, while the bottom surface of C6 was fixed
in six degrees of freedom in the finite element model [26-28].

As for the simulations of the static test with the biomimetic fatigue-testing fixture, a
200 N load, the routine loading force in static and dynamic tests following ASTM F2346,
was applied on the upper surface of the cuboid block 01, while the lower surface of the
cylinder 04 was fixed in six degrees of freedom [19,29,30]. Furthermore, by finely adjusting
the distance between the centers of DCI and the cuboid block 01, an extra equivalent
moment can be obtained by multiplying the force on the top surface of the cuboid block 01
and the eccentric distance. Finally, the equivalent stress and deformation of DCI within the
fatigue-testing fixture were calculated by using finite element simulation software ANSYS
Workbench 16.0 (Ansys, Canonsburg, PA, USA). The equivalent stress and deformation of
DCI within the fatigue-testing fixture can be made similar to those within human C5-C6
cervical spinal segments through further optimization of the parameters of the biomimetic
fatigue-testing fixture.

2.2. The Process of Fatigue Simulation and Fatigue Test

The previous analysis results of DCI within C5-C6 cervical spinal segments and within
the optimized fatigue-testing fixture were input into the FE-SAFE6.5 software (Dassault
Systemes Simulia Corp., Providence, RI, USA). According to the estimation methods of
Seegers’ material data in FE-SAFE6.5 software, SN curves were generated by inputting the
tensile strength and elastic modulus, which were modified afterward [31,32]. A frequency
of 10 Hz was applied with a triangular-wave load channel file. The Goodman method was
used for mean stress correction, and the fatigue full-life analysis was carried out according
to SN curves. After the fatigue calculation, the analysis results were re-input into ANSYS
Workbench 16.0 (Ansys, Canonsburg, PA, USA) for post-processing.

In the present fatigue experiments, the DCI was fixed between the cylindrical hydroxyapatite-
filled epoxy blocks 02 and 03 by epoxy AB glue in the biomimetic fatigue-testing fixture of the
optimized parameters. It is used to simulate the bony fusion between the upper and lower
surfaces of the DCI prosthesis and the corresponding vertebral body after the implant. The
loading parameters of the cervical segment biomechanical tests were consistent with static and
dynamic tests based on ASTMF2346 by adjusting the distance between the geometric center
of the block and the rotating center of the artificial cervical disc. Then, the fixture, together
with the DCI, was clamped between the vise and actuator of an Instron-8874 fatigue testing
machine (Instron Corporation, Canton, MA, USA), as shown in Figure 1. During fatigue
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experiments, the fixture was loaded with the corresponding loadings at the calculated
eccentric position to provide different moments. Finally, fatigue tests were carried out until
fatigue failure occurred; if not, the tests were continued until 80 million cycles were reached
on the biomimetic fatigue-testing fixture.

3. Results
3.1. Optimization of the Biomimetic Fatigque-Testing Fixture

The maximum deformation of pure Ti DCI within human C5-C6 cervical segments
under the flexion condition was numerically calculated as 0.57 mm, as shown in Figure 2.
On the foundation that the stress of the DCI within the fatigue-testing fixture is similar to
that within C5-C6 cervical spinal segments, the deformations of pure Ti DCI within the
designed fatigue-testing fixture of different parameters were numerically calculated and
shown in Figures 3 and 4. With the other factors being equal, the maximum deformation
decreased markedly with an increase in the elastic modulus of the material and the thickness
and width of the U-plate 05, respectively, as shown in Figure 3, whereas the length, width,
and height of the cuboid block 01, as well as the radius and height of the cylindrical
blocks 02-04, lacked an obvious influence on the DCI’s maximum deformation, as shown
in Figure 4a—e. Additionally, the DCI's maximum deformation increased slowly as the
distance between the center of the cylindrical blocks 02-04 and the rear end of the U-plate
05 increased, as shown in Figure 4f. Likewise, the influencing tendencies of the above-
mentioned factors on the deformation of DCI under the flexion condition coincide with
those of DCI under either extension or lateral bending conditions. Finally, the optimizations
of the various designing factors were conducted by keeping the coincidence of the stresses
and deformations of the DCI within the designed biomimetic fatigue-testing fixture and
within human C5-C6 cervical segments.

RODAL BOLUTION
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Figure 2. The deformation of pure Ti DCI within human C5-C6 cervical segments under the flexion condition.

3.2. Simulation of DCI within the Optimized Fixture under Static Mode

The contours of the equivalent stress of pure Ti DCI within the C5-C6 cervical spinal
segments and within the optimized fatigue-testing fixture under the flexion condition are
shown in Figure 5. The maximum equivalent stress of pure Ti DCI within the fatigue-testing
fixture was 396.5 MPa, which agreed well with 394.6 MPa, the result of DCI within the
C5-C6 cervical segments. More importantly, both maximum equivalent stresses appeared
in the same location of the DCI. Furthermore, the contours of the equivalent stress of the
DCIs of pure Ti and Ti6Al4V were simulated under various loading conditions within the
fatigue-testing fixture, which were similar to those of the DCIs within the C5-C6 cervical
spinal segments, as plotted in Figure 6.
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Figure 5. The contours of the equivalent stress of pure Ti DCI under the flexion condition: (a) within
C5-C6 cervical spinal segments; (b) within the fatigue-testing fixture.

being equal.

3.3. Fatigue Simulation and Fatigue Experiment

Figure 7 shows the contours of the fatigue life of pure Ti DCI within the C5-C6 cervical
spinal segments and within the optimized fatigue-testing fixture under the flexion condition.
The minimums of the simulated fatigue life of pure Ti DCI within the C5-C6 cervical spinal
segments and within the fatigue-testing fixture were 22.397 million cycles (N = 107-3502 =
22,397,000) and 21.478 million cycles (N = 107332 = 21,478,000), respectively. The fatigue
results of the DClIs of pure Ti and Ti6Al4V within the C5-C6 cervical spinal segments
and within the fatigue-testing fixture were simulated under various loading conditions,
as summarized in Table 2. The simulated fatigue life of titanium alloy exceeds 80 million
cycles during flexion. In the process of extension and lateral bending, the simulated fatigue
life of both pure titanium and titanium alloy exceeds 80 million times.

The fatigue-testing results of the DCIs of pure Ti and Ti6 Al4V within the fatigue-testing
fixture were obtained under various loading conditions by using an Instron-8874 fatigue-
testing machine, as plotted in Table 2. It was shown that the experimental fatigue life of
pure Ti DCI within the fatigue-testing fixture under the flexion condition was 35.645 million
cycles, whereas the fatigue lives of pure Ti DCIs under other experimental conditions, as
well as Ti6Al4V DClIs under all experimental conditions, were more than 80 million cycles.
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Table 2. Simulated fatigue results and fatigue-testing results.

Simulated Fatigue Life of

DCI within C5-C6 Simulated Fatigue Life of = Fatigue-Testing Life of DCI

Type of Load DCI Material . . DCI within Fatigue-Testing within Fatigue-Testing
Cerv1ca¥ S.pmal Segments Fixture (Million Cycles) Fixture (Million Cycles)
(Million Cycles)
. Ti 22.397 21.478 35.645
Flexion Ti6AI4V >80 >80 >80
) Ti >80 >80 >80
Extension Ti6AI4V >80 >80 >80
Lateral Ti >80 >80 >80
bending Ti6Al4V >80 >80 >80

4. Discussion

Human physiological motion is complicated, comprehensive, and cooperative, which
is difficult to represent accurately. However, its main functions are highlighted by mimick-
ing the main biological structures and control principles of human cervical vertebrae.

4.1. The Rationality of the Static Load Settings

Notably, 200 N is also the routine maximum fatigue compressive force applied in the
dynamic tests of ACDs according to ASTM F2346 [21,29,30]. In order to bridge the loading
parameters in biomechanical tests with cervical spines from cadaver donors and in static
and dynamic tests following ASTM F2346, an extra equivalent moment can be obtained by
finely adjusting the eccentric distance between the centers of the cuboid block 01 and ACD
during the finite element simulations of the static and fatigue experiments. For example, in
the flexion movement, a 1.8 Nm flexion moment and 73.6 N preload with a 6 mm eccentric
distance between the center of the implant position of ACD and the center of C5-C6 cervi-
cal spinal segments were applied onto the top surface of C5; therefore, the comprehensive
loading moment was 73.6 N x 6 mm + 1.8 Nm = 2.242 Nm. According to ASTM F2346 test
methods, a similar comprehensive load in the fatigue-testing fixture can be achieved (i.e.,
200 N x 11.2 mm = 2.240 Nm) only by adjusting the eccentric distance between the force load-
ing position (cuboid block 01) and the center of ACD to 11.2 mm [29,33]. Likewise, identical
comprehensive loads can be obtained for either extension or lateral bending movements.

Meanwhile, the extra equivalent moment was also stable in the process of motion
due to the tiny deformation of ACDs in the fatigue test. In consideration of experimental
conditions and the various testing requirements of ACDs, the above loading methodology
is not merely reasonable but also easily achieved.

4.2. Optimization of the Biomimetic Fatigue-Testing Fixture

When the elastic modulus of U-plate 05 reached 70,000 MPa, the deformation of the
DCI was 0.57 mm, which is the same value as that of the DCI with human C5-C6 cervical
spinal segments, as shown in Figure 3a. Among a variety of candidate materials, 6061 Al
alloy was the most suitable. Simultaneously, the optimized thickness and width of the
U-plate 05 were confirmed as 1 mm and 30 mm, respectively, according to Figure 3b,c. The
geometric sizes of the cuboid block 01 and the cylindrical blocks 02-04 had no obvious
influence on the DCI’s maximum deformation, as shown in Figure 4. Therefore, the sizes of
the blocks were determined according to those of the cervical vertebrae, while the distance
between the center of the cylindrical blocks 02-04 and the rear end of the U-plate 05 should
be inclined to that between the intervertebral disc and ligaments.

The optimized parameters of the biomimetic fatigue-testing fixture are as follows: 6061
Al alloy is suitable for the U-plate 05; the thickness and width of the U-plate 05 are 1 mm
and 30 mm; the hydroxyapatite-filled epoxy block 01 is a 25 mm long, 10 mm wide and
10 mm high cuboid; the radius and height of the hydroxyapatite-filled epoxy cylindrical
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blocks 02-04 are 12 mm and 10 mm; and the distance between the center of the cylindrical
blocks 02-04 and the rear end of the U-plate 05 is 50~55 mm.

By employing these loading conditions and the optimized fixture, the simulated
results of the maximum equivalent stress of the DCI within the C5-C6 cervical segments
and within the fatigue-testing fixture present a series of consistencies in flexion, extension,
and lateral bending movements, as shown in Figure 6.

4.3. The Safety of the Biomimetic Fatigque-Testing Fixture

The safety of the fixture is its foundation and premise during long periods of cyclic
loading. The simulated fatigue lives of the U-plate and the blocks were more than 80 million
cycles, as shown in Figure 7. Furthermore, the failure of the biomimetic fatigue-testing
fixture did not occur in the 80-million-cycle fatigue experiments. Therefore, it can be
concluded that the fixture is highly safe.

4.4. The Equivalence between the Biomimetic Fatigue-Testing Fixture and the Natural Cervical Sections

As shown in Figure 5, the curved section of the DCI is prone to forming crack sources
due to large stresses; the cracks could propagate gradually during long periods of cyclic
loading and finally cause the fatigue fracture of the DCI when the cyclic times accumulate
beyond its fatigue life.

Under the circumstance that the equivalent stress and deformation of the DCI within
C5-C6 cervical segments are almost the same as those within the biomimetic fatigue-testing
fixture, the results of both fatigue simulations coincide well with the experimental results.
The calculated fatigue lives of DCI within the C5-C6 cervical spinal segments and within
the fatigue-testing fixture were 22.397 million cycles and 21.478 million cycles, respectively,
which agree well with the experimental fatigue life of 35.645 million cycles, as shown in
Table 2. It is noticeable that the simulated fatigue lives and possible sites for the fatigue
failure of pure Ti DCI were almost same whether it was fixed within C5-C6 cervical spinal
segments or within the fatigue-testing fixture, as shown in Figure 7.

In brief, the prostheses within the fatigue-testing fixture under the loads according to
ASTM F2346 can achieve a functionally equivalent result to that under the biomechanical
loads within normal cervical vertebrae.

4.5. Limitations of the Biomimetic Fatique-Testing Fixture

The present study of biomimetic fatigue-testing fixtures has two limitations. Firstly,
actual cervical movement includes not only flexion, extension, lateral bending, and axial
torsion but also the combinations of single movement patterns within the scope of physi-
ology. The biomechanical axial torsion and preload cannot be equivalent to the moment,
which relates to the compressive force perpendicular to the surface of cuboid block 01,
because they are not in a common plane. Therefore, the biomimetic fixture cannot meet the
requirements for the torsion condition. Additionally, the biomimetic fatigue-testing fixture
is only suitable for single load patterns, such as flexion, extension, and lateral bending.
Unfortunately, single load patterns may be considered to be clinically unrealistic.

Secondly, muscle forces in spinal motions should not be neglected. Muscles in the
loading spine generate spinal reaction forces, which can occupy the main portion of the
total axial compression and shear forces on the spine, further affecting the life of ACD pros-
theses [34]. Simultaneously, posterior muscles can assist with balance in flexion postures;
accordingly, anterior muscles act in the same role in extension postures. They can reduce
the reaction forces of the lower joints and keep the spine steady [35]. These aspects are sig-
nificant for ACD prostheses, especially when dynamic or impact loading is applied [36,37].
Unfortunately, synergism among the muscles is difficult to investigate because specimens
in vitro cannot mimic the role of muscles well [34].
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5. Conclusions

In summary, a novel specimen fixture has been designed for testing the fatigue be-
havior of ACD prostheses with aspects of both structural and functional bionics. The
equivalence between the designed biomimetic fixture and the natural cervical sections
has been verified by numerical simulations and mechanical experiments. This biomimetic
fatigue-testing fixture represented the biomechanical characteristics of normal human cervi-
cal vertebrae with considerable accuracy. The novel specimen fixture provides a convenient
and accurate way to research and evaluate the fatigue behavior of ACD prostheses.
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