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Properties of Lumbar Intervertebral Disc
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Objective: To evaluate the strain-rate-dependent viscoelastic properties of the intervertebral disc by in vitro
experiments.

Method: The biomechanical experiments were conducted from September 2019 to December 2019. The lumbar
spines of sheep were purchased within 4-6 hours from the local slaughterhouse, and the intervertebral disc samples
were divided into three groups. In rupture group, the samples were used to test the mechanical behavior of the inter-
vertebral disc rupture at different strain rates. In fatigue injury group, the samples were used to test the mechanical
behavior of fatigue injury on the intervertebral disc under different strain rates. In internal displacement group, the
samples were used to test the internal displacement distribution of the intervertebral disc at different strain rates
by applying an optimized digital image correlation (DIC) technique.

Results: Both the yielding and cracking phenomenon occurs at fast and medium loading rates, while only the yielding
phenomenon occurs at a slow loading rate. The yield stress, compressive strength, and elastic modulus all increase
with the increase of the strain rate, while the yield strain decreases with the increase of the strain rate. The logarithm of
the elastic modulus in the intervertebral disc is approximately linear with the logarithm of the strain rate under different
strain rates. Both before and after fatigue loading, the stiffness in the loading and unloading curves of the intervertebral
disc is inconsistent, forming a hysteresis loop, which is caused by the viscoelastic effect. The strain rate has no signifi-
cant effect on the internal displacement distribution of the intervertebral disc. Based on the experimental data, the con-
stitutive relationship of the intervertebral disc at different strain rates is obtained. The fitting curves are well coupled
with the experimental data, while the fitting parameters are approximately linear with the logarithm of the strain rate.

Conclusions: These experiments indicate that the strain rate has a significant effect on the mechanical behavior of
the intervertebral disc rupture and fatigue injury, while the constitutive equation can predict the rate-dependent
mechanical behavior of lumbar intervertebral disc under flexion very well. These results have important theoretical
guiding significance for preventing lumbar disc herniation in daily life.
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Introduction Lumbar disc herniation is the complete rupture of the
Lumbar disc herniation (LDH) is very common clinically, | annulus fibrosus along with extrusion of the nucleus
and the pathological basis is lumbar disc degeneration’. | pulposus. In fact, radial rupture in the annulus fibrosus

Address for correspondence Qing Liu, PhD, and Chun-giu Zhang, PhD, Tianjin Key Laboratory for Advanced Mechatronic System Design and
Intelligent Control, Tianjin University of Technology, Binshuixi Road No. 391, Buildiing 15, Tianjin, China 300384 Tel: +86-22-60214133; Fax: +86-
22-60214133; Email: liuging_tjut@163.com (Liu); zhang_chungiu@126.com (Zhang)

Received 30 May 2020; accepted 28 September 2020

Orthopaedic Surgery

Orthopaedic Surgery 2020;12:1980-1989 - DOI: 10.1111/0s.12847
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.


https://orcid.org/0000-0002-8804-3624
https://orcid.org/0000-0001-7486-1848
https://orcid.org/0000-0001-5629-7091
http://creativecommons.org/licenses/by-nc/4.0/

1981

ORTHOPAEDIC SURGERY
VOLUME 12 « NUMBER 6 « DECEMBER, 2020

may account for 30% to 50% of chronic low back pain
cases™ °. The cause of lumbar intervertebral disc hernia-
tion is complex, while long-term load accumulation and
sudden load mutation are considered to be important cau-
ses of herniation. Therefore, it is urgent to analyze the
stress/strain behavior of the intervertebral disc under dif-
ferent loading conditions® °.

The intervertebral disc is constructed of the gel-like
nucleus pulposus (NP) surrounded by the annulus fibrosus
(AF). The annulus fibrosus and nucleus pulposus have the
characteristics of cartilage with high water content, so the
entire disc displays strong strain-rate-dependent viscoelastic
properties that includes maintaining the disc height and
absorbing load applied on the spine® ”. Previous biomechan-
ical studies have shown that unflexed segments usually fail
through endplate fracture or vertebral compression, while
flexion increases the likelihood of the annular fracture, and
the exact nature of this rupture depends on the strain rate®.
Some scholars have conducted a series of in vitro experimen-
tal studies to determine how the basic material properties of
the intervertebral disc change with the loading rate. For
example, Stolworthy et al’ performed repeated flexibility
tests on the human lumbar intervertebral discs with the use
of 11 distinct voluntary loading rates in order to examine
rate-dependent viscoelasticity of the intervertebral discs. The
results indicated that the flexibility of the spinal segment
changed significantly due to the loading rate. Aratjo et al.'
performed quasi-static and dynamic compression tests using
porcine intervertebral discs. The quasi-static test was used to
obtain the static stiffness coefficient at different strain rates,
while the cyclic compression test was used to determine the
dynamic stiffness coefficient. Newell et al.'' performed com-
pression experiments on human intervertebral discs to
obtain structural responses, and used reverse finite element
techniques to characterize the material properties of inter-
vertebral discs across strain rates. Most of the current studies
have observed macroscopic evidence of the rate-related per-
formance in the intervertebral disc, but little is known about
the stress and strain of the annulus fibrosus in tissue level,
and the control mechanism is not yet clear.

Lumbar disc herniation is usually considered to be a
cumulative injury because repeated stress on the annulus
fibrosus may cause the nucleus pulposus to penetrate the
fibrous ring and eventually extrude posteriorly'> '*. Some
scholars conducted in vitro experiments to study the effect of
fatigue injury on the mechanical properties of the inter-
vertebral disc'*. For example, Parkinson et al.'”> conducted a

TABLE 1 Statistical table of basic information of lumbar inter-

vertebral disc samples

Segments height(mm) area(mm?)
Lio 3.91 251
Las 3.96 310
Lse 4.01 358

STRAIN RATES ON INTERVERTEBRAL Disc

series of in-vitro fatigue tests on the porcine segments to
understand the failure mechanism. They concluded that cyclic
flexion/ extension bending may lead to disc failure, while
larger cyclic compression loads may break the vertebral. Scho-
llum et al.'® subjected ovine intervertebral discs to 5000 cycles
at 0.5 Hz with a peak load corresponding to 30% of that
required to achieve failure, then investigated microstructural
structural damage in the intervertebral disc subjected to low
frequency cyclic loading and flexing. Limited research has
studied stress and strain in the intervertebral disc under
destructive loading conditions at the tissue level, but these data
are crucial to better understand the process of intervertebral
disc rupture caused by the annulus fibrosus injury.

The purpose of the present study is to evaluate the
mechanical behavior of the intervertebral disc rupture as well as
fatigue injury at different strain rates. Simultaneously the internal
displacement of the intervertebral disc at different strain rates has
also been analyzed. Theoretically, the constitutive relationship of
the intervertebral disc at different strain rates is obtained.

Materials and Methods

Sample Preparation

Thirty spines of freshly slaughtered 18-month-old small-tailed
Han sheep were purchased within 4-6 hours from the local
slaughterhouse. The L; 5, Ls 4, Ls_¢ segments were obtained
with the intervertebral disc and a small amount of vertebral,
removing excess muscle and soft tissue. The test samples were
divided into three groups. In rupture group, the test samples
from 10 spines were used to test the mechanical behavior of
the intervertebral disc rupture at different strain rates. In
fatigue injury group, the test samples from 10 spines were
used to test the mechanical behavior of fatigue injury on the
intervertebral disc under different strain rates. In internal dis-
placement group, the test samples from 10 spines were used
to test the internal displacement distribution of the inter-
vertebral disc at different strain rates.

The basic information statistics of the lumbar disc sam-
ples are shown in Table 1. The lumbar disc area is
S;» =251 £10 mm? S;; =310+ 10 mm? Ss¢ =358 + 10
mm’, and the lumbar disc height is h = 3.98 + 0.12 mm.

Quasi-static Testing

The experiment was carried out at room temperature (26°C).
The intervertebral disc specimen was fixed in forward flexion
on the experimental platform through the upper and lower
vertebrae, then the compressive loading was applied to the
flexed disc (Fig. 1). The WDW-10 computer-controlled elec-
tronic universal testing machine was used for quasi-static
loading test, while the maximum test load was 10 kN. The
EUT-1020 electronic universal fatigue testing machine was
used for fatigue loading testing, while the maximum test load
is 1 kN and the stroke is 100 mm (Fig. 2).

1. In rupture group, L; 5, L3 4, and L5 ¢ segments were used
for the experiment, and the strain rates were adjusted to
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Fig. 1 The experimental methods. The intervertebral disc specimen
was fixed in forward flexion on the experimental platform through the
upper and lower vertebrae, and the compressive loading was applied to
the flexed disc. (A) Quasi-static loading; (B) Fatigue loading.

0.0004/s, 0.004/s, and 0.04/s for compression until the
lumbar disc rupture.

2. In fatigue injury group, Ls¢ segments were used for the
experiment, and the strain rates were adjusted to 0.0004/s,
0.004/s, and 0.04/s for compression until the stop displace-
ment of 1.2 mm. Then the samples were unloaded at the
same strain rate. The EUT-1020 electronic universal fatigue
testing machine was used to cyclically load the samples,
with the loading frequency of 1 Hz and the loading cycle
of 4000.

3. In internal displacement group, Ls s segments were used
for the experiment, and the strain rates were adjusted to
0.0004/s and 0.004/s for compression until the stop dis-
placement of 1.2 mm.

Mechanical Performance Parameters for Measurement

The stress-strain curve can indirectly reflect the internal
damage in the intervertebral disc at different deformation
stages. Therefore, the yield point, compressive strength and
elastic modulus were determined by the plotting method
based on the stress—strain curve.

STRAIN RATES ON INTERVERTEBRAL Disc

Fig. 2 The experimental equipment. The WDW-10 computer-controlled
electronic universal testing machine was used for quasi-static loading
test, and the EUT-1020 electronic universal fatigue testing machine
was used for fatigue loading testing. (A) Computer-controlled electronic
universal testing machine; (B) Electronic universal fatigue testing
machine.

Yield Point

In the process of tension or compression, when the stress of
the material reaches a certain value, there is a sharp increase
in strain with a slight increase in stress, and this phenomenon
is called yielding. In this study, the yield point was determined
by the plotting method based on the stress—strain curve.

Compressive Strength

In the compression test, the maximum compressive stress
that the sample bears until disruption or yielding is called
the compressive strength. The compressive strength is used
to describe the ability of the intervertebral disc that resist
compression to avoid failure. In this study, the compressive
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strength was determined based on the maximum stress on
the stress—strain curve.

Elastic Modulus

In the stage of elastic deformation, there is a proportional
relationship between the stress and strain of the material,
while the proportional coefficient is the elastic modulus. The
elastic modulus is used to describe the difficulty of elastic
deformation in the intervertebral disc. In this study, the elas-
tic modulus was determined based on the linear segment of
the initial deformation on the stress—strain curve.

Internal Displacement for Measurement

The DIC technology'” was used to track the marked points,
and the deformation in different regions of the intervertebral
disc was calculated. Figure 3 shows the collected images in
posterior AF of the intervertebral disc before and after quasi-
static loading, and the evenly distributed black spots are the
iron oxide nanoparticles. A set of marked points al (x1, yI)
and a2 (x2, y2) are selected with similar x values, and the
change of axial displacement distribution is reflected by com-
paring the change of y values before and after quasi-static

a; (superficial )
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Nucleus Anulus
pulposus Fibrosus
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o , a'; (Outer)
a'; (Inner < wd
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Fig. 3 The collected images in posterior AF of the intervertebral disc by
the DIC technology. The evenly distributed black spots are the iron
oxide nanoparticles, and the DIC technology was used to track the
marked points. (A) The collected images before quasi-static loading;
(B) The collected images after quasi-static loading.
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loading. A set of marked points a3 (x3, y3) and a4 (x4, y4)
are selected with similar y values, and the change of radial
displacement distribution is reflected by comparing the
change of x values before and after quasi-static loading.

Statistical Analysis

A one-way analysis of variance (ANOVA) with repeated
measures was performed to detect the differences among the
experimentally measured values of the mechanical perfor-
mance parameters as well as the internal displacement in the
compression tests. Statistical significance was accepted for
pb0.05. Data points in the figures represent mean values,
whereas error bars indicate the standard errors above and
below corresponding mean values.

Result

Mechanical Behavior of the Intervertebral Disc Rupture

at Different Strain Rates

Figure 4 shows the mechanical behavior of the intervertebral
disc rupture at different strain rates. The results show that
both the yielding and cracking phenomenon occur at fast
and medium loading rates, while only the yielding phenome-
non occurs at slow loading rates.

@ The stress-strain curve generally exhibits three-
segment characteristics at the strain rate of 0.0004/s: toe
segment, linear segment, yield and strain softening segment.

@ The stress-strain curve generally exhibits multi-
segment characteristics at the strain rate of 0.004/s and 0.04/
s: toe segment, linear segment, yield and strain softening
segment, failure segment.

Based on the stress—strain curve as shown in Fig. 4,
mechanical performance is determined and listed in Table 2.
The results show that the yield stress, compressive strength
and elastic modulus all increase with the increase of the strain
rate, while the yield strain decreases with the increase of the
strain rate. It can be seen that the intervertebral disc has
significant rate-dependent characteristics. In addition, the
mechanical properties of the intervertebral discs are different
between different segments, and the elastic modulus changes
as follow: Ls 4 segment <L 4 segment <L; , segment.

Figure 5 shows the correlation between the elastic
modulus of the intervertebral disc and the strain rate. It can be
concluded from the experimental data that the logarithm of
the elastic modulus in the intervertebral disc is approximately
linear with the logarithm of the strain rate.

Mechanical Behavior of Fatigue Injury on the
Intervertebral Disc Under Different Strain Rates

A comprehensive study of the complete process of loading-
unloading is helpful to determine the different constitutive
properties of the intervertebral disc (nonlinear elastic or
nonlinear viscoelastic). Figure 6 shows the loading-unloading
curves of Ls ¢ segment of the intervertebral disc at different
strain rates before and after fatigue loading. The results show
that the intervertebral discs exhibit nonlinear stress—strain
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Fig. 4 Stress-strain characteristic curve of the intervertebral disc at different strain rates. Both the yielding and cracking phenomenon occur at fast
and medium loading rates, while only the yielding phenomenon occurs at slow loading rates. (A) The mechanical behavior in L,_, Segment; (B) The

mechanical behavior in Lz_4 Segment; (C) The mechanical behavior in Ls_g Segment.

TABLE 2 Mechanical performance parameters of the intervertebral disc under different strain rates

Segments Strain rate Yield stress(MPa) Yield strain Compression strength(MPa) Elastic modulus(MPa)
Lio 0.0004 29.9 0.77 26.1 49.25
0.004 40 0.79 38.0 55.45
0.04 38.7 0.59 35.8 74.85
Lsa 0.0004 26.5 0.95 23.9 34.67
0.004 26.9 0.67 23.9 47.14
0.04 33.5 0.6 27.4 65
Lse 0.0004 21 0.88 19.7 29.44
0.004 23.9 0.64 225 42.74
0.04 27.4 0.65 26 51.8

characteristics at different loading rates (P < 0.05). The stiffness
of the loading and unloading curves is inconsistent, forming a
hysteresis loop, which is caused by the viscoelastic effect.

Based on the stress-strain characteristic curve shown in
Fig. 6, the elastic modulus of the linear segment is calculated
and listed in Table 3. The results show that after fatigue load-
ing, the elastic modulus of Ls 4 segment increases significantly.

In addition, the elastic modulus gradually increases as the strain
rate increases, with a significant rate correlation.

Internal Displacement Distribution of the Intervertebral
Disc at Different Strain Rates

Figure 7 shows the axial displacement distribution inside
the flexed intervertebral disc which was applied with
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Fig. 8 Radial displacement distribution. The strain rate has no significant
effect on the radial displacement distribution inside the intervertebral disc.
Overall, posterior AF exhibited greater radial displacement than anterior
AF. (A) Radial displacement distribution at strain rate of 0.0004/s;

(B) Radial displacement distribution at strain rate of 0.004/s.

compressive loading (P < 0.05). It can be seen that the strain
rate has no significant effect on the axial displacement distri-
bution inside the intervertebral disc. Overall, posterior AF
exhibited smaller axial displacement than anterior AF.

Figure 8 shows the radial displacement distribution
inside the flexed intervertebral disc which was applied with
compressive loading (P < 0.05). It can be seen that the strain
rate has no significant effect on the radial displacement dis-
tribution inside the intervertebral disc. Overall, posterior AF
exhibited greater radial displacement than anterior AF. For
the posterior region, the radial displacement is largest in the
middle layer and smallest in the outer layer. For the anterior
region, the radial displacement is minimal in the inner layer.

STRAIN RATES ON INTERVERTEBRAL Disc

Rate-dependent Constitutive Relationship of the
Intervertebral Disc

In order to study the mechanical properties of the inter-
vertebral disc at different strain rates, the following equation
is used to describe the constitutive relationship of the inter-
vertebral disc:

G:E1€3+E2€2+E38 (1)

Based on the linear segment of the stress—strain curve
in Fig. 4, the constitutive relationship of the intervertebral
disc at different strain rates is obtained, as shown in Fig. 9.
This figure shows that the fitting curve is well coupled with
the experimental curve, indicating that the constitutive equa-
tion can well represent the stress-strain relationship of the
flexed intervertebral disc at different strain rates.

The fitting parameters at different strain rates are as
follows: when the loading rate is 0.0004, E; =-38.721,
E, =67.433, E; =-3.1688. When the loading rate is 0.004,
E; =-1748, E, =163.37, E; =-2.2938. When the loading
rate is 0.04, E; =-314.8, E, =24845, E; =0.7319. From
the experimental data, it can be ascertained that the fitting
parameters are approximately linear with the logarithm of
the strain rate (Fig. 10).

Discussion

he purpose of the present study is to evaluate the

mechanical behavior of the intervertebral disc rupture as
well as fatigue injury at different strain rates. Simultaneously
the internal displacement of the intervertebral disc at differ-
ent strain rates has also been analyzed. Theoretically, the
constitutive relationship of the intervertebral disc at different
strain rates is obtained.

Stress—strain Curve

Both the yielding and cracking phenomenon occurs at fast
and medium loading rates, while only the yielding phenome-
non occurs at slow loading rates. This is consistent with the
research results of Veres et al.'®, who used nuclear pressuri-
zation to transmit sudden pressure impulses to the nucleus
pulposus in both neutrally positioned and flexed inter-
vertebral discs. Experimental results showed that the internal
morphology of the intervertebral disc disruptions caused by
high rate pulse loading is significantly different from that
caused by gradual low rate loading. These morphological dif-
ferences indicate that the internal failure mechanism of the
intervertebral disc changes with the loading rate.

Mechanical Performance Parameters

The vyield stress, compressive strength, and elastic modulus
all increase with the increase of the strain rate, while the
yield strain decreases with the increase of the strain rate. The
logarithm of the elastic modulus in the intervertebral disc is
approximately linear with the logarithm of the strain rate
under different strain rates. This is consistent with the
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Fig. 9 Stress-strain fitting curve. The fitting curve is well coupled with the experimental curve, indicating that the constitutive equation can well
represent the stress—strain relationship of the flexed intervertebral disc at different strain rates. (A) The fitting curve at strain rate of 0.0004/s;
(B) The fitting curve at strain rate of 0.004/s; (C) The fitting curve at strain rate of 0.04/s.

research results of Newell et al.'®, who applied uniaxial com-

pression to the bovine lumbar intervertebral discs, and input
experimental data into an inverse finite element modeling
optimisation algorithm to obtain the material properties of
the intervertebral disc across strain rates. On this basis, the
correlation between the elastic modulus of the intervertebral
disc and the strain rate * was derived.

Mechanical Properties Between Different Segments

The mechanical properties of the intervertebral discs are dif-
ferent between different segments, and the elastic modulus
changes as follow: Ls ¢ segment < L; 4 segment < L; , seg-
ment. This is consistent with the findings of Causa et al.*’,
who investigated the influence of the spatial location and
structural components on the mechanical properties of por-
cine intervertebral disc. L, ; segment showed a higher elastic
modulus value with lower load at rupture. On the contrary,

L, s segment showed a lower elastic modulus value with
higher load at rupture.

Figure 11 is the force analysis of the lumbar spine
when the human body bends to lift a heavy object, where 0
is the forward flexion angle, Fy is the pressure on the spine.
F, is the extensor force, a is the arm of F,; W; is the gravity
of the object, b is the arm of W;; W is the upper body gravity
of the human, and c is the arm of W.

When the human body is leaning forward, the back
muscles will provide strong pulling force to maintain the tor-
que balance of the lumbar spine. According to the moment
balance, the extensor force can be calculated:

F.=(Wib+Wc)/a (2)

Based on the force balance, the pressure in the spine

can be calculated:
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Fig. 10 Strain rate dependence of the fitting parameters. The
experimental data shows that the fitting parameters are approximately
linear with the logarithm of the strain rate.
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Fig. 11 Force analysis of the lumbar spine when the human body
bends over to lift weights. When the human body bends to lift heavy
objects, some slight movements will cause the L5-6 segment to bear
huge pressure, which will cause some patients’ lumbar intervertebral
discs to be damaged, and lumbar disc herniation occurs mostly in this
segment.

Fy=F.+ (W + Wj)cosf (3)

Based on formulas (2)-(3), the pressure in the lumbar
intervertebral disc when the human body bends to lift a
weight can be calculated, as shown in Table 4. The results
show that if the human body carries a 200 N weight and
only flexes forward by 10°, the pressure Fy in the lumbar
intervertebral disc can increase to several times the body
weight. In particular, the pressure in the Ls 4 segment is the
largest. When the human body bends to lift heavy objects,
some slight movements will cause the Ls ¢ segment to bear
huge pressure, which will cause some patients’ lumbar inter-
vertebral discs to be damaged, and lumbar disc herniation
occurs mostly in this segment.

STRAIN RATES ON INTERVERTEBRAL Disc

TABLE 4 Stress of the lumbar intervertebral disc when the

human body bends to lift heavy objects

Pressure on

Flexion Extensor the
angle Weight(N) Segments force (N) spine (N)
10° 200 L1-L2 3000 3711
L3-L4 3243 3954
L5-L6 3365 4075
500 L1-L2 6000 7015
L3-L4 6347 7363
L5-L6 6521 7536
30° 200 L1-L2 3000 3808
L3-L4 3700 4508
L5-L6 4050 4858
500 L1-L2 6000 7155
L3-L4 7000 8155
L5-L6 7500 8655

Fatigue Injury

Both before and after fatigue loading, the stiffness of the
loading and unloading curve is inconsistent, forming a hys-
teresis loop, which is caused by the viscoelastic effect’. This
is consistent with the results of Race et al*', who applied
compressive axial load to the intervertebral disc, to quantify
the effects of hydration and loading rate on the mechanical
response of the intervertebral disc. Experimental results
showed that intervertebral disc compressive mechanical
properties were significantly dependent on loading rate and
hydration.

In addition, the elastic modulus increased significantly
after fatigue loading. This result is consistent with the
research by Parkinson et al.'>, who conducted a series of in-
vitro fatigue tests on the porcine lumbar intervertebral disc
to understand its injury mechanism. Experimental results
showed that cyclic flexion/extension bending is more likely
to cause the intervertebral disc injury, while large cyclic com-
pressive loading is more likely to cause the vertebral fracture.
When the intervertebral disc is subjected to a long-term
great level of axial load, the water will be squeezed out of the
intervertebral disc, so the height of the intervertebral disc
decreases and lumbar disc herniation occurs'®. Therefore, in
order to avoid lumbar disc herniation, more functional exer-
cises on the lower back muscles should be performed to con-
trol weight, avoid lifting heavy weights, and avoid
maintaining a bad posture for a long time. After working
continuously for a period of time, the human body should
take appropriate rest to avoid lumbar disc pain caused by
continued strong pressurezz.

Internal Displacement Distribution

The strain rate has no significant effect on the axial displace-
ment distribution inside the intervertebral disc. Overall, pos-
terior AF exhibited smaller axial displacement and greater
radial displacement than anterior AF. This is consistent with
the results of Qasim et al.®®, who refined the finite element
model of lumbar intervertebral disc to investigate the
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initiation and progression of mechanical damage in the inter-
vertebral disc under different cyclic loading conditions. Simula-
tion results showed that, the damage accumulated preferentially
in the posterior region of the intervertebral disc under all load-
ing conditions. When compressive loading was applied to a
flexed intervertebral disc, there was an anteroposterior pressure
gradient due to compression of the fluid nucleus, and the annu-
lar distortions could be formed** °.

In addition, for the posterior region, the radial dis-
placement is largest in the middle layer and smallest in the
outer layer. For the anterior region, the radial displacement
is minimal in the inner layer. This is consistent with the
research results of Wade et al*®, who compressed healthy
ovine lumbar intervertebral disc to failure in either a neutral
posture or in high physiological flexion in order to provide
the microstructural investigation of compression-induced
disruption of the flexed lumbar disc. Experimental results
showed that damage was initiated in the mid- then outer
annular fibers; this a likely consequence of the higher strain
burden in these same fibers arising from endplate curvature.

Limitation of the Study
In this paper, the constitutive relationship of the inter-
vertebral disc at different strain rates is obtained based on

STRAIN RATES ON INTERVERTEBRAL Disc

the experimental data. The fitting curves are well coupled
with the experimental data, while the fitting parameters are
approximately linear with the logarithm of the strain rate.
However, the shortcoming is that the linear equation has not
been obtained to describe the linear relationship between the
fitting parameters and the logarithm of the strain rate.

Conclusion
In this paper, quasi-static compressive loading was applied
to the flexed intervertebral discs at different strain rates.
Mechanical properties were determined based on the stress—
strain curves. Simultaneously the optimized digital image
correlation technique was applied to analyze the mechanical
properties in different regions of the intervertebral disc.
Experimental results showed that the strain rate has a signifi-
cant effect on the mechanical behavior of the intervertebral
disc rupture and fatigue injury, while the constitutive equa-
tion can be used to predict the rate-dependent mechanical
behavior of lumbar intervertebral disc under flexion. The
research work in this article has important theoretical guid-
ing significance for preventing lumbar disc herniation in
daily life.
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