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Abstract
The occurrence of lumbar disc herniation is closely related to the mechanical state, and it is necessary to
study the internal mechanical behavior of the intervertebral disc under different loading conditions. In
this study, the unconfined experiments were conducted by applying an optimized Digital Image
Correlation (DIC) technique, and the internal displacement was analysed for the intervertebral disc
under axial compression with flexion position. It is found that the average axial displacement is
compressive in posterior AF, and the axial displacement in the outer region is significantly lower than
that in the inner region, while the axial displacement in the lower region is significantly lower than that
in the upper region. It is noted that the average radial displacement is tensile in posterior AF, and the
radial displacement in the inner region is significantly lower than that in the outer region, while the
radial displacement in the upper region is significantly lower than that in the lower region.
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Introduction
Lumbar disc herniation is the extrusion of the nucleus pulposus
out of the rupture of the annulus fibrosus, and the bulging
tissue squeezes the spinal nerves continuously, leading to low
back pain [1,2]. The occurrence of lumbar disc herniation is
closely related to the mechanical state, and it is necessary to
study the internal mechanical behavior of the intervertebral
disc under different loading conditions [3-7]. The combination
of flexion and axial compression is common in daily activities,
however, this kind of activities may cause the distortions to the
annulus fibrosus and even the complete rupture of the posterior
annulus fibrosus in acute cases [8-11]. Therefore, it is
important to study the mechanics of the intervertebral disc in
this damaging load condition.
The Intervertebral Disc (IVD) consists of the liquid Nucleus
Pulposus (NP) surrounded by layers of the Annulus Fibrosus
(AF) [12,13]. In the past decade, some scholars tested the
stress and the strain in the intervertebral disc under load and
analySed the interrelationship between the lumbar disc
structure and its mechanical properties [14-18]. Recently, NT
Hollingsworth et al. measured the surface strains of the
posterior annulus in an intact bovine caudal segment during
flexion and axial compression loading, and determined the
stress state based on the measured strains [19]. Shan et al.
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investigated the mechanism of the disc failure in a complex
posture incorporating of flexion and shear, and studied the
influence of the loading rate on the disc failure [20]. O’Connell
et al. noninvasively measured the internal deformations of the
human discs under axial compression with flexion, neutral, and
extension positions, then analysed the effect of degeneration on
the lumbar intervertebral disc [21].
Our objective was to measure the displacement of the posterior
annulus in the intervertebral disc under axial compression with
flexion position. By applying the optimized Digital Image
Correlation (DIC) technique, the displacement field was
obtained by analyzing the continuous images captured by the
camera. Simultaneously, the internal axial as well as radial
displacement in four unique locations of the posterior annulus
was quantitatively calculated: inner AF, outer AF, upper AF
and lower AF.

Theoretical model
The intervertebral disc is a complex structure that transmits
and distributes large loads on the spine while providing
flexibility [22]. Figure 1a shows the force analysis of the
intervertebral disc in the posture of forward flexion with a
flexion angle of θ.
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measured to estimate the size of the intervertebral disc. A
series of iron oxide nanoparticles were applied evenly to the
annulus fibrosus in the sagittal plane of the samples, and they
were used as the marked points to record the deformation of
the intervertebral disc.
In this study, a MTF-100 loading device was applied to
perform the compression test, and an optimized digital image
correlation technique [23] was used to record the sequential
images of the intervertebral disc samples under flexion as
shown in Figure 1b. During the experiments, the samples were
ﬁxed by the fixtures with a flexion angle of 5º, then the
samples were applied continuous compressive load with the
loading rate of 1 mm/min until the final axial strain reached
30%. The displacement fields as well as the strain fields were
calculated by the image processing software from the acquired
images, and the load were measured by a force sensor in the
loading device.

Results

Figure 1. The force analysis and the experimental setup for the
intervertebral disc in the posture of forward flexion. (a): The force
analysis for the intervertebral disc; (b): The experimental setup for
the intervertebral disc.

The axial as well as radial displacement during static loading
was performed in posterior AF to determine the magnitude and
direction of AF bulging, as shown in Figure 2. The calculation
results show that the average axial displacement is
compressive, while the average radial strain is tensile in
posterior AF.

Four equilibrium functions can be obtained from Figure 1a:
Sinθ=Lw/L → (1)
(w × Lw)-(M × Lm)=0 → (2)
w × cosθ+M-C → (3)
w × sinθ-S=0 → (4)
Where θ is the anteflexion angle, C is the compressive force on
the disc, S is the shear force on the disc; w is the gravity of the
upper body, Lw is the arm of force for w; M is the muscle force
of the straight spine muscle, Lm is the arm of force for M.
By solving the above four equations, the compressive force as
well as the shear force on the intervertebral disc can be
obtained:
� = � . cos� +

�
��

S=w × sinθ → (6)

. sin�

(5)

The calculation results show that the flexion angle directly
affects the force on the lumbar disc.

Experiments
Ten L3-L4 motion segments were obtained from the fresh
porcine lumbar spines, and they were cut along the sagittal
plane to be made into the intervertebral disc samples. The
diameter as well as the height of intervertebral disc was
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Figure 2. Displacement in posterior AF of the intervertebral disc
under flexion. (a): Axial displacement field in posterior AF; (b):
Radial displacement field in posterior AF; (c): Comparison of the
axial displacement in inner AF and outer AF; (d): Comparison of the
axial displacement in upper AF and lower AF; (e): Comparison of
the radial displacement in inner AF and outer AF; (f): Comparison of
the radial displacement in upper AF and lower AF.
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Figures 2a and 2b show axial and radial displacement field in
posterior AF at a fix time. From Figure 2a, it can be seen that
the compressive axial displacement of posterior AF is greater
in the upper and inner regions than in the lower and outer
regions. From Figure 2b, it can be seen that the tensile radial
displacement of posterior AF is greater in the lower and outer
regions than in the upper and inner regions.
Figures 2c and 2d show axial displacement-axial load curves in
different regions of the posterior AF during static loading. It is
found that the displacement-load curves are nonlinear, and the
displacement increases gradually with the increase of load on
the posterior AF. From Figure 2c, it can be seen that the axial
displacement in the outer region is significantly lower than that
in the inner region. From Figure 2d, it can be seen that the
axial displacement in the lower region is significantly lower
than that in the upper region. The axial displacement state is in
good agreement with the axial displacement field quite well, as
shown in Figure 2a.
Figures 2e and 2f show radial displacement-axial load curves
in different regions of the posterior AF during static loading. It
is found that the displacement-load curves are nonlinear, and
the displacement increases gradually with the increase of load
on the posterior AF. From Figure 2e, it can be seen that inner
AF exhibits lower radial displacement than outer AF. From
Figure 2f, it can be seen that upper AF exhibits lower radial
displacement than lower AF. The radial displacement state is in
good agreement with the radial displacement field quite well,
as shown in Figure 2b.

Discussion
The displacement state of the posterior annulus in the
intervertebral disc was analysed noninvasively using the
optimized DIC technique, and it is found that there is a
significant bulging phenomenon in the posterior annulus of the
intervertebral disc under flexion.
The first finding is that the average axial displacement is
compressive in posterior AF, and the axial displacement in the
outer region is significantly lower than that in the inner region,
while the axial displacement in the lower region is significantly
lower than that in the upper region. This result is in good
agreement with early research on the strain distribution in the
intervertebral disc under compression load [24,25]. In addition,
it should be noted that the difference in the displacement in
different regions is even more significant under flexion than
under compression. These findings may have physiological
importance. As can be seen from Equation 5, the increase of
axial pressure on the intervertebral disc under flexion leads to a
significant reduction in the height as well as the across
sectional area in the inner region of the posterior AF, resulting
in the increase of NP pressurization. These factors may
contribute to the initiation or propagation of radial tears in the
inner region of the posterior AF, leading to lumber disc
herniation.
The second finding is that the average radial displacement is
tensile in posterior AF, and the radial displacement in the inner
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region is significantly lower than that in the outer region, while
the radial displacement in the upper region is significantly
lower than that in the lower region. As can be seen from
Equation 6, the increase of radial shear force leads to the shift
of the intervertebral disc in the horizontal plane, resulting in an
exacerbation of lumbar disc herniation. In addition, the
outward bulge in the outer AF may be caused by the shift of
the nucleus pulposus under load condition. It is thought that
radial tearing begins at the inner AF and progresses toward the
external boundaries and the huge stretching in the outer AF
may lead to the radial tears and the herniation [26,27].

Conclusions
The optimized digital image correlation technique was applied
to measure the internal displacement of the intervertebral disc
under axial compression with flexion position. Firstly, the
results show that the average axial displacement is compressive
in posterior AF, and the axial displacement in the outer region
is significantly lower than that in the inner region, while the
axial displacement in the lower region is significantly lower
than that in the upper region. Secondly, it is found that the
average radial displacement is tensile in posterior AF, and the
radial displacement in the inner region is significantly lower
than that in the outer region, while the radial displacement in
the upper region is significantly lower than that in the lower
region.
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