Acta of Bioengineering and Biomechanics
Vol. 19, No. 4, 2017

Original paper
DOI: 10.5277/ABB-00949-2017-02

Elastic constants influence
on the L4-L5-S1 annuli fibrosus behavior,
a probabilistic finite element analysis
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Purpose: A probabilistic finite element (FE) analysis of the L4-L5 and L5-S1 human annulus fibrosus (AF) was conducted to obtain
a better understanding of the biomechanics of the AF and to quantify its influence on the range of motion (ROM) of the L4-L5 and L5-S1
segments. Methods: The FE models were composed of the AF and the upper and lower endplates. The AF was represented as a continu-
ous material composed of a hyperelastic isotropic Yeoh matrix reinforced with two families of fibers described with an exponential
energy function. The caudal endplate was fully restricted and 8 Nm pure moment was applied to the cranial endplate in flexion, exten-
sion, lateral flexion and axial rotation. The mechanical constants were determined randomly based on a normal distribution and average
values reported. Results: Results of the 576 models show that the ROM was more sensitive to the initial stiffness of the fibers rather than
to the stiffening coefficient represented in the exponential function. The ROM was more sensitive to the input variables in extension,
flexion, axial rotation and lateral bending. The analysis showed an increased probability for the L5-S1 ROM to be higher in flexion,
extension and axial rotation, and smaller in lateral flexion, with respect to the L4-L5 ROM. Conclusions: An equation was proposed to
obtain the ROM as a function of the elastic constants of the fibers and it may be used to facilitate the calibration process of the human

spine segments and to understand the influence of each elastic constant on the ROM.
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1. Introduction

The uncertainty in loads, geometry and material
properties is present in the theoretical research of the
spine. However, a few studies [7], [16], [18], [21],
[22], [25]-[28] have accomplished probabilistic
analysis in order to estimate the influence of these
variations [15] on the mechanical response of the
spine [14].

In one of the studies Spilker et al. [25]-[27] used
a model of the spine under axial compressive load to
find that increases in the disc height and the ratio of
the nucleus area to disc area cause a reduction of the
intradiscal pressure (IDP), the bulge, and the vertical
displacement of the disc. Rao et al. [21] used a disc

model of the L5-S1 segment to determine that the
Young’s modulus and Poisson’s ratio of the ground
matrix play an important role in the biomechanics of
the segment, while the changes in the mechanical
properties of the cortical bone, the cancellous bone,
the endplates, and the nucleus pulposus have marginal
effects. Fagan et al. [7] found that the properties of the
fibers of the annulus fibrosus have no significant ef-
fect on the disc stiffness under compression, but it
affects the flexural and torsional properties.
Malandrino et al. [16] considered the pore-elastic
effect between the annulus, nucleus pulposus, articular
cartilage, and trabecular bone to conclude that the
permeability is an important factor that has an influ-
ence on the vertical displacements during compres-
sion, the IDP in compression and torsion, the pore
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pressure in torsion and the speed of fluid leaving
through the vertebral bodies.

Rohlmann et al. [22] used a L3-L5 lumbar seg-
ment to analyze the effect of the position and radius of
a ball implant, the presence of injured tissue, and the
space between the facets capsules in the ROM, the IDP
and the contact forces between the facet capsules. They
found that the ROM presents a strong variations for
different combinations of input parameters. Niemeyer
et al. [18] used a simplified model of the L3-L4 seg-
ment to determine that the disc height, width, thick-
ness and position of the facet joints have a great im-
pact over intradiscal pressure, range of motion and
facet joint contact forces. Finally, Thacker et al. [28]
used a model of the C4-C6 segment to conclude that
the most important variables in the probabilistic re-
sponse are the modulus of elasticity of the annulus
fibrosus and the force-displacement curves of the fla-
vum ligament, interspinous ligament and the capsular
ligaments.

None of the aforementioned studies have addressed
the influence of the elastic constants of the annulus in
the segment response. To obtain a better understanding
of the biomechanics of the annulus, this paper pres-
ents a probabilistic analysis of L4-L5 and L5-S1 an-
nuli fibrosus. Particularly, the influence of the elastic
constants of the annulus fibrosus on the ROM in flex-
ion, extension, lateral bending and axial rotation was
assessed.

2. Materials and methods

2.1. Geometry

The annulus fibrosus and the upper and lower
endplates (Figs. 1-2) of a finite element model of the
L4-L5 and L5-S1 segments reported by Jaramillo et al.
[12] were used in the analysis.

Superior endplate -

<«— Nucfeus pulposus

Inferior endplate

Fig. 1. Sectional view of the model
of the annulus fibrosus and endplates

Fig. 2. Dimensions in mm of the L4-L5 (outside the parenthesis)
and L5-S1 (inside the parenthesis) intervertebral discs

2.2. Mechanical properties
and constitutive equations

The vertebrae and the endplates were assumed to
be rigid. This simplification is supported by previous
studies [5], [17] which showed that a model with rigid
vertebrae predicts maximum stress values in the disc
that are only 2% different from those obtained with
a model including the flexibility of the bone. This
simplification enabled to apply the pure moments on
the endplates and represented a significant reduction
of computational time [5], [17]. According to other
studies [1], [19], the annulus was represented as a ma-
trix reinforced with two families of fibers, where the
following hyperelastic Yeoh function was used for the
matrix,

W= =3+ =3+, -3, (1)

where ¢, ¢, ¢3, are material constants and /; is the
first deviatoric invariant of the Green deformation
tensor.

For the fibers, the following exponential function
was included, which was consistent with previous
studies [1], [12],

a 12 2
sz—l[eaz(l“ D? | paaUsD) ~2]
a,

, 2

where a,, a, are material constants and 7, and /4 are the
deviatoric invariants associated with the two families of
fibers, which are defined as:

I, =N"cN® (3)
I,=NPCcN® “4)

where M and N® are the unit vectors along the two
fiber directions in the non-deformed configuration,
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Table 1. Constants @; and a, randomly obtained

Mean DS Random values (Normal distribution)
a, [MPa] 0.23 0.15 | 0.185 0.038 0.267 0.421 0.410 0.490 -0.09 0.195 0.394 | 0.067
a 7.44 7.5 12.064 | -3.90 | 13.177 | 13.657 | 15.889 | 20.929 —0.99 9.549 | 12.734 | 6.579

and C is the deviatoric right Green deformation tensor.
Note that the constant a; is proportional to the initial
stiffness of the fibers, while the constant a, represents
the degree of stiffening with strain. The reinforcing
fibers were assumed to be stressed only under a posi-
tive strain. A subroutine Uanisohyper of the program
ABAQUS was developed to implement the aforemen-
tioned energy functions.

A constant fiber orientation of 30° [6], [24], [30]
with respect to the transverse plane was assumed. The
mechanical constants of the matrix (c¢; = 0.035 MPa,
¢, = 0.00065 MPa and ¢; = 0.00045 MPa) from a cali-
brated model of the L4-L5-S1 segment reported by
Jaramillo et al. [12] were assumed in calculations. For
the probabilistic analysis, the elastic constants a; and a;,
of the annulus were determined randomly using Ex-
cel “Data\Data Analysis\Random number generation”
(www.microsoft.com/, USA) according to a normal
distribution based on data reported by Cortes et al. [4]
(Table 1). The constants a; and a, were combined to
obtain a set of 100 data.

2.3. Boundary conditions
and loads

The caudal endplate was fully restricted and
a ramped pure moment was applied to the cranial
endplate from O to 8 Nm for each kind of movement
(flexion, extension, lateral bending and axial rota-
tion). The combination of the 100 elastic constants,
the four movements and two discs (segments L4-L5
and L5-S1) yielded a total of 800 models, out of
which 224 were excluded due to negative values
of a; and a,.

The software Abaqus 6.14.2 (Dassault Systemes SA,
Waltham, Massachusetts, USA, http:/www.3ds.com/
products-services/simulia/) was used in the analyses.
Tridimensional hybrid hexahedral elements with eight
nodes (C3D8H) and tetrahedral (C3D10) were used to
represent the annulus fibrosus and the endplates, re-
spectively. Since the annulus was assumed to be in-
compressible, it was necessary to use hybrid elements
(C3D8H), as required by the UANISOHYPER rou-
tine. Since different type of elements represented the
annulus fibrosus and the endplates, the Tie option was
used to connect the parts.

2.4. Convergence analysis

The L4-L5 segment annulus fibrosus disc was se-
lected for convergence analysis. The experimental
properties reported by Cortes et al. [4] and five meshes
(M1, M2, M3, M4 and M5) were used in the conver-
gence analysis (Table 2). The boundary conditions
and loads were equal to those explained in 2.3.

Table 2. Different mesh size used in the convergence analysis,
all models used 8-node hexahedral elements (C3D8H)

Degree
Model EI:EEEZES g(;);:ls of Fregedom

(DOF)
M1 522 30978 91896
M2 1580 33478 97280
M3 5250 41778 114840
M4 9472 50988 134026
M5 11304 54962 142284

The percentage difference for the ROM decreased
along with an increasing number of elements (Fig. 3).
The ROM stabilized from the M4 mesh, where the
ROM (differences with respect to the M5 mesh were
0.5% in flexion, 0.8% in extension, 0.4% in lateral
bending, and 0.5% in axial rotation. Hence, the M4 mesh
consisting of 9472 elements was selected for the analy-
sis. Each model was analyzed in a relatively reduced
time (1781-2727 s) in a workstation DELL X5690.

16

M4 = M5

14

12

10

ROM [°]
[+

Axial Rotation

Extension Lateral Flexion

Flexion

Model

Fig. 3. Convergence analysis based on the ROM
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The final mesh of the disc had eight divisions along its
axial and radial directions.

2.5. Procedure to analyze the results

First, the ROM was compared with experimental
data reported in a previous work, and obtained in the
last stage of the stepwise reduction method [13]. Next,
the surface response of ROM versus a; and a, was
plotted and several equations were considered as can-
didates to fit this response. The fit was evaluated us-
ing a nonlinear least squares regression. The cumula-
tive probability and probability density function were
obtained using Origin 8.5 software (Northampton, UK,
http://www.originlab.com).

Additionally, the ROM sensitivity to each of the in-
put random variables (a;, a,) was calculated according to
the equation proposed by Thacker et al. [28], [ 29]:

where ¢; is the sensitivity, £ is the output variable
(ROM) and u; is the input variable (a;, ay).

Finally, the coefficient of variation (CV) for the
ROM was calculated as a measure of the results dis-
persion.

3. Results

The ROM versus moment behavior was obtained
and compared with the experimental ROM [13], for
the L4-L5 segment in flexion (Fig. 4a), in extension
(Fig. 4b), in lateral flexion (Fig. 4c) and in axial rota-
tion (Fig. 4d), and for the L5-S1 segment in flexion
(Fig. 5a), in extension (Fig. 5b), in lateral flexion (Fig.
5¢) and in axial rotation (Fig. 5d). The ROM dispersion
(Fig. 4) for the segment L4-L5 was greater in axial
rotation (CV = 14.6%) and extension (CV = 12.6%)
followed by lateral flexion (CV = 8.7%), and flexion

a, = op , (3) (CV = 6.3%). For the L5-S1 segment (Fig. 5) the
Ou; highest dispersion was observed in axial rotation
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Fig. 4. Results for the L4-L5 disc compared with the experimental ROM [13] for:
a) flexion, b) extension, c) lateral flexion, d) axial rotation. Error bars show the experimental range
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Fig. 5. Results for the L5-S1 disc compared with experimental ROM [13] for:
a) flexion, b) extension, c) lateral flexion, d) axial rotation. Error bars show the experimental range

(CV =14.0%), followed by lateral flexion (CV' =11.5%),
extension (CV = 10.6%), and flexion (CV = 5.6%).
The CV for the ROM of both segments was lower than
the CV of the input variable a, (100%) and of the
same order of magnitude that the CV (6.5%) for
the input variable a,. The relatively low dispersion for
the ROM under important variations of a, indicates
a low sensitivity of ROM to this input variable.

With respect to the percentage of ROM results
within the experimental range, it was 100% in flexion,
50% in lateral flexion, 48.3% in extension, and 25.7%
in axial rotation for the L4-L5 disc. For the L5-S1
disc, these percentages were 95.9%, 94.2%, 38.0%
and 15.8% for flexion, axial rotation, lateral flexion,
and extension, respectively.

Several equations (Chebyshev2D, Cosine, Dose
-Resp2D, Extreme2D, ExtremeCum, Fourier2D, Ex-
ponential and Gauss2D) available in the Origin
software were tested to fit the ROM surface as a func-
tion of a; and a, for each movement and segment.
Finally, the exponential Equation (4) yielded the
best fitting with coefficients of determination (R?)

of 0.985 for the L4-L5, and 0.976 for the L5-S1
segment (Table 3).

ROM=Zo+Be[ ¢ D] 4)

The coefficients Z;,, B and C of Eq. (4) were
between 5% and 31% higher for the L5-S1 segment
with respect to those for the L4-L5 segment, while
D showed an opposite trend in extension, lateral
flexion and axial rotation (Table 3). The response
surfaces are shown in Fig. 6 for the flexion move-
ment and different values of moment of force and
are also compared with results of the parametric
analysis in Fig. 7.

The ROM was approximately 25 times more sen-
sitive to a; than to a, (Fig. 8). In their order, the ROM
was more sensitive to the input variables in extension,
flexion, axial rotation and lateral bending. The negative
sign of the sensitivity parameter indicates that an in-
crement in the input variables (a; and a,) causes a re-
duction of the range of motion.



H.E. JARAMILLO, J.J. GARCIA

Table 3. Constants of equation (4) that fit the results of the parametric analyses

Statistical
Segment | Movement | M [Nm] Zo [Deg.] B [Deg.] C [MPa] D - >
Chi-Square R
2 8.974 5.423 0.232 24.903 0.003 0.995
.é 4 10.620 6.446 0.316 19.228 0.009 0.988
ﬁ 6 11.251 6.952 0.386 17.757 0.013 0.982
8 11.567 7.245 0.452 17.474 0.015 0.980
o 2 6.465 9.486 0.218 23.817 0.010 0.995
‘é 4 7.680 11.417 0.294 17.912 0.027 0.988
*;% 6 8.135 12.192 0.365 16.569 0.037 0.983
i - 8 8.391 12.624 0.424 16.043 0.043 0.980
EI 2 3.538 3.275 0.236 24.053 0.001 0.995
g § 4 4.245 3.984 0.321 17.983 0.003 0.988
S8 6 4.536 4.285 0.389 16.330 0.004 0.983
8 4713 4473 0.438 15.421 0.005 0.979
- 2 3.320 7.234 0.223 20.717 0.005 0.995
= 2 4 4.099 8.202 0.315 16.493 0.013 0.988
:é § 6 4411 8.619 0.390 15.512 0.017 0.983
8 4.458 8.710 0.482 16.147 0.045 0.955
2 11.681 6.980 0.267 22.579 0.008 0.992
.é 4 13.169 8.005 0.387 19.146 0.017 0.984
ﬁ 6 13.592 8.343 0.511 19.692 0.021 0.977
8 13.877 8.652 0.594 19.607 0.023 0.975
o 2 8.421 11.134 0.276 18.982 0.020 0.991
‘é 4 9.485 12.551 0.397 16.483 0.039 0.983
*;% 6 9.918 13.204 0.482 15.839 0.046 0.979
n - 8 10.197 13.613 0.544 15.488 0.050 0.977
ﬁl 2 3.104 4.389 0.263 20.817 0.006 0.984
g § 4 3.458 4.966 0.399 17.713 0.014 0.963
S8 6 3.576 5.193 0.504 17.277 0.020 0.947
8 3.651 5.335 0.582 17.065 0.024 0.935
- 2 3.620 7.728 0.263 18.005 0.008 0.993
g % 4 4.178 8.524 0.385 15.432 0.016 0.984
< E 6 4414 8.886 0.472 14.783 0.019 0.980
8 4.578 9.129 0.534 14.390 0.021 0.978

Fig. 6. Response surface of the ROM versus a; and a, for different magnitude of moment
(represented in the legend in Nm) in flexion: a) L4-L5 disc, b) L5-S1 disc
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Table 4. ROM (in degrees) with the higher probability of occurrence

Movement L4-L5 L5-S1
ROM Probability ROM Probability
of occurrence of occurrence
Flexion 12.75-13.75° 68.1% 15.75-16.75° 57.7%
Extension 10.5-11.5° 63.9% 12.5-13.5° 51.4%
Lateral flexion 5.3-6.3° 79.2% 4.75-5.75° 80.6%
Axial Rotation 5.75-6.75° 58.3% 6.25-7.25° 59.7%

The probability functions under the 8 Nm moment of
force (Table 4) show that, with respect to the L4-L5 ROM,
the ROM for the L5-S1 segment has a higher probability of
being greater in flexion, extension and axial rotation, and

lower in lateral flexion. Only the ROM cumulative probabil-
ity density function and probability graphs are shown for
flexion movement for the L4-L5 segment (Fig. 9a) and for
the L5-S1 segment (Fig. 9b) for clarity.
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Fig. 9. ROM cumulative probability function and frequency in flexion under 8 Nm: a) L4-L5 disc, b) L5-S1 disc

4. Discussion

The high level of uncertainty in the geometrical
parameters and mechanical properties of the annulus
generates a significant dispersion in the biomechanical
response. The models being analyzed show a wide dis-
persion patterns that cannot be described using a deter-
ministic approach [18].

An excellent fit (R* = 0.98) to ROM response ver-
sus a; and a, was obtained using an analytical surface.
For this reason, the equations describing theses surfaces
can be used to facilitate the calibration process of finite
element models that include the annulus fibrosus. The
relatively high percentage of the theoretical ROM
(97.9% in flexion, 32.0% in extension, 44.0% in lateral
flexion and 59.9% in axial rotation) that was within the
experimental ranges suggests that the values of @; and
a, reported by Cortes et al. [4], which were used to
select the set of input data for analysis, are reliable to
be used in finite element models. On the other hand,
lower percentage of simulation data within the experi-
mental range for other movements may be due to the
homogeneous properties used for the annulus. Other
studies [3], [4], [8], [9], [32], [33] have documented
property variations in the circumferential and radial
directions, which may have more effect in some
movements than in others. Results also indicate that in
the calibration process of a finite element model, the
constant a; should be fit first, and next a,, because the

ROM is more sensitive to a;. Therefore, it is necessary
to point out that a; defines the initial slope and a, define
the degree of non-linear response in the stress/strain
curve of the fibers.

Many finite element models [6], [10], [11], [20], [31]
choose the annulus fibrosus elastic properties without
performing a calibration process using experimental
data. As the annulus fibrosus is one of the main elements
to support lumbar load and confine the nucleus, the cali-
bration of its properties using ROM data of a reduced
segment should be the first step in the validation proc-
ess of a segment model. An incorrect calibration of the
annulus fibrosus constants may generate overload in
other elements of the segment such as ligaments and
facet joints, as shown in other studies [23].

With respect to the simplification of the vertebrae
and the endplates as rigid bodies, a previous study [5]
indicated that the maximum stress and the intradiscal
pressure only changed of about 2% compared to the
results of an elastic model for the bones and endplates.
The rigid-body assumption is also adopted in the re-
cent model reported by Moramarco et al. [17] and
Cegonino et al. [2].

5. Conclusions

The ROM was more sensitive to a; than to a, and,
in relation to movement of the segment, the ROM was
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more sensitive to the input variables in the following
order: extension, flexion, axial rotation and lateral
bending. Then, if calibration of a finite element model
of the segment were needed it would be necessary
first to fit @; and to use the flexion movement. There-
fore, an equation is proposed to obtain the ROM as
a function of the elastic constants of the fibers and the
type of movement. This equation may be used to
facilitate the calibration process of the human spine
segments.
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