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Abstract—An axisymmetric finite element model is empioyed for the study of the behavior of an interver-
tebral disc under axial loading. By matching experimental results on the overall behavior of the disc, orth-
otropic linear material constants are obtained for the annulus fibrosis for various load levels. Results are
then presented on the effects of material properties and geometry on the stress-distribution and intradiscal
pressures. It is shown that: (1) an adequate representation of disc behavior requires the inclusion of mater-
ial anisotropy. (2) material properties of the annulus obtained by direct measurement underestimate
the stiffness of the material; (3) reasonable predictions of variations of disc stiffness with vertebral level
can be made on the basis of geometry: and (4) degenerative changes associated with loss of elasticity have
little effect on the intradiscal pressure. while annular tears result in reduced pressure in agreement with

clinical observations.

INTRODUCTION

An understanding of the mechanics of the interverte-
bral disc is pertinent to numerous medical problems.
Among these are the pathogenesis of disc degene-
ration, effects of vertebral arthrodesis, endplate frac-
tures during pilot ejections. disc replacement, and the
development and correction of spinal deformities.
However. at the present time, even some of the salient
features of the disc’s mechanical behavior are poorly
understood. This 1s a consequence of the difficulties of
(1) determining in vivo mechanical properties and (2)
constructing a realistic analytical model.

Overall static force deflection properties of the inter-
vertebral disc have been measured by Rolander (1966),
Nachemson (1960), Brown er af. (1957) and Markolf
{1971. 1972) among others. Tensile properties of the
annulus fibrosis. a component of the disc, have been
measured by Galante (1967). A complete characteriza-
tion of the material properties of the annulus fibrosis
is however an almost insurmountable task. for it is
orthotropic and hence at least seven distinct material
constants must be determined for a linear analysis.
Determination of these constants is difficult even for
inert materials.

One of the first semi-analvtical models of the disc
was developed by Sonnerup (1972). For purposes of
tractability. the model neglected axial variations of
stresses and material orthotropy. However. with the
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advent of computer methods of stress analysis, particu-
larly finite element methods, the development of realis-
tic models has become possible. Finite element
methods have been used by Wiederhielm er al. (1968)
for the structural response of arterioles and Kobayashi
et al. (1971) for the stress analysis of the corneo~scleral
shell.

In this report. a finite element model of the interver-
tebral disc is presented. Two investigations were car-
ried out using the model: (1) determination of material
constants by comparison with experimental results for
the overall behavior of the disc; and (2) a study of the
stress distributions. deflections and stiffnesses of discs
under axial loads. and how they are influenced by disc
geometry and material properties.

ANATOMY

The human vertebral column is a segmented struc-
ture consisting of 24 mobile vertebrae separated by in-
tervertebral discs. The intervertebral disc consists of
three parts: the annulus fibrosis in the periphery. the
cartilage plates above and below. and the nucleus pul-
posus in the center.

The annulus fibrosis (see Fig. 1) in the adult lumbar
spine is formed by a series of concentric encircling
lamellae (Fick. 1904; Beadle, 1931). The lamellae con-
sist of collagen fibers which have two well defined
axes of orentation. In the lumbar spine. the fibers in
each lamella run in-a single direction, alternating
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Fig. 1. The invertebral disc.

from the previous one and aligned at an angle of 30°
with the horizontal axis according to Rouviere (1921)
or at an angle between 247 and 37°, according to Hor-
ton (1958).

The nucleus pulposus is located nearly in the center
of the disc; it is bounded above and below by the
superior and inferior cartilagenous end-plates and on
its periphery by the annulus fibrosis. It is composed of
non-orientated collagen fibrils enmeshed in a muco-
protein gel. The water content of the nucleus ranges
from 88 per cent at birth to approximately 69 per cent
at the age of 77. Nachemson (1960} reported hydro-
static behavior of the nucleus in normal discs. In
degenerated discs he found that the pressures are
usually lower than in normal discs. Exterior to the disc
proper are two ligaments: the anterior longitudinal
ligament and the posterior longitudinal ligament. The
anterior ligament is attached to the disc ventrally while
the posterior ligament is attached dorsally.

Each vertebra consists of a body and a set of pos-
terior elements. The center of the vertebral body is
composed of soft bone and is encased circumferentially
by a thin shell of cortical (compact) bone. The upper
and lower surfaces of the body—which are also thin
plates of cortical bone—constitute the bony end plates.
During axial loading the intervertebral disc appears to
be the primary load-carrying structure between ver-
tebrae (Rolander, 1966; Hirsch and Nachemson, 1954).

FINITE ELEMENT MODEL

The anterior components of a disc unit (the interver-
tebral disc and adjacent vertebral bodies) are idealized
as a three dimensional structure that is rotationally
symmetric with respect to the vertical centerline. Based
upon the assumption that little if any load is transmit-
ted outside the body of the vertebrae during small axial
deformations. only the body is modeled. The anterior
and posterior longitudinal ligaments are not inciuded
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in this model. Two adjacent vertebrae and their inter-
vertebral discs are assumed to be symmetric about
their horizontal center-planes. In view of these symme-
tries, the finite element model shown in Fig. 2 is suffi-
cient.

Two mesh sizes were used: a fine and a coarse. The
fine mesh model is divided into six distinct regions
(Fig. 2). The vertebral core (soft bone), represented by
region 1 in Fig. 2. is assumed to be an isotropic. homo-
geneous material with a mean modulus of elasticity
equal to 7-5 kp/mm? (Yamada, 1970). The thin outer
shell and the bony end plate, regions 2 and 3 respect-
ively, are also isotropic and homogeneous with a
Young's modulus of 1-61 x 10* kp/mm? (Evans, 1970).
A Poisson’s ratio of 0-25 is assumed for both soft and
hard bone. The nucleus pulposus, region 4, in accord-
ance with experimental results previously cited, is
assumed to be incompressible and in a hydrostatic
state of stress.

The annulus fibrosis corresponds to region 35, which
is further sub-divided to account for the inhomo-
geneity of the annulus. Since the lamellae are of micro-
scopic thickness, there are many in each subregion, so
the lamellae are modeled as a single homogeneous
orthotropic material with properties obtained by aver-
aging the properties of the individual lamellae. The
annulus inhomogeneity is taken into account by vary-
ing Young's modulus in the fiber direction, E(r)
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Fig. 2. Finite element model of the disc.
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according to the relation Sonnerup obtained on the
basis of Galante’s experimental results:
O3IE (ry)

E (r)= ‘1“‘_-0—7—;;—0 (1
where r 1s the radial coordinate and r, is the outer
radius of the disc. The cartilagenous end plate, region
6. is regarded as an isotropic. homogeneous material
with a modulus equal to 243 kp/mm? (Yamada) and
a Poisson’s ratio of 0-4.

The fine mesh is sized according to Rolander’s (1966)
specimen number 37; it is an L2-L.3 lumbar disc with
a height of 12 mm and a disc area of 22-0 cm? or equiv-
alent outer circular radits of 264 cm. On the basis of
the measurements of Perey (1957), Nachemson (1960).
Eie (1966) and Farfan er al. (1970), who determined
that the nucleus occupies approximately 25-50 per
cent of the disc’s cross-section area. the outer radius of
the nucleus pulposus. . was taken to be 0-707 times
the outer radius of the disc. The vertebral body heights
for the L2/L3 level were taken to be equal to 2-8 cm,
which was the average of the anterior and posterior
mean vertebral heights reported by Lanier (1939).

The coarse mesh model is similar to the fine mesh
with the following exceptions: (a) regions 2 and 3 are
treated as soft bone: (bj only a portion of the vertebral
body is modelled (i.. the body height was truncated);
and (¢) fewer finite elements are used. This mesh was
used for the various parameter studies to save com-
puter time. Table 1 lists the pertinent dimensions used
with the coarse mesh.

A standard axisymmetric linear finite element tech-
nique (Wilson, 1965) with triangular. linear displace-
ment elements was used. The incompressible. hydro-
static nucleus was incorporated by a technique devel-
oped by Belytschko and Kulak (1972), which requires
only a single layer of elements in the incompressible
material. The other portions of the model were
assumed to be compressible.

MATERIAL PROPERTIES OF ANNULUS

Since the annulus fibrosis consists of approximately
equal parts of fibers oriented at +¢ and ~¢ (Fig. 3).
it is orthotropic with respect to the vertical, radial and
circumferential coordinates. Furthermore, each
lamella is orthotropic in its plane with respect to coor-
dinates normal and tangent to the fiber direction. The
stress—strain law in an axisymmetric solid for a linear,
orthotropic material is given by

oy C, C, Ci3 O €g
g Ciy Gy Gy O €:
= )
a, Ciy Gy Gy O €
0,:) 0 0 0 G, le.

This stress—strain law contains seven distinct con-
stants. For the purpose of relating these constants to
Galante's experimental results on tensile specimens.
consider the stress-strain relation for a single lamella
in a state of plane stress in a (X, X,) coordinate system
shown in Fig. 3. Here X, is in the fiber direction, X, is
normal to ¥, and in the plane of the lamella. Since the
lamella is orthotropic with respect to the (¥,. X;) coor-
dinates (see. Jayne and Suddarth e.g., 1965).

g, Eyx vipEyx G €,
G, ¢ = |vppEp/k Eq/k 0 € (3)
&1z 0 0 Grr] (€12
where
K=1—vrvr
virEp = vy Eq. (4)

Here E; and E; are the longitudinal and transverse
Young’'s moduli. v, and v, the Poisson’s ratios and
G r the shear modulus. Let the stress—strain matrix in
equation (3) be denoted by [{]. By means of tensor
transformations, the stress-strain matrix [C(a)] in a

Table 1. Vertebra and disc dimensions

Disc
Vertebral Truncated circular Disc
Vertebra body height body height Disc radius height

level (cm) {cm) level (cm) (cm)
L3 2-80 0-350 L2/L3 2:13 1-14
L2 279 0-349 T12/L1 1-99 0-84
L} 272 0-339 T10/T11 1-81 a-51
Ti2 257 0-320 T8/T9 1-64 0-45
Tl 2:43 0304
T10 230 0-288
T5 214 0267
TX 207 0258
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Fig. 3. Coordinate systems.

coordinate system (X, %,) rotated from (X,, X;) by 2 is
given by

[C] = 217 [C1[4] 6]
where
l—cz $? —cs -]
. . . ¢ =Cosx "
[A]= | s* ¢ cS ) (6)
s = sina.
[_2cs ~2cs ¢ - sZJ

The stress-strain matrix for a macroscopic sample
with respect to the (®,, ¥,) axes is obtained by averag-
ing the stress-strain laws of the two distinct types of
lamellae, which gives

l HICB - o)1
j +[CB+ME. O

It should be noted that at an arbitrary angle of inclina-
tion f other than zero or 90°, the stress—strain law is

mt nethAat A I +
ot Or ulGLrOpiC and hence shear strains and normal

stresses are coupled. This resuits in nonzero values of
fls in equation (7).

In the tensile specimen, the state of stress is uniaxial
$0 0, and ¢, vanish. By imposing these conditions on
eqguation (7) we find

where
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The values of the compliance, 1;Q(8). as measured at
various values B; by Galante are shown in Fig. 4. In
order to find values of the elastic constants E,, E;. v, 1
and G, 7 to best match Galante’s experimental results.
a least square procedure was used. For each trial value
of the elastic constants, {C{8,)] and hence Q(f;) were
found by equations (2, 5, 7 and 9) for each angle B, at

i

which the tensile properties were

mizing

meagn
measure

Cl.

f= T 106) - @Y (10

the values of the elastic constants that best match the
experimental results were obtained. Thes
given in Table 2.

The compliance function, 1/Q(f). associated with
these elastic constants is also shown in Fig. 4. Though
it has the principal feature of the experimental results,
the discrepancies are quite large at certain angles.
Probable causes are: (1) the material is nonlinear and
therefore cannot accurately be represented by linear
reiationships rotated into different angies; {2) in tensiie
specimens, at certain angles most of the fibers are cut.
so if the fiber bond strength is low. considerable separ-
ation of fibers may occur and so underestimate the
stiffness of the intact material.

Anathar difficnley o ~artning
AROWNCT GinCUaty Mt ascertaining mate

from tensile tests is caused by the insensitivity of ten-
sile behavior to Poisson’s ratio v, and the shear
modulus G, . This is illustrated in Fig. 5. where 1, Q(f)
is shown for various values of these parameters. As can
be seen from this figure. even large variations in these
material parameters produce only small alterations in
the tensile properties at various angles. Hence. these
material parameters are very difficult to determine
from tensile tests and so they were here established by
parameter studies in conjunction with overall proper-
ties of the disc as described in the following section.
The constants C; in equation (2) are obtained from

the material constante £, F l/

the material constants £, Er. V, r and G, 7 as follows.

TalG Uy Fas i

Consider again a single \amel]a in the coordinate sys-
tem (¥,, ¥,. X3) as shown in Fig. 3, with x| in the fiber
direction, £, normal to it and X; in the radial direction.

8

2. (9

QP =
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Table 2. Material properties of annulus

E, Er Gur
(kp:mm?) (kp/mm?) (kp/mm?) v

Fit to Galante 0-540 0-033 0217 0-42
Fit 10 Rolander at

11kp 3-60 0090 0060 045

26 kp 500 0125 0-084 45

44 kp 6-60 0-165 0-110 0-45

70 kp 8-30 0-207 0-138 0-45
Assumed degenerate disc 018 0-090 0-060 0-45

—o— Golaonte experimento!l doto
204 —p— (ecst squares fit
—~O— Matched to gross
disc behovior

Compliance , '/OM) ( mm’Kp

T THr A
O 10 20 30 40 50 4
Angle Bldeg.:

4 4 b
t T
70 80 90

Fig. 4. Comparison of experimental values of annulus

fibrosus compliance with those based on material properties

as determined byv: {a) least squares fit: and (b) matching of
gross disc behavior.
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method.

‘According to Jayne and Suddarth (1965).

E . E, N
611 =7)]‘(]—‘~32‘:3) 622= D““‘n‘al)
E, . .. = . ..
Co = 31(‘12 + V3z¥ys) Ciy = "5(“13 + Vi3vay)
= E, . L. E L.
Cy = 31("13 + T2 ¥33) Css = -D3—(1 = Vy3¥yy)
Cis = Gys. ' (11)

By definition
D=1—2v5v3V3, — Vya¥3; — ViaVay — Vaz¥a,
E,=FE, E,=E; (12)

If we now assume that each lamella is transversely
isotropic. it follows that

Viz = V1.

=vyr (13)
E,
st = -

21 + vys)

2 =Er Viz = Vi3

(14)

From the assumption that the material is compressible.
it follows that

Y23 < 1~ ¥y, {15)
with the equality corresponding to incompressibility.
The remaining Poisson ratios are found by
i;E; =3,E  (nosum)

The stress—strain matrix [C] in the (r. =. 0. ie. (x,. x,.
X3} coordinates, as shown in equation (2) is then found
by the tensor transformation and averaging the mater-
ial constants in the two orientations.

In order to gain insight into the nonlinear behavior
of the disc. a secant ratio method was emploved to
determine material constants for various load levels.
The procedure was as follows. The secant stiffness. K,,.



8T  E =1000psi
- E+=100psi
7+ '
v os
ol Lt =

1/Q(8) (10° in/pound) ,

d g 4 3 L i 7 I i)
y * T T T T T T T

20 30 40 50 &40 70 80 90

Angle @ (deg)
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at various load levels was computed from an exper-
imental load deflection curve for the L2/L3 disc (Fig.
5). Next, the ratio, R, between the secant stiffness at
load level F, and the secant stiffness at a reference load,
F,. was computed. The Young's moduli and shear
moduli at load F, were then obtained by multiplying
the moduli at the reference load level. F,, by the ratio
R,. Poisson’s ratios remained unchanged.

RESULTS*

The model was employed for studying the behavior
of the disc under compressive axial ioading and the in-
fluence of material parameters and geometric vari-
ations associated with disc levels in the thoracolumbar
spine. The load was applied by prescribing a uniform
vertical displacement at the top surface of the model:
Tha tatal avial laad

e Was
1ne tota: axiai 10ad

the bottom surface was fixed.
resulting from these stresses divided by the area of the
disc-body interface is designated by p,. the applied

pressure as defined by Rolander. Since Rolander’s

* A portion of this study was published earlier as ASME
Paper 72-WA/BHF-12, That paper contained some numeri-
cal errors which have since been corrected.
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results show somewhat nonlinear behavior. a loading
of 11 kp was chosen as a reference point.

The orthotropic material constants of the annulus
fibrosis were derived by adjusting the material con-
stants obtained from Galante’s results so as to match
the overall disc behavior measured by Rolander. The
material constants obtained are listed in Table 2, and
1/Q(B), is plotted for these values in

the compliance.
Fig. 4.

A comparison between the finite element results
obtained with these material properties and Rolander’s
experimental results on the macroscopic behavior of
the disc is given in Table 3. The agreement of the com-
puted and measured gross behavior of the disc is excel-
lent. The computed ratio between the internal pressure
and the appucu pressuie, Pl/Pm is -4, which is in the
range of {-3-1-5 measured by Nachemson. The annular
material was assumed to be compressible. Kobayashi
et al. also used a slightly compressible material to
represent the incompressible tissue of the corneo—
scleral shell of the eve and found that the effects of this
assumption are shght.

The matching was accomplished through a series of
parameter studies which will not be described in detail.
However, two findings of this study are of interest: (1)
the gross behavior of the disc cannot be matched by
an isotropic annulus; if the annulus is assumed iso-
tropic, the intradiscal pressure is about 11 p, and the

hnloa ta comnragsinn ratin do At ch a
Duige 1O COmMPression ratic aoes not maicn \-Ay\.x imen-

tal results; (2) the behavior predicted on the basis of
Galante's measurements differs significantly with ex-
perimental findings. The curve of the compliance,
L/Q(B). (Fig. 4) corresponding to the matched material
constants is stiffer at large angles than Galante’s exper-
imental results. This may indicate that the cutting of
fibers to obtain a tensile specimen probably causes a
large reduction in strength.

The normal stress distributions through the thick-
ness of the annulus at the two levels indicated in Fig.
2 are shown in Fig. 7. The maximum tangential stress

a,, occurs along the outer periphery and its value is
335 p
Lur

2120

dicted a maximum stress between 3 p, and 5 pa The
axial stress. ¢... is compressive at the inner radius of

Nachemson. hv uung a hnnp analvem

nre.
Pre

Table 3. Comparison of experimental and finite element results (11 kp load)
Applied pressure Disc bulge Disc compression Nucleus pressure, P;
pa (kp/em?) (mm) (mm) {kp/cm?)
Finite element 0-53 061 023 071
Rolander 0-50 0-60 0-22 0-75*
Per cent difference 6:00 1-67 450 530

* Based on Nachemson's experimental relationship: p, = 1-5 p,.
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the annulus. while at the outer radius it becomes ten-
sile. It appears that in normal discs a large part of the
axial load is transmitted through the nucleus. The
radial stress distribution is similar to that obtained by
Sonnerup’s semi-analvtic model. The normal stress in
the fiber direction. 6, ;. is also shown. It can be seen
that except for a small region at the inner radius, the
fiber stresses are tensile when the annulus is com-
pressed.

In order to study the effects of changes in material
properties associated with disc degeneration, the effect
of the longitudinal Young's modulus, E;, on the over-
all behavior of the disc was investigated. The results
are shown in Fig. 8. Aging of collagen tissue is asso-
ciated with loss of elasticity, i.e. increase in elastic
moduius. On the other hand, as reported by Farfan et
al. (1972). disc degeneration is also characterized by
radial annular tears. which corresponds to a decrease
in effective modulus. From the results obtained. it is
apparent that the latter phenomenon is predominant:
reduction of the elastic modulus results in lower intra-
discal pressure and greater compression and bulging.
which corresponds with the changes observed in
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degenerated discs by Hirsch and Nachemson and by
Brown et al. (1957). Increasing the elastic modulus in-
creases the intradiscal pressure and annular stresses,
though the changes are smaller than those caused by
annular tears. It should be noted that these results neg-
lect the degenerative changes of the nucleus.
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Fig. 8. Effect of longitudinal modulus, E,. on disc buige.
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The stress distributions for a disc with decreased
elastic modulus. i.e. a disc that may be termed degener-
ate, is shown in Fig. 9. The elastic constants used to
obtain the results are given in Table 2; these values
were picked arbitrarily so the results only have qualita-
tive significance. It can be seen that these changes
result in a considerable reduction in hoop stress and
an increase in the compressive axial stress. Evidently,
in a disc with a degenerate annulus, a large part of the
axial load is carried by the annulus.

The effect of size and shape variations on the axial
stiffness of the thoracolumbar discs was investigated
by varying the model dimensions as given in Table 1.
The dimensions used for the vertebral body heights at
each level are the averages of the anterior and pos-
terior body heights reported by Lanier. The disc
heights which are measured at the outer periphery as
shown in Fig. 2, are those estimated by Schultz et al.
{1973), while the disc's circular radius was taken to be
equal to one-half of the sum of the frontal and sagittal
plane vertebral diameters as reported by Lanier. It was
assumed that neither material properties nor the ratio
of the inner to outer radii of the annulus vary with disc
level.

The results of this study are shown in Fig. 10 along
with maximum and minimum secant stiffnesses based
on the experimental static axial load deflection curves

70 KP load
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Fig. 10. Variation of axial disc stiffness with disc level.
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of Markolf. Both the computed and experimental stiff-
nesses are at a load of 70 kp. The computed axial stiff-
nesses of the thoracolumbar disc are in reasonable
agreement with Markolf's experimental results, though
Markolf's stiffnesses are somewhat higher at the T12,/L1
and L2/L3 levels. The difference between the two
may be caused by the effects of the anterior and
posterior longitudinal ligaments, which were not cut
away in Markolf’s tests, or nonlinear behavior.

Figure 11 shows the nonlinear load deflection curve
obtained by using the secant ratio method previously
described, along with the experimental curves of
Rolander, Markolf and Brown ¢t al. The computed
values are based on Rolander’s secant stiffness with the
reference stiffness. K,, taken at 11 kp. The material
constants used at these load levels are given in Table
1. The computed bulge. though not reported here, was
compared to the bulge measured by Rolander and
agrees within 8 per cent or less. Similarly. the com-
puted nucleus pressures agree with experimental find-
ings. Hence, the material constants obtained here
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appear 10 vield a model whose behavior corresponds
well with available experimental results.

The ratio of the maximum principal stress to the
applied pressure in the bony end plate is shown in Fig.
12. The principal stress remained fairly constant in the
central portion of the plate and decreased near the
outer portion. These results may be of value in predict-
ing the disc load level at which an endplate fracture
will occur. The maximum principal stress/applied pres-
sure ratio increased as the applied pressure increased.

CONCLUSION

The present study illustrates the usefulness of the
finite element model in estimating the material proper-
ties of the disc and predicting the mechanical behavior
of the components within the disc unit. Good correla-
tion is found between the model behavior and exper-
imental studies. The model provides detailed informa-
tion on the axisymmetric stress distribution within the
disc unit. the hydrostatic pressure in the nucleus pul-
posus. and the deformations of the annulus and ver-
tebral body. The model also permits the study of
degenerative changes and illustrates the nonlinear be-
havior of the disc unit. The present studies negiected
deviations from rotational symmetry. However, in
compressive axial loading, the asymmetry of the disc
should have little effect on stress distributions and
overall behavior.

It was found that:

1. The overall mechanical behavior of the disc cannot
be adequately represented by isotropic material be-
havior:

2. Material properties of the annulus obtained by di-
rect tensile test measurements underestimate the
stiffness:

3. Reasonable predictions of variations of disc stiffness
with vertebral level can be made on the basis of
geometry,
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