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A hydrogel intervertebral disc (IVD) model consisting of an inner nucleus core and an outer
anulus ring was manufactured from 30 and 35% by weight Poly(vinyl alcohol) hydrogel
(PVA-H) concentrations and subjected to axial compression in between saturated porous
endplates at 200 N for 11 h, 30 min. Repeat experiments (n = 4) on different samples
(N = 2) show good reproducibility of fluid loss and axial deformation. An axisymmetric
nonlinear poroelastic finite element model with variable permeability was developed using
commercial finite element software to compare axial deformation and predicted fluid loss
with experimental data. The FE predictions indicate differential fluid loss similar to that of
biological IVDs, with the nucleus losing more water than the anulus, and there is overall
good agreement between experimental and finite element predicted fluid loss. The stress
distribution pattern indicates important similarities with the biological IVD that includes
stress transference from the nucleus to the anulus upon sustained loading and renders it
suitable as a model that can be used in future studies to better understand the role of fluid
and stress in biological IVDs.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The intervertebral disc (IVD) is a complex load bearing
structure that is subjected to an equally complex regime
of static and dynamic loads. The IVD responds to an
applied load by exuding fluid both from the nucleus
and the anulus primarily through the endplates [1]. A
study of the IVD mechanics should involve the study
of its water content, since a healthy IVD supports ax-
ial loading mainly via a pressurised nucleus pulposus.
During compression, the physical pressure in the disc
can exceed the nuclear swelling pressure, resulting in
water loss [2, 3]. The hydration of the IVD is known to
decrease with age and in degenerative states [4]. Hence
the load dependant changes in disc water content result-
ing from loading is an important measure of disc quality
and a key indicator of the stress distribution within the
disc.

Hydrogels are hydrophilic polymer networks that
may absorb up to thousands of times their dry weight of
water [5, 6]. Since the land mark paper by Wichterle and
Lim in 1960 [7] the interest in hydrogels for biomed-
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ical purposes has grown and for over 35 years hydro-
gels have been considered in biomedical and pharma-
ceutical applications due to their high water content,
similarity to natural tissue and biocompatibility [8]. In
particular, hydrogels have been used as possible inter-
vertebral disc replacements, due to their ability to facil-
itate both the biomechanical and the physiological role
that is found in the disc [8–10]. Experimental and fi-
nite element modelling of hydrogel deformations have
considered their incompressible [11] poroelastic [4, 12,
13] and swelling characteristics [12, 14]. However to
date there has been no study that has focussed on the
changes in fluid flow characteristics in hydrogels un-
der deformation, to investigate the effect of long term
compressive loading on the stress distribution. Study-
ing the fluid flow-stress distribution pattern for a given
hydrogel system of known material properties will en-
able comparisons to be made between known behaviour
patterns in biological IVD’s that will lead to a better un-
derstanding of the interrelationship between fluid flow
and stress distribution patterns in biological IVDs.
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This paper investigates the following: (1) the design
and manufacture of a hydrogel intervertebral disc phys-
ical model that mimics the long term creep response of
the biological IVD including fluid loss. (2) the develop-
ment of a finite element model of the hydrogel IVD that
is able to (a) predict both the short term and long term
deformation characteristics and (b) accurately predict
the time dependant fluid loss from the disc.

2. Sample manufacturing
Poly (viny alcohol) (PVA) is among the most commonly
used hydrogels for bio-medical applications. PVA is
known to be biocompatible, biodegradable and heat re-
sistant [15]. Currently PVA is being used in the research
and development of artificial cartilage [16, 17]. Promis-
ing results have been shown in using PVA hydrogels as
articular cartilage replacements in rabbits [16]. The use
of hydrogels as intervertebral disc implant material has
made a significant impact in extending the use of such
implants beyond mechanical function to include phys-
iological functions [10]. Since the Intervertebral disc
is in many ways similar in function to articular carti-
lage, PVA was chosen as the desired material for the
synthesis of the bi-component hydrogel disc.

A PVA (KURARAY POVAL PVA117) bi-
component hydrogel model was manufactured (Fig. 1)
consisting of a 30% by weight PVA inner disc
representing the nucleus and a 35% by weight PVA
outer stiffer ring representing the anulus. PVA was
dissolved in a 1:1 mixture of water and Dimethyl
Sulfoxide (DMSO) by weight at 120 ◦C for 2 h. The
35% PVA solution was injected into a cylindrical
shaped mould and frozen at –10 ◦C for 24 h to form the
annular ring. Freezing polymerises the PVA through
physical cross-linking [18]. The 30% PVA solution
was then injected to completely fill up the space in
the annular ring, to form the nucleus. The hydrogel
disc was swollen to equilibrium (with the nucleus
absorbing a higher water percentage than the anulus)

Figure 1 The Intervertebral hydrogel disc model consisting of the inner
nucleus (30% PVA) and the outer anulus (35% PVA).

before any compression testing was carried out. The
manufacturing technique ensured that there was no
physical barrier for water diffusion between the two
regions under an applied pressure gradient. This was
confirmed through MR images of the hydrogel disc
[19]. An analysis of the water content in each material
based on equilibrium swelling weight data indicated
that both materials consisted of an absolute water
content in excess of 80% and that the % of “free water”
(i.e. available for exudation) was in excess of 60%.

3. Creep experimental test details
A hydrogel disc of known weight was placed in a self
contained unit, where it was fully immersed in water
and loaded in between porous nylon endplates. The
end plates were de-aired by immersing in water and
applying a vacuum. In order to maintain full perme-
ability at the hydrogel-endplate interface the hydro-
gel was left unattached to the endplates by any ad-
hesive. This resulted in some lateral movement at the
hydrogel-endplate interface, which had to be accounted
for in the subsequent finite element modeling. A screw-
driven Instron 4505 mechanical testing machine with
a crosshead speed of 10 mm/min was used to ramp
the load to 200 N, where it was held for 11 h and
30 min. Both the load (hence stress) and the duration
of experiment were chosen to make sure there was a
level of fluid loss that was comparable with sustained
loading experiments on biological IVD’s, without any
structural damage to the solid matrix of the hydrogel.
The sample was then blot dried and reweighed to de-
termine the fluid loss. By keeping the hydrogel fully
immersed in water throughout the course of the exper-
iment it was ensured that any changes in the external
environment such as temperature and humidity did not
affect the fluid flow characteristics in the hydrogel. The
sample was allowed to re-hydrate up to a week before
repeat tests were carried out. Four tests were carried
out on two samples S1 and S2 within a period of one
month.

4. Finite element modelling
An axisymmetric finite element model of the hydrogel
disc was developed using the general purpose finite el-
ement package, ABAQUS [20] with the primary aim
of simulating the experimentally determined fluid loss
values for the hydrogel model. To model the fluid/solid
interactions in the hydrogel a time dependant coupled
pore pressure/effective stress analysis was performed
using the CONSOLIDATION parameter and the SOILS
option. Under the poroelastic consolidation formula-
tion in ABAQUS, the hydrogel was treated as a porous
medium made of a voided solid matrix (skeleton) and
an interstitial fluid (pore fluid) that occupied the voids
giving a fully saturated medium. The total stress acting
on a point in the medium was assumed to consist of a
macroscopic averaged pressure stress expressed as the
“excess pore pressure”, carried by the fluid and an av-
eraged solid stress termed the “effective stress”, carried
by the solid skeleton.
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Figure 2 Finite element model of the combined hydrogel disc with ap-
plied displacement boundary conditions and pore pressure, P = 0 at
permeable boundaries.

The finite element mesh consisting of 160 elements
representing the nucleus and the anulus was modeled
(Fig. 2) using axisymmetric 4 node hybrid solid ele-
ments with pore pressure (CAX4PH) for the poroelas-
tic analysis while the end plates were modeled as ax-
isymmetric solid elements (CAX4R). By using solid
elements rather than pore pressure elements for the
end plates, it was possible to simulate the free draining
condition at the hydrogel-end plate interface. Thus, the
simplification enabled the introduction of well defined
boundary conditions avoiding the greater complexity
and uncertaintities in model parameters associated with
simulating the contact problem between two poroelas-
tic materials.

The model was created based on the dimensions of
sample, S1, where the swollen nucleus and the anu-
lus were 19.01 and 29.14 mm respectively in diameter
and 10.40 mm in height. The anulus and the nucleus
were treated as homogeneous isotropic materials with
strain dependant permeability values. The contact be-
tween the endplate and the hydrogel was modeled us-
ing the CONTACT PAIR option with finite sliding and
a static coefficient of friction to simulate lateral move-
ment at the hydrogel-endplate interface. The NLGEOM
parameter was included to account for geometric
nonlinearities.

The loading and boundary conditions were matched
with that of the experiment. A free draining condition
was maintained at the hydrogel surface at all times by
specifying a zero pore pressure at the boundary nodes
(Fig. 2). The load was applied using a distributed pres-
sure across the top end plate with the bottom end plate
left constrained with respect to motion in the loading
direction.

5. Material property evaluation
The material input properties for the finite element
model were determined by carrying out compression
studies under the arrangement described above, sep-
arately for fully swollen PVA discs of 30 and 35%

PVA composition loaded in two types of compression
tests. The elastic solid skeleton stiffness was evaluated
for the 30 and 35% PVA materials by loading the hy-
drogels at a displacement rate of 3 µm/min to obtain
the stress/strain response. At such a slow strain rate,
there was sufficient time for the excess pore fluid to be
drained enabling the solid skeleton to carry the entire
applied load in accordance with the theory of consoli-
dation [21]. The discs were also compressed in a static
compression test at 100 N for 4 h to obtain the strain
dependant permeability values based on measured fluid
loss. Separate finite element models were developed for
the single materials to validate the material properties.
The 4 h compression test was divided into two phases;
the loading stage and the consolidation stage. In the
loading stage the load was incremented to the applied
maximum at a crosshead speed of 10 mm/min. This
stage did not involve any fluid loss (Table I) and the
fluid and the solid skeleton combined to give an incom-
pressible behaviour. The axial deformation recorded in
this stage was affected by the solid skeletal stiffness of
the material E , the voids ratio v and the coefficient of
friction µ at the hydrogel endplate interface. A value
of µ = 0.25 was predetermined for both the materials
for this experimental arrangement [19]. For each mate-
rial the initial experimental deformation during loading
was matched by adjusting the values of E and v in the
finite element mode (Fig. 3). The consolidation stage
consists of the deformation that takes place following
the initial loading response and the consolidation strain
is the strain response over this stage. A summary of the
systematic evaluation process for the 30 and 35% PVA
hydrogels is shown in Fig. 3.

The initial permeability values, k0, for the two mate-
rials were estimated using the modified Carman Kozeny
equation [22] (see Appendix A). The strain dependant
permeability relationship in Equation 1 [23] was ad-
justed to match the measured fluid loss values for each
material over the consolidation stage of the experiment.

κ = κ0

[
e(1 + e0)

e0(1 + e)

]2

exp

[
M

(
1 + e

1 + e0
− 1

)]
(1)

where e, the voids ratio, is the ratio of fluid to solid for
a saturated gel and M is an experimental constant. The
subscript 0 indicates the undeformed values. A value
of M = 12 was used for both the nucleus and the
anulus to match the experimental fluid loss. The initial
voids ratio e0 was estimated for each of the materials
separately using Equation 2,

e0 = V f /VS = (m f ∗ ρ f )/(VT − V f ) (2)

TABLE I The experimental and finite element fluid loss values for 30
and 35% PVA compositions at a creep load of 0.1 kN for 4 h

30% PVA (n = 2) 35% PVA (n = 2)

Sample 1 min 4 h 1 min 4 h

Experimental 0 5.58 (6.16)% 0 3.78 (4.16)%
FEA 0 6.33% 0 4.45 %
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Figure 3 The systematic evaluation of material properties for 30 and 35% PVA hydrogel discs.

where m f is the mass of fluid determined by oven
drying a fully swollen hydrogel sample of volume VT

(where VT = VS + V f ) at 45 ◦C for 72 h. V f and VS are
the volumes of fluid and solid components respectively
and ρ f is the density of fluid, water in this case. The
material properties established for the 30 and 35% PVA
compositions (Table II) were then used in the combined
disc simulations.

6. Results and discussion
The dimensions of the discs used for material testing
the 2 compositions were identical and hence the stress
dependant axial strain can be used as a measure of the
difference in stiffness response between the two materi-
als. Strain values at the end of the loading phase for the
2 PVA compositions over the loading phase (Figs 4(a)
and (b)) indicate that both materials had stiffness val-
ues that were very close to each other. The strain in the
consolidation phase (Figs 4(b) and (d)) clearly indicates
that the 30% material experiences a higher axial strain.
The higher fluid loss value for the 30% PVA hydrogel
(Table I) indicate a higher permeability when compared
to the 35% PVA. This is expected owing to the larger
pore sizes from a less denser solid matrix in the 30%
PVA. The results from the 3 µm/min test indicated that
the 35% PVA had a higher stiffness value than the 30%
PVA as the strain increased above 30%. However in the
lower regions the differences were negligible. Hence
a value of 0.45 MPa was used for both compositions
as the combination of E , µ and ν (Table II), gave a

TABLE I I The material parameters used for the 30% PVA nucleus
and the 35% PVA anulus

E (MPa) e0 ν k0 (mm/s) M

Nucleus (30% PVA) 0.45 3.0 0.2 0.00025 12
Anulus (35% PVA) 0.45 2.4 0.2 0.00025 12
End Plate 10000 – 0.3 – –

good match for both PVA compositions over the load-
ing phase.

Although the same initial permeability was used for
both materials, their dependency on the voids ratio ac-
cording to Equation 1, meant that the overall fluid flow
was different for the two materials. The parameter M
in Equation 1 controls the rate of change of permeabil-
ity, k with voids ratio, e. The same value of M = 12
was arrived at for both materials independently of each
other to match the experimental fluid loss values. The
specimen rapidly absorbs water following the release of
the load, a phenomenon observed in articular cartilage
following similar consolidation testing [24]. Therefore
the experimentally measured fluid loss values by blot
dry method were estimated to be within a 10% error
margin. The experimental values were modified to ac-
count for an extra 10% of the measured value (indicated
within parenthesis Table I), and the permeability values
in the finite element model adjusted to match the mod-
ified experimental values. The finite element predicted
fluid loss (calculated from the sum of volume loss over
each finite element) for the 30% (error 2.27%) and 35%
PVA (error 6.97%) indicated a good agreement between
experiment and simulation and justified the use of the
strain dependant permeability values for the combined
hydrogel IVD model. Despite the good accuracy be-
tween the experimental and the finite element fluid loss
values, the experimental strain plots (Figs 4(b) and (d)),
indicated that the hydrogels underwent a higher defor-
mation than predicted by a pure consolidation finite
element model, with isotropic permeability. The addi-
tional deformation is believed to be due to the viscoelas-
tic nature that is common in these polymeric materials.
However this viscoelastic behaviour does not appear
to contribute to any fluid loss. This is because, imme-
diately following the loading stage (approx. 30 s), the
material itself continues to deform even though fluid
loss occurs after the 1 minute mark (Table I).

The creep test results (Table III) for the two combined
hydrogel discs S1 and S2 show consistency with respect
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Figure 4 (a) 30% PVA loading response, (b) 30% PVA creep strain, (c) 35% PVA loading response, (d) 35% PVA creep strain (Load increased to 0.1
kN and held for 4 h while the specimen was allowed to consolidate).

to fluid loss and weight recovery. The level of recovery
following compression loading serves as a good indi-
cator of the integrity of the solid matrix and whether or
not damage to the matrix has occurred. If damage oc-
curs upon loading, which is most likely caused by the
breaking of the weak physical hydrogen bonds in the
hydrocarbon chain [6], the specimen is seen to increase
in weight to that prior to loading within a period of 2–3
days. Values for both samples (Table III) suggest a level
of recovery between 92–98% of the original weight (to-
tal of 6 specimens), following a recovery time of up to
2 weeks, which further indicates that matrix disruption
is minimal. Hence the permeability can be expected
to remain unchanged giving rise to a similar quantity
of fluid flow under the same loading conditions. The
good repeatability in terms of fluid loss for S1 (n = 4,
0.63 ± 0.02) and S2 (n = 4, 0.51 ± 0.01) confirms that
this to be so. Nonetheless repeated loading results in
certain changes to the disc dimensions, believed to be

TABL E I I I The fluid loss and consolidation test results for specimens
S1 and S2, under 0.2 kN load for 11 h 30 min. Dd —Overall disc diameter,
Dn—nucleus diameter, H—Height of specimen

Starting Weight Consolidation Dimensions (mm)
Sample weight (g) loss (g) strain (%) (Dd , Dn, H )

S1-test1 7.64 0.63 10.5 29.14, 19.01, 10.40
S1-test2 7.63 0.66 10.7 28.85, 19.35, 10.25
S1-test3 7.56 0.64 9.9 29.27, 18.86, 10.19
S1-test4 7.51 0.60 9.8 29.34, 19.08, 10.22
S2-test1 7.16 0.51 7.3 28.46, 18.78, 10.33
S2-test2 7.15 0.50 7.4 28.56, 18.73, 10.25
S2-test3 7.13 0.51 7.5 28.49, 18.64, 10.24
S2-test4 7.10 0.50 8.1 28.37, N/A, 10.20

due to the visco-plastic nature of these materials from
changes occurring at the molecular chain level, that re-
sults in the discs, generally losing height and increasing
in diameter (Table III).

It is reasonable to expect a direct proportionality be-
tween the fluid loss and the consolidation strain. How-
ever such a trend doesn’t clearly emerge (Table III)
possibly due to the change in dimension of the speci-
men (hence the change in the strain calculations). Upon
repeated loading there is a tendency for the specimens
to become stiffer in their initial response to loading,
giving rise to a higher standard deviation in the loading
phase strain (n = 4, ±2.3) (Fig. 5(a)) when compared
to the consolidation strain (n = 4, ±0.45) (Fig. 5(b)).
The finite element predicted strain over the initial load-
ing phase shows a very good accuracy (98.5% match
with loading strain for test1 of S1) (Fig. 5(a)) indicat-
ing the validity of material properties chosen through
systematic verification for the two separate hydrogel
compositions. The finite element predicted fluid loss of
0.756 g (equivalent to 10.90% volume loss) based upon
the initial dimensions of S1 (Table III) compares well
with the adjusted fluid loss value of 0.693 g (equiv-
alent to 10% volume loss). The discrepancy between
adjusted experimental and simulation can be improved
by better quality of manufacturing, whereby dimen-
sions of the nucleus and anulus will be more uniform
throughout the height of the specimen. Another fac-
tor that needs proper investigation is the permeability
changes at the nucleus-anulus interface. It is likely that
the nucleus may be more restricted in its fluid expres-
sion in the combined gel disc when compared to a single
component, which would result in a decrease in perme-
ability and an overall decrease in the fluid loss, which
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Figure 5 (a) Loading response of combined hydrogel disc -S1 (n = 4). (b) Creep strain (Load increased to 0.2 kN and held for 11 h 30 min while the
specimen was allowed to consolidate).

the finite element model is not able to capture. The
ABAQUS consolidation model predicts water loss ac-
cording to Darcy’s equation [20] where the fluid flow
is proportional to the product of the permeability and
the applied pressure gradient. Given that there is good
agreement between the finite element predicted and the
experimental values, the combination of permeability,
its variation with strain, the elastic modulus and the
voids ratios used in these models are reasonably ac-
curate. Hence, the overall stress pattern predicted by
the finite element model is a reasonably good indica-
tor of the actual stress pattern experienced across the
hydrogel.

The overall variation in the stress distribution pattern
across the hydrogel model shows marked similarities
to what is reported for both experimental [25, 26] and
finite element [23] cases of stress distribution pattern
in biological IVD’s under creep loading. The current
model demonstrates the important role of the nucleus
in load carriage given that the central nucleus initially
carries a total compressive load higher than the applied
average of 0.35 MPa, also observed for biological IVD’s
[27]. The differential fluid loss indicating a higher loss
from the nucleus (volume loss—13.25%, 0.391 g) over
the anulus (volume loss—9.1%, 0.365 g) is accompa-
nied by a fall in the pore pressure over the nucleus
(Fig. 6) causing the overall compressive stress to re-
distribute itself over the entire disc area. This is seen by
the increase in the annular solid stress (particularly over

Figure 6 The effect of long term loading on the compressive stress dis-
tribution on the hydrogel IVD in the mid radial direction. Regions as
marked Nucleus (1–3), Anulus (4–6).

Figure 7 The velocity plot for the hydrogel IVD at 690 min. The area
enclosed shows fluid flowing from nucleus to anulus at the nucleus-
anulus interface.

point 4) (Fig. 6). The velocity plot for the model (Fig. 7)
shows that while the axial pathway through the nucleus
is the preferred pathway due to the higher permeability,
fluid flows from the nucleus to the anulus, which would
indicate a delay in the transference of stress over to the
solid component in the anulus. Given that in the biolog-
ical IVD the radial permeability drops to almost zero
in the outermost lamellae thus effectively acting as an
impermeable membrane [28] (unlike the current model,
which shows fluid loss through the anulus boundary),
this radial fluid flow from nucleus to the anulus is pos-
sibly a mechanism in the biological IVD to minimise
damaging stresses developing in the annular fibres un-
der long term loading, by allowing the fluid to carry the
applied load.

7. Conclusion and future work
The intervertebral disc model developed shows impor-
tant similarities to the natural IVD under compression
that includes differential fluid loss, preferential fluid
flow and stress transference from nucleus to anulus un-
der long-term creep loading. The model shows a good
repeatability with respect to deformation and fluid loss
and has potential to be used in future studies that are
aimed at understanding better the relationship between
fluid flow and applied compressive stress in biologi-
cal IVD’s, using non invasive techniques such as MRI.
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The ABAQUS consolidation model implemented is ad-
equate to predict the fluid loss but is unable to capture
material creep that is not related to fluid loss. A fu-
ture improved model would consider incorporating the
effects of material creep.

Appendix A
The modified Carman Kozeny equation is given as

D = (1 − ρ)d2/80 [22]

Where D is the permeability of the solid matrix (units
m2), d is the pore diameter (m) and ρ is the relative
density of the drained network.

The absolute permeability k (units m4N−1s−1) from
Darcy’s law and D the permeability are related by k =
D
nL

where nL is the viscosity of the fluid (units N·s·m−2)
Taking the pore diameter for the gel can be con-

sidered to be 0.5 µm based on scanning electron mi-
crographs and nL for water = 0.000891 N.s.m−2 and
ρ = 0.9 which is a reasonable assumption,

D = 0.1 × (5 × 10−7)2

80
m2 = 3.125 × 10−14m2

from

k = D

nL
, k = 3.125 × 10−14

0.000891
m4N−1s−1

= 3.507 × 10−11m4N−1s−1

Taking γw the specific weight of water to be
9965 N·m−3 the specific permeability ks as required
by ABAQUS is then found

ks(m/s) = γw(N · m−3) × k(m4N−1s−1) = ks(m/s)

= 3.5 × 10−7m · s−1 = 3.5 × 10−4 mm · s−1

Hence the permeability value that is input as an ini-
tial value for the ABAQUS model is in the order of
0.0003 mm/s
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