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Abstract

INTRODUCTION

Degeneration of articular cartilage in synovial joint has long
been recognized as the main source of osteoarthritis (OA). It is
generally accepted that the biomechanical properties of articular
cartilage was more sensitive to pathologies changes of the tissue.
In previous studies, the biomechanical properties of the cartilage
have been characterized based on the idealized physical
conditions of the cartilage. This may contribute to inaccuracy of
the results because the articular cartilage are geometrically
inhomogeneous across the synovial joint. Therefore, the aimed
of this study is to examine the effect of the cartilage thickness on
biomechanical behavior of the cartilage tissue using
computational and experimental methods. Cartilage specimens
obtained from bovine humeral heads were used to conduct creep
indentation tests. In computational study, axisymmetry
poroelastic finite element (FE) models were developed based on
the measured thickness and curvature for each of the specimen
to observe the contact pressure and pore pressure of the
cartilage. Based on the individual thickness of the specimen, the
cartilage biomechanical properties of elastic modulus and
permeability were then characterized by integrating the FE
model and creep indentation test. The FE analysis shows that the
cartilage thickness was observed to be more significant effect on
the pore pressure compared to the contact pressure. Moreover,
the cartilage thickness was crucial in characterizing the properties
where the effect on the characterized elastic modulus and
permeability could reached to 150% and 119% respectively.
This findings show the importance of the cartilage thickness in
order to study the biomechanical behavior of articular cartilage
across synovial joint.

Osteoarthritis (OA) also known as degenerative joint disease is
one of the common major causes of disability [1],[2],[3]. It was
reported that 15% of the world’s population suffered from OA
where 25% of the patients were over 55 years old [4]. The
typical early symptom of OA is the limitation of the joint
movement where the patient have difficulties in their movement
in daily activities which then lead to chronic joint pain [2].
Although there are various causes of OA, it is well known that
degeneration of articular cartilage is the most common cause of
OA [5],[6]. The treatments of OA are based on the condition of
the OA patient from physical activities, medications and
physiotherapies. However, severe OA patient requires prosthetic
replacement of the articular surface known as arthroplasty [7].
Articular cartilage is a thin layer tissue which covers the end
surface of articular bone in a synovial joint. It has no blood
supply or nerve system and serves an important role as load
absorption in the human body [5]. Through the thickness of the
cartilage, there are four distinct zones with different composition
and characteristic at each layer [8]. The superficial zone at the
outer layer is 10-20% of articular cartilage thickness and consists
the highest water content compare to other zones [9],[7]. The
middle zone represents 40-60% of the cartilage volume and
contains more proteoglycans which provides swelling pressure
and highly stable hydrated structure [10]. The deep zone
represent 30% of the cartilage volume is responsible in
providing the greatest resistance to compressive forces, while
the last layer is the calcified zone that plays an integral role in
securing the cartilage to bone by anchoring the collagen fibrils to
subchondral bone [9]. The flow of the water through the
cartilage is to provide lubrication and help to transport and
distribute nutrients. Further experimental studies have shown
that the articular cartilage consists of two phases which are 1522% solid phase and 60-85% fluid phase [11]. This structure
contributes to inhomogeneous and uniqueness of the cartilage
behavior.
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In previous computational models, various constitutive material
formulations have been used to describe cartilage in finite
element (FE) models from single-phase to multiphase. These
material formulations were applied to study the mechanical
function of synovial joint under different loading and
pathological conditions. The single-phase could describe the
mechanical behavior of the cartilage under static, instantaneous
and equilibrium conditions [12]. However it is unable to
describe the time-dependent creep and stress-relaxation
behaviors of the cartilage. The behavior of the cartilage is best
understood when the tissue is represented as biphasic material
which consists of solid and liquid phases [13], [14].

was also represented as idealized geometrical shape to
characterize the biomechanical properties [19]. Studies have
found that the thickness of the cartilage varies at different
synovial joint and different locations in the same joint [21]. This
may contribute to inaccuracy of the computational results and
characterized properties because of the physical nature and
inhomogeneity across articular cartilage. Therefore, the aim of
this study is to examine the effect of thickness on biomechanical
behavior of cartilage using computational and experimental
methods.

Two important biomechanical properties of cartilage in biphasic
theory are elastic modulus and permeability. Permeability
indicates the rate of fluid flow of the tissue and it is not constant
throughout the tissue, where it is higher near the cartilage
surface and lower in the deep zone. Elastic modulus is the
measure of the stiffness of cartilage tissue. It is important to
characterize the biomechanical properties of cartilage accurately
because it provide reference data for tissue development and
regeneration, biomaterial development, the functional
assessment of engineered and repaired tissues, and functional
imaging [15]. Furthermore, the properties can be used to monitor
the conditions and changes in cartilage before any visual
changes can be detected [16].

METHODOLOGY
The biomechanical behavior of cartilage tissue was examined
using both experiment and computational methods. For the
experimental study, the creep indentation test was utilized while
the cartilage thickness and curvature measurements were carried
out mainly to develop FE models. In computational method, FE
models were developed to simulate the indentation test using the
Abaqus 6.9-1 (DS Simulia Corp., Providence, RI, USA)
software. The biomechanical properties of cartilage were
characterized using the combination of the data from creep
indentation test and FE simulation.
Specimen Preparation

The biphasic biomechanical properties have been characterized
using a combination of experiment and numerical methods.
Recent computational advancement has utilized the FE method
to integrate with the experiment method [14], [17]. The
experiment methods that are commonly used are unconfined
compression, confined compression and indentation test.
However, the indentation test is widely used because it provides
a simple specimen preparation procedure and is close to
physiological constraints in deformation and fluid flow as it is
still attached to the supporting bone [13], [18].

Twelve cartilage specimens (n=12) abstracted from bovine
humeral head aged between three to five years old obtained from
local abattoir within 24 hours after slaughtered. The bovines are
local breed species (Kedah Kelantan, KK) with an average
weight of 200-250 kg. The femoral head was then cut into four
cartilage specimens and labelled as lateral left (LL), lateral right
(LR), medial left (ML) and medial right (MR) as shown in
Figure 1. The cartilage surface was kept moist with phosphate
buffered saline (PBS) solution during the cutting process in
order to avoid sample dehydration. The specimens were then
stored at 7ºC in moist condition within 48 hours prior testing.

In previous studies, computational models were based on
generalized cartilage thickness [19],[20]. Moreover, the cartilage
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Figure 1: (a) Articular cartilage of femoral head (b) Cartilage specimen.
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Figure 2: Schematic diagram of indentation test apparatus.

needle indenter was used to penetrate the cartilage tissue until it
reaches the underlying bone. The displacement of the needle and
the load response were recorded to determine the cartilage
thickness. The displacement and load reading were recorded
every sampling 0.001 seconds to enable an accurate
measurement of the cartilage thickness. The thickness was
obtained by determining the difference of the displacement
between the contact points of the needle to the cartilage surface
and to the subchondral bone which have been described
previously [22].

Cartilage Creep Indentation Test
Creep indentation test was carried out using the indentation
apparatus (Figure 2) and the procedure have been described
previously [22], [23]. The cartilage specimen was immersed in
PBS solution during the entire period of the testing to avoid any
dehydration and to maintain the environment of the cartilage in
synovial joint. Impermeable spherical indenter with 4 mm
diameter and 0.38 N compression load were used to intend the
cartilage surface which yielded 10% to 20% cartilage strain of
the cartilage thickness. The displacement was recorded
continuously at a sampling time of 0.01 seconds for 1000
seconds where the displacement had reached the equilibrium
state. All the data were recorded using the data acquisition
software (LabVIEW 8.5.1, National Instrument Corporation,
Austin, TX, USA). The deformation and time data of cartilage
will be used to characterize its biomechanical properties of
elastic modulus and permeability.

Finite Element Modelling
The articular cartilage and bones were modelled as
axisymmetric biphasic poroelastic model was developed to
replicate the creep indentation test using the Abaqus 6.9-1 (DS
Simulia Corp., Providence, RI, USA) as shown in Figure 3. The
cartilage models were developed based on the measured radius
ranging from 0.4 mm to 1.4 mm and measured thickness with 5
mm width. The 4 mm diameter spherical indenter was modelled
as an analytical rigid surface. The element types for cartilage
were set as four node bilinear displacement and pore pressure
elements (CAX4P), while four-node bilinear displacement and
pore pressure elements (CAX4) were used to represent the
underlying bone [20],[24].

Cartilage Thickness Measurement
The specimen was allowed to equilibrate in PBS solution for an
hour to ensure that the cartilage reforms to its initial shape after
the creep indentation test. The thickness measurement was
carried out subjected to 3.16 N loads indented to the point
marked on the cartilage surface using needle indenter. The sharp
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Figure 3: Axisymmetric FE model of curved-surface cartilage with flow boundary conditions.

The boundary and interface conditions were applied on the
cartilage and indenter to replicate the experiment creep
indentation test set up. The bottom nodes were constrained in
both horizontal and vertical directions whilst the nodes on the
axis were constrained in the horizontal direction. The spherical
indenter was only allowed to move in the vertical direction,
while the horizontal and rotational movements were constrained.
The contact-dependent flow condition was applied at the top
surface of the cartilage [20]. The fluid flow was prevented at the
bottom and vertical symmetry axis of the cartilage surface whilst
the outer edge nodes of the cartilage were maintained at zero
pore pressure to allow unrestricted fluid flow. This was
implemented at each increment such that flow was prevented
only in the region when it was in contact with the cartilage
surface. The material properties applied in the FE model are
shown in Table 1.

minimum time at which creep compression of the cartilage
could be compared reliably was 2 seconds after the load was
released. Automatic time increment was used with UTOL
parameter, which specified the allowed maximum change in
pore pressure in one increment at 600 kPa to produce acceptable
results [20]. The verification of the model was performed and
described previously [24],[13].

Characterization of Biomechanical Properties of the Articular
Cartilage
Data generated from the FE model and creep indentation test
were integrated in order to characterize the biomechanical
properties of elastic modulus and permeability. The initial values
of the properties were iteratively altered until the deformationtime curve generated from the FE model matched to the
experiment results. Non-linear least-square method was utilized
to perform the curve-fitting using ‘Isqnonlin’ function in Matlab
software (V7.12.0 R2011a, MathWorks Inc, MA, USA).

Table 1: Material properties for the FE model [24]
Parameter

Value

Young’s Modulus, 𝐸𝑐𝑎𝑟𝑡𝑖𝑙𝑎𝑔𝑒

0.54 MPa

Poisson’s ratio, 𝑣𝑐𝑎𝑟𝑡𝑖𝑙𝑎𝑔𝑒

0.08

Permeability, 𝑘𝑐𝑎𝑟𝑡𝑖𝑙𝑎𝑔𝑒

4.0 x 10 -15 m4/Ns

Young’s Modulus, 𝐸𝑏𝑜𝑛𝑒

2000 MPa

Poisson’s ratio, 𝑣𝑏𝑜𝑛𝑒

0.2

RESULTS AND DISCUSSION
The thickness of the cartilage were measured at lateral left lateral
right, medial right and medial left sides on the humeral head in
order to examine the thickness variation across the articular
cartilage. Based on the result shown in Table 2, it was observed
that the thickness varies across the articular cartilage ranging
from 0.69±0.38 mm to 0.90±0.47 mm. The average thickness of
the cartilage was 0.85±0.42 mm which is within the range to the
previous studies [25], [26].

In order to simulate the creep-deformation phenomenon, 0.38 N
ramp load based on the indentation test experiment was applied
on the indenter for 2 seconds and maintained for a further 1000
seconds. The 2 seconds ramp period is an instantaneous effect
was based on experimental studies, which found that the
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(a)

(b)

Figure 4: Distribution of contact pressure at the cartilage surface for different thickness after (a) 2 seconds (b) 1000 seconds

Table 2: Articular cartilage thickness of bovine humeral head.
Position

Thickness (mm)

Lateral left (LL)

0.70±0.33

Lateral right (LR)

0.83±0.51

Medial left (ML)

0.69±0.38

Medial right (MR)

0.90±0.47

cartilage tissue. The 0.4 mm cartilage thickness generated 63%
difference compared to 1.4 mm at 2 seconds as shown in Figure
5. However, at 1000 seconds, opposite trend was observed where
the 1.4 mm thickness generated the highest pore pressure. This is
due to the fluid flow spread towards the cartilage surface and
attempts to flow out of the tissue, which pressurizes the fluid and
allows the load-bearing. Based on these results, the pore pressure
was observed to be more significant effect on the cartilage
thickness as compared to the contact pressure.

The range of the thickness was then used in FE analysis to
examine the biomechanical behavior. Figure 4 shows the FE
analysis of contact pressure at 2 seconds and 1000 seconds.
Based on the results, it was found that the 0.4 mm cartilage
thickness generated 52% higher compared with 1.4 mm at 2
seconds. This trend was similar for 1000 seconds where the
percentage is slightly higher with difference of 56%. The graph
show the maximum thickness has the lowest contact pressure for
both 2 seconds and 1000 seconds. This is due to the higher water
content that decreased the concentration of collagen in the loadbearing region.

Further investigation was carried out to examine the
characterized biphasic biomechanical properties of the cartilage
where the average elastic modulus and permeability of the
cartilage were 1.23±0.91MPa and 1.33±0.54 ×10-15 m4/Ns
respectively. These properties were within the range compared
with the previous reported values [27], [28]. The characterized
properties based on the thickness of the cartilage are shown in
Figure 6. The cartilage thickness does give an effect to the
characterized biomechanical properties where the elastic
modulus increased when the thickness was increased and the
difference of the value could reached to 150% between cartilage
thicknesses. However, opposite trend was found for the
permeability where the difference of the value could reached to
119% between cartilage thicknesses.

The effect of thickness on pore pressure was also observed in FE
analysis to examine the state of the fluid flow throughout the
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(b)

(a)

Figure 5: Distribution of pore pressure at cartilage surface for a different thickness after (a) 2 seconds (b) 1000 seconds

(b)

(a)

Figure 6: Cartilage biphasic properties characterized from different cartilage thickness (a) elastic modulus (b) permeability

These indicate that it is important to consider the actual
thickness of articular cartilage in FE modelling and could be
crucial in characterizing the biomechanical properties.
Furthermore, studies have found that the thickness of the
cartilage varies at different synovial joint and different locations
in the same joint [21], [29].

cartilage, the biomechanical properties are able to be
characterized more accurately. The good sensitivity of the
cartilage thickness could be used for further investigation into
the pathology of cartilage degeneration.

NOMENCLATURE
CONCLUSIONS

OA

: Osteoarthritis

This study has examine the biomechanical behavior of cartilage
tissue across a synovial joint of bovine humeral head using
experimental and computational methods. The findings of this
study show that the thickness of cartilage does have an effect on
the biomechanical properties of articular cartilage across a
synovial joint. By considering the thickness and curvature of the

FE

: Finite Element

PBS

: Phosphate Buffered Saline

LL

: Lateral Left
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: Medial Left

knee joints,” 2005.
[9]

Sophia Fox, A. J., Bedi, A., and Rodeo, S.A., “The
Basic Science of Articular Cartilage: Structure,

MR

: Medial Right

k

: Permeability

Composition,

and

Function,”

Sport.

Heal.

A

Multidiscip. Approach, vol. 1, no. 6, pp. 461–468,
Nov. 2009.
[10]

Johnstone, B., Alini, M., Cucchiarini, M., Dodge, G.

ACKNOWLEDGMENT

R,

This study is funded by the Ministry of Higher Education of
Malaysia (MOHE), FRGS (RACE)/2013/FKM/TK2/1 F00200.
The support from the Universiti Teknikal Malaysia Melaka
(UTeM) is gratefully acknowledged.

Mauck,R. L., Semino, C. E., and Stoddart, M. J.,

Eglin, D., Guilak, F.,

Madry, H.,

Mata, A.,

“Tissue engineering for articular cartilage repair--the
state of the art.,” Eur. Cell. Mater., vol. 25, pp. 248–
67, 2013.
[11]

REFERENCES

Kazemi, M., Dabiri, Y., and Li, L. P.,, “Recent
Advances in Computational Mechanics of the Human

[1]

Egloff, C.,

Hügle, T., and

“Biomechanics

and

Valderrabano, V.,

pathomechanisms

Knee Joint,” Comput. Math. Methods Med., vol. 2013,

of

pp. 1–27, 2013.

osteoarthritis.,” Swiss medical weekly, vol. 142. 2012.
[2]

Tchetina,E. V.,

[12]

“Developmental Mechanisms in

[13]

[14]

knees,” Biosurface and Biotribology, vol. 1, no. 2, pp.

[15]

Insights Arthritis Musculoskelet. Disord., p. 27, May

Abd Latif, M. J., Z. Jin, and Wilcox, R. K.,

Appel, A., Anastasio, M., Larson, J. C., and Brey, E.
M.,“Imaging challenges in biomaterials and tissue

2014.

engineering.,” Biomaterials, vol. 34, no. 28, pp. 6615–

Bhosale, A. M., and Richardson, J. B., “Articular

30, Sep. 2013.

of

[16]

management.,” Br. Med. Bull., vol. 87, pp. 77–95, Jan.

Julkunen, P., Korhonen, R. K., Herzog, W., and
Jurvelin, J.S., “Uncertainties in indentation testing of

2008.
[8]

and

1352, May 2012.

Young, Active, and Athletic Individuals,” Clin. Med.

review

indenter

a

joint cartilage,” J. Biomech., vol. 45, no. 8, pp. 1346–

“Osteoarthritis in

and

cartilage:

“Biomechanical characterisation of ovine spinal facet

98–112, 2015.

injuries

experimental

of

Eng. H., vol. 215, no. 5, pp. 487–496, 2001.

Wang M. L., and Peng, Z. X., “Wear in human

structure,

of

indentation

physiological contact geometries.,” Proc. Inst. Mech.

Intern. Med., vol. 2, no. 2, pp. 205–212, 2011.

cartilage:

biphasic

comparison

factors, pathogenesis and features: Part I,” Casp. J.

[7]

“Orthopaedic

Warner, M. D.,Taylor, W.R., and Clift, S. E., “Finite
element

Heidari, B., “Knee osteoarthritis prevalence, risk

Amoako, A., and Pujalte, G.G,

H.,

Test. Finite Elem. Anal., pp. 171–195, 2007.

2006.

[6]

Bougherara,

Orthop. Biomech. A Pract. Approach to Comb. Mech.

Buckwalter, J., and Martin, J., “Osteoarthritis.,” Adv.
Drug Deliv. Rev., vol. 58, no. 2, pp. 150–67, May

[5]

and

Mechanical Testing and Finite Element Analysis,”

Arthritis, vol. 2011. pp. 1–16, 2011.

[4]

R.,

Biomechanics : A Practical Approach to Combining

Articular Cartilage Degradation in Osteoarthritis,”

[3]

Zdero,

articular cartilage: a fibril-reinforced poroviscoelastic

Boumans, J.H.W., and Wan, L.Q., “Swelling and

study.,” Med. Eng. Phys., vol. 30, no. 4, pp. 506–15,

curling behaviors of articular cartilage from bovine

5855

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 16 (2017) pp. 5849-5856
© Research India Publications. http://www.ripublication.com

[17]

[18]

May 2008.

Lindgren, R., Nieminen, M.T.,

Lei, L., and Szeri, A.Z., “Inverse analysis of

Jurvelin, J. S., “Estimation of the Young’s modulus of

constitutive models: Biological soft tissues,” J.

articular cartilage using an arthoscopic indentation

Biomech., vol. 40, no. 4, pp. 936–940, 2007.

instrument and ultrasonic measurement of tissue

Jin, H., and Lewis, J.L., “Determination of Poisson’s

thickness,” J. Biomech., vol. 34, pp. 251–256, 2001.

ratio of articular cartilage by indentation using

[19]

[26]

T., “Comparison of optical, needle probe and

no. 2, pp. 138–145, 2004.

ultrasonic techniques for the measurement of articular

Choi, A.P. C., and Zheng, Y.P., “Estimation of

cartilage thickness,” J. Biomech., vol. 28, no. 2, pp.

Young’s modulus and Poisson's ratio of soft tissue

231–235, 1995.
[27]

Hirvonen, J., Helminen, H., and

effect,” Med. Biol. Eng. Comput., vol. 43, no. 2, pp.

“Comparison of the equilibrium response of articular

258–264, 2005.

cartilage

Abd. Latif, M.J.,

Hashim, N. H.,

[28]

confined

Démarteau, O., Pillet, L., Inaebnit, Borens, O., and
Quinn, T. M., “Biomechanical characterization and in

Procedia Eng., vol. 68, pp. 109–115, 2013.

vitro mechanical injury of elderly human femoral head

Roemhildt, M. L., Coughlin, K.M., Peura, G. D.,

cartilage: comparison to adult bovine humeral head

Beynnon B. D., “Material

cartilage,” Osteoarthr. Cartil., vol. 14, no. 6, pp. 589–
596, 2006.

plateau.,” J. Biomech., vol. 39, no. 12, pp. 2331–7,

[29]

Li, J., Stewart, T. D., Jin, Z., Wilcox, R. K., and

Jan. 2006.

Fisher, J., “The influence of size, clearance, cartilage

Katta, J., Pawaskar, S. S., Jin, Z. M., Ingham, E., and

properties, thickness and hemiarthroplasty on the

Fisher, J.,“Effect of load variation on the friction

contact mechanics of the hip joint with biphasic

properties of articular cartilage,” Proc. Inst. Mech.

layers,” J. Biomech., vol. 46, no. 10, pp. 1641–1647,

Eng. Part J-Journal Eng. Tribol., vol. 221, pp. 175–

2013.

181, 2007.
Shepherd, D.E., and Seedhom,B. B., “Thickness of
human articular cartilage in joints of the lower limb.,”
Ann. Rheum. Dis., vol. 58, no. 1, pp. 27–34, 1999.
Pawaskar, S.S., Fisher, J., and Jin, Z., “Robust and
general method for determining surface fluid flow
boundary conditions in articular cartilage contact
mechanics modeling.,” J. Biomech. Eng., vol. 132, no.
3, p. 031001, 2010.
[25]

compression,

no. 7, pp. 903–909, Jul. 2002.

properties of articular cartilage in the rabbit tibial

[24]

unconfined

in Indentation Test: A Finite Element Study,”

Fleming, B. C., and

[23]

in

Jurvelin, J.S.,

compression and indentation,” J. Biomech., vol. 35,

Ramlan, R.,

Effects of Surface Curvature on Cartilage Behaviour

[22]

Korhonen, R., Laasanen, M., Töyräs, J., Rieppo, J.,

Finite element analysis of the finite deformation

Mahmud, J., Jumahat, A., and Abd Kadir, M. R., “The

[21]

Jurvelin, J. S.,Räsänen, T., Kolmonens, P., and Lyyra,

different-sized indenters.,” J. Biomech. Eng., vol. 126,

from indentation using two different-sized indentors:

[20]

Kiviranta, I.,and

Toyras, J., Lyyra-Laitinen, T.,

Niinimaski, M.,

5856

