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A B S T R A C T

The wedge-film and squeeze-film effects have been evaluated as a mechanism of hydrodynamic lubrication
without considering the relationship to the interstitial pressurization in biphasic lubrication. We hypothesized
that the synovial fluid pressure generated by articular motion suppresses the exudation of the interstitial fluid,
enhancing the biphasic lubrication ability of articular cartilage. To verify this hypothesis, the effect of the sy-
novial fluid pressure generated by the wedge-film effect was investigated, and in our previous study, it was found
that the synovial fluid plays an important role in hydrodynamic lubrication and biphasic lubrication. In this
study, the effect of fluid pressurization generated by the squeeze-film effect on biphasic lubrication was eval-
uated. First, we measured the pressure distribution in the squeeze-film fluid sandwiched between a plate and an
approaching cylindrical polyurethane indenter. Second, a synovial fluid pressure (SFP) articular cartilage model
was created in Abaqus based on our previous study, where the exudation of the interstitial fluid from articular
cartilage was regulated depending on the pressure difference between the interior and exterior of the cartilage.
Third, the fluid load support in the cartilage model was analysed at contact. The results revealed that the
squeeze-film pressure increased with increasing approach speed. The fluid load support ratio of the SFP model
was higher than that of the standard model at approach speeds of 1, 5 and 10mm/s. The synovial fluid pressure,
induced by the squeeze-film effect, influences the biphasic lubrication property of articular cartilage.

1. Introduction

Articular cartilage is composed of a collagen fibre network, pro-
teoglycans, and a large amount of interstitial fluid and has excellent
mechanical properties, such as low friction, high load-carrying capa-
city, etc. The surface of articular cartilage is lubricated by synovial
fluid, which is a viscous solution containing mucopolysaccharides,
proteins, and lipids. Synovial fluid plays an important role in the lu-
brication mechanism of articular cartilage. Many traditional lubrication
theories, such as boundary lubrication [1,2], hydrodynamic lubrication
[3–5], mixed lubrication [6], etc., have been developed to explain the
lubrication mechanism of articular cartilage. In these mechanisms, bi-
phasic lubrication [7,8] is involved in cartilage lubrication at high loads
and low friction speed. This theory was based on the framework of the
biphasic theory developed by Mow et al. [9], which models cartilage as
a biphasic material composed of solid and fluid phases, and both phases
resist externally applied compressive loads. In this theory, the frictional
resistance remains low owing to the nearly negligible shear resistance
of the fluid phase when the fluid phase supports a majority of the ex-
ternally applied load. Caligaris and Ateshian [10] experimentally

ascertained that interstitial fluid pressurization is responsible for re-
ducing the friction coefficient of articular cartilage under the condition
designed to mirror physiological conditions.

Previous studies related to biphasic lubrication [11–15] have fo-
cused on the effects of interstitial fluid on the lubrication property of
articular cartilage. However, the synovial fluid exterior of the cartilage
may affect hydrodynamic lubrication and biphasic lubrication, because
fluid inflow and outflow occurs at the cartilage surface owing to the
pressure gradient between the cartilage and synovial fluid. Hou et al.
[16] and Jin et al. [17] analytically determined the effect of the por-
osity of the articular cartilage on the squeeze-film effect, and they in-
dicated a possibility of inflow of fluid to the cartilage surface. Ad-
ditionally, Moore et al. and Graham et al. indicated that interstitial fluid
in articular cartilage was recovered by inflow of water from the contact
periphery, which, in turn, resulted in supporting cartilage lubrication
[18–20]. These fluid movements could affect the biphasic lubrication
property of articular cartilage. For hydrodynamic lubrication of ar-
ticular cartilage, the synovial fluid pressure is generated by the squeeze-
film and wedge-film effects at a narrow fluid gap between the sliding
and approaching cartilage surfaces. Under physiological conditions,
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such as walking, the squeeze-film effect plays a more important role
than that of the wedge-film effect for hydrodynamic lubrication, owing
to the cyclic loading pattern and low sliding speed of articular motion
[6,21]. Therefore, in previous studies, the effect of the synovial fluid
pressure on the biphasic lubrication property of articular cartilage was
evaluated [22–24], and the biphasic lubrication property was enhanced
by the wedge-film effect. Therefore, in this study, we performed an
experimental and analytical study to determine the influence of the
synovial fluid pressure induced by the squeeze-film effect on the bi-
phasic lubrication property of articular cartilage using a poroelastic
model.

2. Material and Methods

2.1. Measurement of the Fluid Pressure Distribution

The fluid pressure generated by squeezing was measured using a
custom tester (Fig. 1a). A cylindrical aluminium indenter (ϕ=26mm)
covered with a polyurethane sheet (thickness= 2mm) was attached to
a vertical linear actuator (LAH-46-3002-F, Harmonic drive systems Inc.,
Japan) with a load cell (LUR-A-500NSA1, Kyowa Electronic Instru-
ments Co., Ltd., Japan). Polyurethane was used as the articular cartilage
model material. A flat aluminium plate (A5052, arithmetic average
roughness Ra≤ 11 nm) was attached to the bottom of a liquid bath
filled with polyethylene glycol with a viscosity of 0.1 Pa·s (PEG400,
FUJIFILM Wako Pure Chemical Corporation, Japan). The viscosity of
the polyethylene glycol was selected based on the viscosity of synovial
fluid reported by Murakami et al. [25]. A pressure sensor (FOP-M, FISO
Technologies Inc., Canada) was embedded in the centre of the alumi-
nium plate. Using this set-up, the polyurethane indenter was ap-
proached to contact the aluminium plate with the constant approach
speed, and then the applied normal force was controlled until the
contact pressure reached to 0.26MPa. The squeeze film pressure gen-
erated in the gap between the indenter and plate was measured with the
pressure sensor embedded in the plate. The sampling frequency of the
measurement unit for the pressure sensor was 1 kHz. The above-men-
tioned test was performed at room temperature.

To measure the squeeze-film pressure, the moment of direct contact

between the upper indenter and lower plate was required. Therefore, an
electric circuit (Fig. 1b) was developed. An Au film was deposited on
the polyurethane to provide electrical conductivity using a sputtering
device (Quick coater SC-701, ANYU Electron Co., Ltd., Japan). The
thickness of the film was approximately 200 nm. Polyethylene glycol
used as a lubricant has a high electrical resistivity. Therefore, a change
in the applied voltage to the electrical circuit could be detected to verify
direct contact between the conductive indenter and plate.

The fluid pressure distribution (Fig. 1c) was measured as follows.
First, the centre of the indenter and the pin hole for the pressure sensor
were adjusted. Then, the indenter descended from 20mm above the
lower plate until the normal force of 40 N was reached (average contact
pressure= 0.26MPa). The approach speed was 1, 5, or 10mm/s. Si-
multaneously, the temporal change of the fluid pressure and voltage
were measured to detect direct contact. Then, the indenter position was
laterally shifted by 0.6mm, which is the length of the sensor hole, and
the above-mentioned experiment was performed. This procedure was
repeated until the distance between the centre of the indenter and
sensor hole reached 3.6mm. We extracted the maximum squeeze-film
pressure at the time of direct contact in each measurement position, and
we obtained the squeeze-film pressure distribution.

2.2. Construction of FEM Model

A two-dimensional poroelastic cartilage model was developed in
Abaqus 6.14 (Dassault Systemes, FR) (Fig. 2). The model contained a 2-
mm thick cylinder with an outer diameter of 30mm consisting of
poroelastic elements. Each element was 0.5×0.5mm2 in size, con-
sisting of a pore pressure, plane strain element (CPE4RP) as an isotropic
model of the solid phase of cartilage. This cylindrical cartilage model
was fixed on an impermeable and rigid body, and the outflow of water
was permitted only at the surface, except for the contact area and lat-
eral cross-section of the cartilage model.

The material properties of the cartilage model are listed in Table 1.
The Poisson's ratio of the solid phase was set at 0.49 based on Beatty
and Stalnaker [26]. The coefficient of friction of the cartilage to a metal
plate in solid-to-solid contact was obtained from our previous study
[27]. In the previous study, both a friction experiment and a friction

Fig. 1. Experimental apparatus for the measurement of the fluid pressure distribution (a), the electric circuit to detect contact (b), and the experimental scheme (c).
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analysis of articular cartilage were performed in a condition where
interstitial fluid sufficiently exuded. The coefficient of friction of the
cartilage in solid-to-solid contact in the analysis, when the experimental
data mostly agreed with analytical data, was adopted in this study.
Based on Eq. (1) by Lai and Mow [28], permeability k was formulated
with the initial permeability under no strain k0, permeability coeffi-
cients M, and volumetric strain ε. The initial permeability k0 and per-
meability coefficient M were determined from our previous studies
[29,30].

=k k exp Mε( )0 (1)

For the Abaqus calculation, the strain was transformed to porosity e
using Eq. (2)

= − +ε e e e( )/(1 ),0 0 (2)

where e0 represents the initial void ratio, defined as the void ratio under
no strain. The parameter e0 was set to 4 because the water content in
articular cartilage is approximately 80%, and water is incompressible.
In the analyses, Eqs. (1) and (2) were used to determine the perme-
ability in the articular cartilage. The modulus of the solid phase of the
cartilage model was determined from a compression test of poly-
urethane. Cylindrical plug-specimens of polyurethane, 3mm in dia-
meter and 1.3mm in depth were extracted from a polyurethane sheet.
In the compression test, the specimen was subjected to compressive
strain of 10% using a flat impermeable titanium alloy plate. The com-
pressive strain was kept for 30 s for allowing stress-relaxation. Through
this test, we obtained a stress-relaxation curve and found that the
modulus of polyurethane was 0.44 ± 0.01MPa (mean ± SE). The
obtained properties were applied to the standard articular cartilage
model.

To determine the effect of the synovial fluid pressure on the biphasic
lubrication property of articular cartilage, a synovial fluid pressure
model (SFP model) was established, in which the exudation of the in-
terstitial fluid from the articular cartilage was regulated depending on
the pressure difference between the applied fluid pressure and analysed
pressure of the surface elements using Eq. (3)

= − ∞v k p p( ) ,s w wn (3)

where vn, ks, pw, and pw∞ represent the normal vector of the pore water
flow velocity, permeability of the cartilage surface, pore pressure of the
surface element, and the synovial fluid pressure, respectively. The sy-
novial pressure distribution data, determined from the fluid pressure
distribution from the experiment described in Section 2.1, were plotted
against the distance from the centre of the contact area (Fig. 2, dotted
line). The pressure data at each measurement position within 3.6mm
were imported into the model as the synovial fluid pressure pw∞ of the
boundary condition. Although the fluid pressure induced by the
squeeze-film effect originally changes with time as the gap decreases,
we assumed that it was time-independent and had a spatial distribution,
because the period of contact was short. In the standard model, the
boundary condition identical to the SFP model was set, except pw∞ was
zero.

2.3. Compression Analysis

Using the developed articular cartilage models, a compression
analysis was performed. The cartilage indenter was used to indent to
the rigid surface until the normal force of 2.1 N (average contact
pressure= 0.26MPa) was reached, and the approach speed was 1, 5, or
10mm/s. The fluid load support ratio was calculated from the integral
of the pore pressure pw at the contact area S divided by the contact force
W using Eq. (4).

∫= p dS Wfluid load support ratio /w (4)

3. Results

The typical temporal change of the fluid pressure during the squeeze
motion is shown in Fig. 3. Two pressure peaks were observed for each
measurement in the section from 0mm to 2.4mm. Because the squeeze-
effect occurred before contact (Fig. 3a, dotted line), the first peak was
considered as the squeeze-effect induced peak pressure. Therefore, the
pressure at the moment of contact was extracted from the temporal
changes of the measured fluid pressure at each approach speed, and the
plots are shown in Fig. 3(b–d). For the contact region (0–2.4 mm), there
was an increasing squeeze-film pressure with an increasing approach
speed. Outside the contact region (2.4–3.6 mm), the pressure decreased
as the measurement point diverged from the centre of the indenter.

Then, the obtained pressure distribution at each approach speed
was substituted into the SFP model. The fluid load support ratios at
0.1 MPa and 0.26MPa of a contact pressure were analysed, as shown in
Fig. 4. In the standard model, the fluid load support ratio was 67.2%,
69.4%, and 71.7% at 0.1MPa of a contact pressure and 63.6%, 66.4%,
and 67.1% at 0.26MPa of a contact pressure at an approach speed of 1,
5, and 10mm/s, respectively. In the SFP model, the fluid load support
ratio was 68.7%, 70.3%, and 72.0% at 0.1 MPa of a contact pressure
and 64.9%, 66.8%, and 67.4% at 0.26MPa of a contact pressure at an
approach speed of 1, 5, and 10mm/s, respectively. The fluid load
support ratio was slightly higher in the SFP model than that in the
standard model at each approach speed of 1, 5 and 10mm/s.

at 0.1MPa of contact pressure (a) and 0.26MPa of contact pressure
(b).

4. Discussion

We performed an experimental and analytical study to determine
the effect of fluid pressurization induced by the squeeze-film effect on
the biphasic lubrication property of articular cartilage.

Two pressure peaks were observed in the temporal change of the
fluid pressure in the fluid pressure measurement in contact area
(Fig. 3a). Because the pressure induced by the squeeze-film effect was
generated before contact, the first peak was defined as the highest
squeeze-film pressure. The second peak of the measured pressure

Fig. 2. Compression analysis model with the boundary condition of the fluid
pressure.

Table 1
Mechanical properties of the cartilage model.

Solid phase

Modulus
(MPa)

Poisson's ratio Permeability
(10−15 m4/Ns)

Friction coefficient
(solid-to-solid
contact)

k= k0 exp (Mεm) [28]

Em ν k0 M μb

0.44 0.49 [Ref. 26] 5.55 [Ref.
29]

2.64 [Ref.
30]

0.42 [Ref. 27]
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occurred owing to the penetration of polyurethane into the sensor hole
after contact. To verify that the first peak was the highest squeeze-effect
pressure, we repeated the experiment using the same method pre-
viously described with a stiffer indenter covered with polyacetal having
a Young's modulus in the order of GPa. Therefore, only one peak of fluid
pressure appeared at the time of contact. This result implied that the
first pressure peak was caused by the squeeze-film effect. Moreover, the
first peak pressure increased with an increasing approach speed
(Fig. 3b–d). This tendency of that the fluid pressure increases due to
increase in approach speed agreed with the natural behaviour of the
fluid governed by hydrodynamic lubrication. Therefore, the first peak
pressure was the highest pressure induced by the squeeze-film effect.
However, the pressure peak at the centre as seen in the pressure dis-
tribution governed by squeeze-effect of hydrodynamic lubrication
wasn't observed in the fluid pressure distribution results (Fig. 3b–d). As
a result of measuring the surface shape of the indenter, the radius of
curvature of the indenter surface was a bit larger than the assumed
15mm and had the microscopic waviness. Therefore, it is considered
that the surface shape of the indenter, especially within the contact

region was not an ideal cylindrical shape but was flattened with the
microscopic waviness due to the process of gluing polyurethane sheet
onto the cylinder. This suggests that the fluid pressure distribution
where there is no peak at the center and it has large variation in
pressure due to the flattened shape of vertex areas of indenter with
microscopic waviness. Ikeuchi et al. [31] and Ruggiero et al. [32] re-
ported that high pressures in the order of MPa were generated by the
squeeze motion in the hip joint and ankle joint, respectively. In biolo-
gical joints, synovial fluid pressure may increase to a high value owing
to the high conformity of the confronting articular cartilage surfaces.
However, a contact model of a cylinder versus a plate was used for
simplicity and generality of the experiment and analysis in this study.
Because of the shape of the model and the limitation of the pressure
measurement using the pin-hole, the measured fluid pressure could be
lower in this study than that in a physiological situation. Moreover, the
joint load may increase up to 2 kN within 0.2–0.4 s at the knee and hip
joints in normal walking [33]. The approach speed set in this study was
slower than that of physiological conditions. In addition, the viscosity
of human synovial fluid reported by Cooke et al. [34] is in the order of

Fig. 3. Temporal change of the fluid pressure and voltage at an approach speed of 1mm/s and at 1.0 mm from the center of the indenter (dotted line: moment of
contact detected from voltage change) (a), Fluid pressure distribution at an approach speed of 1mm/s (b), 5 mm/s (c), and 10mm/s (d) by mean ± SD (n=5, †:
p < .05 (1mm/s vs 10mm/s), ‡: p < .05 (5mm/s vs 10mm/s) in Tukey-Kramer post hoc test), Distribution effect (p < .05), Speed effect (p < .05) in two-way
mixed design ANOVA.
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10−2 to 102 Pa･s, while the viscosity of the lubricant used in this study
was 10−1 Pa･s. This could be why the measured fluid pressure was low
in this study. In addition, the elastic modulus and Poisson's ratio of
polyurethane were used as mechanical properties of the cartilage model
in order to make the analysis condition agree with that of the experi-
ment. However, since the elastic modulus of articular cartilage is in the
range of 0.2–1.3MPa [3,35,36] and the Poisson's ratio is in the range of
0.42–0.50 [37–39], the values used in the analysis are within these
cartilage mechanical properties. Therefore, the obtained information
could be qualitative without providing numerical values; however, the
information is valuable for evaluating the effect of fluid pressurization
on the biphasic lubrication in articular cartilage.

The fluid load support ratio in the SFP model was higher than that
of the standard model at each approach speeds of 1, 5 and 10mm/s
(Fig. 4). Because the contact force W was constant at loads of 0.1 MPa
and 0.26MPa, the fluid load support ratio was dependent on the in-
tegration of the pore pressure. The model of the fluid pressure outside
of the cartilage suppressed the outflow of the interstitial fluid, which
resulted in a pore pressure increase inside the cartilage in the SFP
model. However, there was a slight effect of the fluid pressure when
increasing the fluid load support ratio: 1.5%, 0.9% and 0.3% at 0.1 MPa
of a contact pressure and 1.3%, 0.4%, and 0.2% at 0.26MPa of a
contact pressure at each approach speed of 1, 5 and 10mm/s, respec-
tively. Although the fluid pressure pw∞ induced by the squeeze-film
effect measured in this study was higher than that induced by the
wedge-film effect reported in our previous study [24], the fluid load
support showed a minimal increase in this study. The effect of the
suppression of the interstitial fluid outflow by the synovial fluid pres-
sure is controlled by a balance of two factors: the pore pressure pw
caused by deformation and the synovial fluid pressure pw∞. Because the
pore pressure pw depends on the approach speed, the pore pressure
exceeds the synovial fluid pressure pw∞, and the fluid load support ratio
was not affected by the synovial fluid pressure at an approach speed of
10mm/s. In the compression analysis, the measured fluid pressure pw∞

was applied to the gap between the cartilage model and rigid plate. The
gap near the centre of the indenter disappeared at an early period of
compression owing to the deformation of the indenter. Therefore, a
higher fluid pressure near the centre of the indenter was applied for a
short duration. This could have reduced the suppression effect of the
fluid pressure as the contact pressure increased (Fig. 4). The differences
in the fluid load support ratio between the SFP and standard models
decreased with an increase of the load at each approach speed.
Therefore, the effect of suppression was higher at a low load than that

at a high load. The fluid pressurization induced by the squeeze-film
effect could improve biphasic lubrication at an early stage of joint
contact. Therefore, an experimental and analytical study of the entire
articular motion, including the squeeze-film and wedge-film effects,
should be performed.

In this study, a compression analysis was performed to determine
the effect of the squeeze-film pressure, and a friction analysis was not
performed. However, a higher fluid load support ratio at loading would
contribute to the reduction of the friction coefficient immediately after
the motion began. Because the squeeze-film effect thought to be the
main regime of hydrodynamic lubrication as the lubrication mechanism
of the cartilage [6,21], a high fluid pressure induced by the squeeze-
film effect is expected to have a significant effect on biphasic lubrica-
tion. Further investigation is required to better understand the lu-
brication mechanism of articular cartilage.

5. Conclusion

We performed an experimental and analytical study on the effect of
hydrodynamic fluid pressurization induced by the squeeze-film effect
on the biphasic lubrication property of articular cartilage. The fluid
load support increases owing to pressurization at the initial stage of
contact; however, the overall effect was minimal for fluid pressuriza-
tion induced by the squeeze-film effect using a simple contact model of
a cylindrical-shaped elastic body against a rigid flat plate.
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