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A lubrication replenishment theory for hydrogels†

Elze Porte, ‡*ab Philippa Canna and Marc Masena

Hydrogels are suggested as less invasive alternatives to total joint replacements, but their inferior tribological

performance compared to articular cartilage remains a barrier to implementation. Existing lubrication theories

do not fully characterise the friction response of all hydrogels, and a better insight into the lubrication

mechanisms must be established to enable optimised hydrogel performance. We therefore studied the

lubricating conditions in a hydrogel contact using fluorescent imaging under simulated physiological sliding

conditions. A reciprocating configuration was used to examine the effects of contact dimension and stroke

length on the lubricant replenishment in the contact. The results show that the lubrication behaviour is

strongly dependent on the contact configurations; When the system operates in a ‘migrating’ configuration,

with the stroke length larger than the contact width, the contact is uniformly lubricated and shows low

friction; When the contact is in an ‘overlapping’ configuration with a stroke length smaller than the contact

width, the contact is not fully replenished, resulting in high friction. The mechanism of non-

replenishment at small relative stroke length was also observed in a cartilage contact, indicating that the

theory could be generalised to soft porous materials. The lubrication replenishment theory is important

for the development of joint replacement materials, as most physiological joints operate under conditions

of overlapping contact, meaning steady-state lubrication does not necessarily occur.

1. Introduction

Hydrogels are considered as articular cartilage (AC) replacement
materials for the treatment of local joint damage.1,2 Hydrogels are
polymeric materials with a biphasic, porous structure, are often
biocompatible, and can be made with appropriate stiffness to
mimic cartilage.2 Using hydrogels to replace damaged AC would
provide a less intrusive and cheaper alternative to total joint
replacement procedures. Articular joints have to withstand millions
of motion cycles,3 and whilst the number of clinical studies into the
durability of hydrogels as AC replacement materials is limited, some
implanted hydrogels have shown early loosening and surface
wear.4,5 In addition, research has shown that the frictional
performance of hydrogels is lacking compared to AC.6–8 Developing
hydrogels with appropriate tribological properties requires a
detailed understanding of the governing lubrication mechanisms
under a range of loading and motion conditions.

The fluid load support theory is one of the foremost lubrication
theories for both cartilage and hydrogel lubrication.7–11

This lubrication theory relates the friction of AC to the

interstitial fluid pressure.12 Upon loading of the AC matrix,
the interstitial fluid pressurises, and consequently carries part
of the applied load. The sharing of load between the solid and
fluid phase at the contact interface determines the friction
coefficient.12 The evidence for fluid load support in hydrogels
comes mostly from friction measurements: a low friction value
is interpreted as a high level of fluid load support, and a high
friction value is interpreted as a low level of fluid load
support.7,8 However, friction measurements alone do not provide
sufficient evidence for fluid load support. In previous work13 the
authors used photoelastic stress measurements of hydrogels
during reciprocating frictional testing to show that the observed
frictional behaviour could not be related to fluid load support in
the material, and it was hypothesized that the replenishment of
lubricant in the contact governs the tribological behaviour of
the hydrogel.

Fig. 1 illustrates the distinction between the hypothesized
replenished and non-replenished regimes, dependent on the
contact conditions.13 When the stroke length is larger than the
contact width (42a), the system has a migrating contact
condition. This configuration was identified as a replenished
state, as the motion likely ensures sufficient lubricant supply in
the contact, either by a lubricating film or direct re-exposure
to the externally applied lubricant, to maintain low friction.
When the stroke length is shorter than the contact width (o2a),
an overlapping area in the contact is continuously loaded. This
condition was identified as a non-replenished state, as it is
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thought to relate to insufficient lubricant supply in the contact
and consequently high friction.

Considering these two different states is important for
biotribological testing protocols. In many interactions the area of
contact is often relatively large compared to the motion amplitude,
which means the lubrication condition can be classified as a non-
replenished contact. For example, a continuously loaded area was
identified in a hip joint during a full gait cycle14 and the range of
motion in a knee joint was estimated to be of the same order of
magnitude as the contact width.15 This physiological condition is
very similar to the overlapping contact configuration, i.e. when the
stroke o2a.

Reduced-scale experimental tests involving cartilage or hydrogels,
e.g. those using typical laboratory-based tribometer setups, are often
performed employing a contact width of several millimetres.16,17 The
stroke length can therefore be of a similar order of magnitude to the
contact width. For example, whilst investigating the effects of
sliding velocity, Accardi et al.18 changed the stroke length of the
reciprocating motion, and consequently changed the contact
conditions from a migrating to an overlapping contact configuration,
without specifically taking this into account.

The contact kinematics are known to affect potential starvation
of lubricated systems.19 However, few studies take the stroke
length into account as a cause of lubricant starvation.20,21 In total
knee replacements the friction coefficient was shown to increase
with reduced rotation angles, which was thought to relate to
lubricant starvation due to stroke length effects.21 An increasing
friction coefficient with decreasing stroke lengths was also
observed in cartilage–cartilage contacts,22 but the underlying
mechanism was explained by the level of fluid load support
provided by the cartilage. The number of studies that specifi-
cally consider the lubrication conditions in overlapping contacts
is limited, and more evidence of the governing lubrication
mechanism in these contact configurations is required.

One of the aspects that should be considered in hydrogel
tribology is the role of interfacial friction from polymeric
interactions.23–25 Friction forces in a contacting polymer system
are due to the stretching and relaxation of the polymer chains.24,26,27

The number of polymer interactions increases with the polymer

chain density, and the friction coefficient of hydrogel systems has
been related to the probability of chain–chain interactions.28 The
local water content in the contact of hydrogels has also been found
to affect friction forces, where friction was observed to increase due
to fluid drainage from the contact area.23,29

The friction coefficient of the polymer system can be expressed
in terms of the contact area and interfacial shear stress. The
interfacial friction force in a circular contact between a spherical
probe and flat surface can be described as:30,31

FF = tA = tpa2 (1)

with FF the friction force, t the interfacial shear stress, A the
contact area and a the contact radius. In Hertzian contact theory
the relationship between contact radius and applied load FN, is
given by:32

FN ¼
4E�a3

3R
(2)

with E* the combined elastic modulus and R the probe radius. The
combined elastic modulus for the glass–hydrogel contact system in
the current work is defined as E* = E/(1� n2) with E and n the elastic
modulus and Poisson’s ratio of the hydrogel. Adhesive forces
between the contacting bodies may influence the contact area
according to the Johnson, Kendall and Roberts (JKR) contact
model.33 The largest difference between the Hertzian and JKR
models was observed for dry contacts at very low loads, whereas
for higher loads the JKR model approaches the Hertzian contact.33,34

Because in the current work the hydrogels operate in a lubricated
environment at relatively high loads, the contacts in this study can
be accurately described using the Hertzian contact model.35

Substituting eqn (1) and (2) into Coulomb’s friction law results
in the following proportionality for the coefficient of friction:

m ¼ FF

FN
¼ tpa2

4E�a3

3R

/ a2

a3
(3)

In the non-replenished regime we expect the contact area to
be composed of a poorly lubricated part (the overlapping area
in Fig. 1) and a well-lubricated part. The friction force in the
contact can be described as:

FF = tnrAnr + trAr (4)

with tnr and tr the interfacial shear stresses in the non-
replenished and replenished area respectively and Anr and Ar

the non-replenished and replenished area sizes respectively.
The poorly lubricated part will have much higher interfacial
shear forces compared to the well-lubricated replenished area,
i.e. tnr c tr. Inserting this into eqn (4) gives:

FF E tnrAnr. (5)

Replacing the term for FF in eqn (3) by the term in eqn (5)
gives the expected proportionality for the friction coefficient in
a non-replenished contact:

m ¼ FF

FN
/ Anr

a3
: (6)

Fig. 1 Configurations and contact conditions in the replenishment hypothesis.
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Eqn (5) and (6) indicate that in a non-replenished contact the
friction increases with the size of the overlapping or non-
replenished area. Fluorescent imaging of the lubricant will be
used to identify a non-replenishment area in the contact.

In this manuscript, we aim to test the replenishment hypothesis
by providing experimental evidence for the lubricant replenishment
of an overlapping contact and relating this to measured friction
values.

2. Experimental
2.1 Hydrogels

Hydrogels were prepared following the method reported
previously.13 In summary, for the ‘base’ hydrogel, an optically
transparent gel was obtained by dissolving 15 wt% poly(vinyl
alcohol) pellets (PVA, 146 000–186 000 Mw, 99+% hydrolysed,
Sigma Aldrich, UK) in a mixture of 80 wt% di-methyl sulfoxide
(DMSO, Z99%, FG, Sigma-Aldrich, UK) and 20 wt% ultra-pure
water.36 The mixture was moulded into a 45 � 120 � 8 mm
rectangle and frozen at �23 1C for 20 hours. After freezing, the
samples were cut to smaller rectangles of 45 � 24 � 8 mm and
stored in ultra-pure water, which was regularly changed over the
course of at least a week to rinse the DMSO from the samples.
The elastic modulus of this hydrogel in unconfined compression
was found to be between 0.1–0.25 MPa, depending on the applied
strain.13

A more compliant hydrogel was included in this study to test
the general applicability of the replenishment theory. This ‘soft’
hydrogel had a lower compressive stiffness (0.05–0.08 MPa) com-
pared to the base hydrogel, which was achieved by using a lower
polymer content (5%) compared to the base material (15%). The
preparation procedure was the same as for the base hydrogel.

2.2 Tribological testing

Friction tests were performed on the Biotribology Machine
(BTM, PCS Instruments, UK) in two different configurations.
Fig. 2 shows a schematic overview of the two setups. The
configuration in Fig. 2a has a convex glass lens (20 � 20 mm,
#45-237, Edmund Optics, UK) in the upper position, rubbing in
reciprocating motion against a stationary lower sample of
hydrogel. The configuration in Fig. 2b consists of a transparent
hydrogel sample in the upper position rubbing in reciprocating
motion against a stationary glass lens (20 � 20 mm, #45-237,
Edmund Optics, UK) in the lower position. Recordings of the
fluorescent lubricant were taken in this configuration using a
stereo microscope (SMZ1270, Nikon, Japan). Specimens in the
lower position were glued to a glass slide that can be attached to
the lower stationary platform. Force transducers are attached to
this platform to record the friction forces.

The configuration in Fig. 2a was used for all tests that did
not require fluorescence observations, because setting-up the
test and changing the specimens is much easier and control-
lable in this configuration compared to the one in Fig. 2b, which
was therefore used only for the fluorescence measurements. The
measurement of the friction force did not observably change

between the configurations. The friction coefficient is calculated
by taking an average value of the friction force over the middle
50% of each stroke to exclude effects of the turning point. The
average difference between the maximum/minimum values and
the calculated average over a stroke varied between 0.03–0.06 N,
depending on the measured friction value.

Tests were performed with controlled normal loads of 0.5,
0.9, and 1.8 N on the base hydrogel and 0.9 N on the soft
hydrogel. The resulting contact pressures ranging between 10
and 50 kPa are relatively low compared to contact pressures in
joints (several MPa peak pressure14,37), because the maximum
pressure was limited by the size and shape of the lens and force
restrictions of the experimental setup. All tests were performed at an
average sliding velocity of 20 mm s�1, which is a representative
physiological condition with other studies identifying physiological
sliding velocities varying between 1–60 mm s�1.16,17,38,39 Table 1
summarises the contact conditions of the tests. Stroke lengths
ranging between 3–10 mm and 6–16 mm were used on the base
and soft hydrogel respectively to perform tests for both migrating

Fig. 2 Configurations of the BTM: (a) rectangular hydrogel in lower
position with glass lens in upper position and (b) rectangular hydrogel in
upper position with glass lens in lower position for fluorescent measurements.

Table 1 Summary of contact conditions

Test conditions Base Soft

Applied load 0.5–1.8 N 0.9 N
Sliding velocity 20 mm s�1 20 mm s�1

Approx. contact width (2a) E4.8–6.7 mm E9.9 mm
Approx. contact pressure E0.03–0.05 MPa E0.01 MPa
Stroke length 3–10 mm 6–16 mm
Frequency 1–3.3 Hz 0.6–1.7 Hz
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and overlapping conditions. To ensure the average sliding velocity
was 20 mm s�1 for each test, regardless of chosen stroke length, the
motion frequency was adapted between 0.6–3.3 Hz.

2.3 Fluorescent measurements and analysis

To visualise the lubricant in the contact, fluorescein sodium
salt (used as fluorescent tracer, Sigma Aldrich, UK) was dis-
solved in ultra-pure water at a 0.05% w/w concentration to
create a fluorescent lubricant. The stereo microscope was fitted
with a P-EFL Epi-fluorescence attachment with GFP-L filter
(Nikon, Japan). A blue light source (420–500 nm, pE-300 white,
CoolLED, UK) was used to excite the fluorescein at its excitation
wavelength of 460 nm. The emitted light at 515 nm passed
through the GFP-L filter and the fluorescent emission images
were captured using a Grasshopper 3 camera (2.3 MP, Point
Grey Research, Canada). A 10 ml drop of lubricant was applied
to the glass lens before each test. A new hydrogel test sample
was used for every test, as the fluorescent dye diffuses into the
porous hydrogel sample during tests.

To investigate the relationship between friction and contact
replenishment the size of the poorly lubricated non-replenished
area was quantified from the fluorescent contact images. Fig. 3a
shows a representative fluorescent intensity map of a contact
with a clear non-replenished area. The contact area is indicated
by the white circle, and the blue area in the centre of the contact
indicates an area with a low fluorescence intensity that relates to
a lack of lubricant. The size of this non-replenished area was
quantified by taking an intensity profile through the centre of the
contact, as indicated by the dashed line. The intensity profile is
shown in Fig. 3b.

Minimum and maximum intensity thresholds were set to
approximate the width 2w of the non-replenished area. The
lower threshold was set at a level of 5 intensity units, because
this was the lowest at which the non-replenished area could be
distinguished in all images. The upper threshold was set at 7
intensity units, because this was the highest value at which no

values clearly outside the non-replenished area would be included
for all images. These thresholds are indicated in Fig. 3b with the
corresponding minimum and maximum non-replenished width
highlighted in green and blue respectively. The average width
between the minimum and maximum width was used to calculate
the average non-replenished area size.

Fig. 3c shows the fluorescence measurement of Fig. 3a, with
the two black circles representing the size of the contact
superimposed. The curvature of the non-replenished area fits
the curvature of the contact area, meaning that the size of the
non-replenished area can be calculated as the overlapping area of
the two black circles. The non-replenished area was calculated
from the measurements of the non-replenished width 2w and the
contact width 2a, as schematically represented in Fig. 3d, as the
area of a circle segment:40

Anr ¼ 2 a2 cos�1
a� w

a

� �
� ða� wÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2aw� w2
p� �

(7)

As shown previously15 this relationship can be approximated by:

Anr � 3:2w
ffiffiffiffiffiffi
wa
p

(8)

Inserting this approximation for the non-replenished con-
tact size into eqn (6) provides the following proportional
relationship for the expected coefficient of friction for a contact
operating in the non-replenished regime:

m ¼ FF

FN
/ Anr

a3
/ w1:5

a2:5
(9)

3. Results and discussion
3.1 Typical friction traces and fluorescent images

Fig. 4a shows the average friction traces for three stroke lengths
with 0.9 N load on the base hydrogel, using the configuration
shown in Fig. 2a. These traces are representative for the
different contact conditions, which can be catergorised based
on the relative stroke length Srel, defined as Srel = stroke/2a;

Fig. 3 Approximation of non-replenished area width with (a) representative fluorescent map with clear non-replenished area, white dashed line
indicating the position for the intensity profile, (b) intensity profile indicating the minimum and maximum thresholds and non-replenished widths,
(c) fluorescent image with superimposed contact size, and (d) schematic drawing of non-replenished area.
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a 4 mm stroke with an overlapping contact (Srel o 1, green
line), a 6 mm stroke with a migrating contact (Srel 4 1, orange
line), and a 5 mm stroke in between the overlapping and
migrating conditions (Srel E 1, blue line). The graph shows
that the 4 mm stroke resulted in a clearly rising friction
coefficient over time and the 6 mm stroke resulted in a stable
and low friction coefficient over time. This is in agreement with
results obtained in previous work13 with a similar distinction
between short and long stroke lengths. The average friction
coefficient for the 5 mm stroke lies between the low friction of
the 6 mm stroke and the high friction of 4 mm stroke. Further
analysis will use the friction coefficient and fluorescent profiles
taken towards the end of a test as indicated by the arrow and
dotted line in Fig. 4a.

The lubricant replenishment in the contact was monitored
using the stereomicroscope throughout the duration of the
tests (300 s) using the configuration shown in Fig. 2b. Fluor-
escent images were taken immediately after the starting the test
and every subsequent 50 s, and each test condition was
repeated on three samples. Fig. 4b shows representative images
of the fluorescent intensity in the contact towards the end of the
test for the base hydrogel at 0.9 N at 4 mm stroke length
(Srel o 1), 5 mm stroke length (Srel E 1), and 6 mm stroke
length (Srel 4 1). Images of all tests on the base hydrogel are
included in the ESI† (Fig. S1). The approximate contact area is
shown in the images with a white line, and the width of the
non-replenished area is indicated with a red dashed line. The
images show that the replenishment of the contact relates to
the stroke length: the 4 mm stroke length shows a clear area with
very low fluorescent intensity, indicating non-replenishment of
the contact. The 6 mm stroke length shows uniform fluorescent
intensity throughout the contact and therefore a fully replenished

contact. A low intensity area is visible in the contact for the
5 mm stroke, albeit much less pronounced than for the 4 mm
stroke. These fluorescence results can be directly linked to
observed variations in the friction results: low friction values
were measured for all tests that showed a fully replenished
contact, and high friction values were measured for all tests with
a non-replenished area.

3.2 Relationship between friction and replenishment

Friction measurements were performed for 300 s for all experi-
mental variations using the configuration shown in Fig. 2a and
at the same sliding speed of 20 mm s�1. All measured friction
traces showed similar behaviour as shown in Fig. 4a: non-
replenished contacts resulted in elevated friction levels at the
end of the tests and replenished contact conditions showed
low friction levels throughout the tests. The current study uses
the friction coefficient mend, which was calculated as the average
friction coefficient over the last 5 cycles before the end of a test
at 300 s, in combination with a relative stroke length to
investigate the replenishment of the different hydrogels and
loading conditions.

Fig. 5 shows the friction coefficient at the end of the test mend

plotted against the relative stroke length for all experiments
done on both the base hydrogel and the soft hydrogel. The first
point of interest is the transition between the replenished and
non-replenished regimes, which is indicated by the vertical
dashed black line at Srel E 1. The graph shows that for all test
conditions the friction was relatively low for values Srel 4 1, and
the friction increased strongly with decreasing stroke length for
values Srel o 1. This means the overlapping contact condition
(Srel o 1) provides a good indication of the transition into the
non-replenished regime for all test variations.

Fig. 4 (a) Average friction coefficient for three tested conditions; 4 mm, 5 mm, and 6 mm stroke, shaded areas represent the standard deviation (n = 6);
(b) fluorescent intensity maps of the contact area – representative examples for tests at 4 mm, 5 mm, and 6 mm stroke.
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The second point of interest is the frictional behaviour in
the non-replenished regime (Srel o 1). The grey dotted lines
were added in Fig. 5 to highlight the dependence between the
relative stroke length and the friction coefficient in both friction
regimes. In the non-replenished regime, the friction coefficient
increases rapidly with decreasing stroke length. The finding
that the frictional behaviour increases strongly with decreasing
relative stroke length confirms that the tribological behaviour
is likely driven by the size of the overlapping area. The relation-
ship between friction and non-replenished area is further
investigated in part (a) of this section, and part (b) further
discusses the lubricant loss mechanism in the non-replenished
regime.

The third point of interest is the frictional behaviour in the
replenished regime (Srel 4 1). All test variations in the replenished
regime show a relatively low friction compared to the non-
replenished regime, and the friction coefficient decreases slightly
with increasing stroke length. The friction coefficient in the
replenished regime shows higher values for the soft hydrogel
(40.1) compared to the base hydrogel (o0.1). The mechanisms
of replenished lubrication thought responsible for this frictional
behaviour are further discussed in part (c) of this section.

(a) Relationship between friction and non-replenished
area. The frictional behaviour can be related to the size of the
non-replenished area by combining the friction measurements with
the fluorescent measurements. Fig. 6a indicates the relationship
between FF and Anr as described in eqn (5), and Fig. 6b uses
m p w1.5/a2.5 as described in eqn (9). These graphs include all
measurements taken at a normal load of 0.5 N, 0.9 N, and 1.8 N on
the base hydrogel and at 0.9 N on the soft hydrogel. Dashed lines
are added to guide the reader’s eyes and indicate the linear
approximate relationship FF p Anr and mp w1.5/a2.5. The errorbars
in x-direction indicate the range of the minimum and maximum
non-replenished area Anr and non-replenished area measure
w1.5/a2.5, depending on the minimum and maximum size of the
non-replenished area, as previously shown in Fig. 3b. The aggrega-
tion of data points at the origin of the graph, i.e. towards a
non-replenishment area of 0 mm2 and a friction force close to
0 N represent the results that showed uniform fluorescent
distribution in the contact.

The graph in Fig. 6a shows that the measured friction force
increased with increasing size of the non-replenished area. The
different dotted lines indicate that the increase of the friction
force with increasing non-replenished area is much steeper for
the base hydrogel than for the soft hydrogel. The friction force
is relatively low for the soft hydrogel, since the non-replenished
area is about 4 to 5 times larger than for the base hydrogel at
similar friction forces. When converting these forces and areas
to the coefficient of friction and the non-replenished area
measure w1.5/a2.5, as shown in Fig. 6b, the results obtained
for both hydrogels align.

The observation that the soft hydrogel showed a lower
friction force, but a similar friction coefficient compared to
the base hydrogel highlights the role of contact mechanics. For
hydrogels with different stiffness the full derivation of the
friction coefficient from eqn (3)–(9) should be considered:

m / t
E�

R
w1:5

a2:5
(10)

Since the friction curves in Fig. 6b follow the same trend
relating m p w1.5/a2.5 for the soft and base hydrogels, the ratio
t/E* for both hydrogels must have similar values. The elastic
modulus of the soft hydrogel was lower than that of the base

Fig. 5 Friction coefficient mend and relative stroke length for all test
variations. Dotted lines were added to guide the reader.

Fig. 6 Relationship between: (a) friction force and non-replenished area
size and (b) friction coefficient and non-replenishment measure w1.5/a2.5.
Error bars indicate the min. and max. values and the dashed lines were
added to guide the reader.
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hydrogel, and therefore the interfacial shear stress t must also
be reduced. A reduction in polymer concentration is known to
reduce both the elastic modulus and chain density of the
hydrogel.41,42 Interfacial shear stresses have been related to
the chain density in terms of the number of polymeric inter-
actions at the surface,28,41 meaning the shear stress reduces with
decreasing polymer content. The reduction of both shear stress
and elastic modulus can thus be explained by the reduction in
polymer content.

(b) Frictional evolution and lubricant loss mechanism. The
friction traces presented in Fig. 4a show that the friction evolves
with time under non-replenished test conditions. Tracking the
evolution of the non-replenished area with time does, however, not
provide a comprehensive explanation for the friction evolution.
Fig. 7a shows a representative example of the fluorescent images
and profiles taken every 50 s during a test with a 4 mm stroke
length and 0.9 N load. The figure shows that even though the
friction coefficient increased, the size of the non-replenished area
remained constant. The slight increase in fluorescent intensity in
the first 50 s of the test suggests that lubricant is not immediately
expelled from the contact. Based on these observations, we suggest
that the rapid initial increase of friction close to t = 0 can be
attributed to a loss of lubricant from the contact and the
establishment of the non-replenished area, but that further
evolution could relate to a time-dependent increase in interfacial
forces due to fluid exudation from the non-replenished area.

Fig. 7b illustrates the two lubricant loss mechanisms that
are suggested for the hydrogel contact: squeeze-out of lubricant
from the contact region and loss due to fluid flow into the
porous hydrogel structure.43,44 This resembles the mechanism
of squeeze film lubrication, where a lubricating film initially
forms due to the fast approach of two surfaces, thus ‘trapping’
the lubricant. Since the fluorescent profiles show an initial
presence of the lubricant, such a film was likely formed in the
contact. The film subsequently diminishes because of the squeeze-
out flow from contact and fluid flow into the porous material.43,44

This loss of lubricant can explain the rapid increase in friction in
the first few seconds of a test.

The further increase of friction throughout the test could
relate to a local reduction of water content of the hydrogel in
the non-replenished area. Because the non-replenished area
did not show significant changes over time to explain the
friction increase, the continuous load on the non-replenished
area could have contributed to the increasing friction. Continued
loading results in fluid exudation from the contact, reducing the
local water content in both hydrogels and cartilage contacts.23,45

This fluid dwell due to extended loading has been directly related
to an increase in friction in hydrogels.23,29 It is likely that once a
non-replenished area was established due to the lack of lubricant,
the friction coefficient further increased due to fluid dwell from
the non-replenished area.

(c) Replenished lubrication. From Fig. 5, three main obser-
vations relate to the replenished lubrication regime:
� the friction coefficient is relatively low in the replenished

regime compared to the non-replenished regime;
� the friction coefficient in this regime decreases slightly

with increasing stroke length;
� the friction coefficient measured for the soft hydrogel is

higher than the base hydrogel.
These observations will be discussed in the following paragraphs.
The system is well-lubricated in the replenished regime, as

evidenced by the low friction values. Additional experiments
were carried out in a so called stationary contact configuration,
with a hydrogel lens sliding across a flat glass microscope slide,
to identify the contribution of contact rehydration by contact
exposure to the lubricant and elastohydrodynamic lubrication
(EHL). In this stationary contact configuration the contact on
the hydrogel lens is continuously loaded and its surface is not
directly exposed to the lubricant. The friction coefficient of the
experiments with a 6 mm stroke length in this configurations
was comparable (m o 0.05) to experiments in the migrating
contact configuration. This indicates that the contact likely
operated in the EHL regime, where a lubricating film forms due
to the relative motion of the surfaces, rather than by direct
exposure of the hydrogel surface to the lubricant.

The observed trends, such as a decreasing friction with increasing
load, match typical EHL behaviour,11,46 but the observation that the
friction coefficient decreased slightly with increasing stroke length is
not covered by EHL theory. This mismatch could be due to the
assumption in EHL of sufficient presence of lubricant in the contact,
and to EHL not accounting for any changes in the stroke length. It is
known that for relatively short strokes, the development of the fluid
film is related to the stroke length20,47 and this may explain the
observed frictional behaviour.

Fig. 8a schematically illustrates how the lubricating film
develops in the contact. The images show that the pressure build-up
starts to develop when motion is initiated but will only be fully
developed after a sufficiently long sliding distance. In literature, a
stroke length larger than twice the contact width (4a) has been
reported as the threshold for full film development in a
reciprocating contact.47 It is expected that the friction coefficient
will decrease for more developed films, and reach a minimum

Fig. 7 (a) Fluorescent profiles tracking time evolution of non-replenished
area; (b) schematic of suggested lubricant loss mechanisms.
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when full separation of the surfaces occurs.48 In the current study
the fluid film was very likely not fully developed, as evidenced by
the decreasing average friction coefficient with increasing stroke
length that was observed for all tests.

Once the film is fully developed, its thickness will be
independent of the stroke length, and depend on the sliding
velocity, applied load, and the elastic modulus following the
relationship established for EHL of isoviscous fluids:49

hf /
v0:60

F0:13
N E� 0:47

(11)

with v the siding velocity, FN the applied load and E* the
combined elastic modulus. The expected central film thickness
in the current system is approximately 1 mm (calculation
included in the ESI†). For hydrogels lubricated by a hydro-
dynamic film the friction coefficient is indeed generally found
to decrease with increasing load11,46 and to increase with
increasing sliding velocity.11,25,26

The third observation was that the soft hydrogel showed
higher friction in the replenished regime than the stiffer base
hydrogel. This was likely caused by the relatively larger deformation
of the softer hydrogel under load. To confirm this hypothesis, an
additional test was performed using a soft hydrogel lens-shaped
specimen sliding against a glass slide, using a stroke length of
16 mm. Fig. 8b schematically shows the original setup (left), in
which a glass lens slides against a flat hydrogel sample, and (right)
the inverted setup in which a hydrogel lens slides against a flat glass
slide. In the original setup the hydrogel continuously deforms and
recovers, whereas in the inverted setup the deformation of the
hydrogel is stationary. The average friction coefficient was 0.10 for
the moving deformation setup and 0.03 for the stationary deforma-
tion setup, due to the contribution of deformation losses to the
friction force.50,51 These losses appear in the elastic recovery in the
wake of the sliding motion and increase with indentation depth.51

Since the stress-relaxation responses for all hydrogels used in
this study were similar, the increased friction coefficient can be
related to the larger deformations of the soft hydrogel. The
friction coefficient in the replenished regime depends therefore
on both the formation of a hydrodynamic film and the
in-contact deformation of the hydrogel.

3.3 Replenishment in cartilage lubrication

Because of the similarities between hydrogels and articular
cartilage, the effect of a non-replenished area should also be
considered when investigating AC lubrication. The effects of the
contact configuration on the tribological behaviour of cartilage
have been studied before,16,39 but the effect of an overlapping
contact configuration is not often taken into consideration.
Here, additional tests were performed on bovine AC samples
to investigate the relevance of the replenishment theory to AC
lubrication.

Cartilage plugs, including subchondral bone, of + 14 mm
were extracted from bovine femur, obtained from a local
butcher and frozen until required. The plugs were secured on
a glass slide using bone cement and used as the lower sample
on the BTM. Because of the different mechanical properties of
cartilage compared to the hydrogel samples used in this study,
the test conditions had to be changed in order to obtain both
overlapping and migrating contact conditions. Tests on the
cartilage plugs were performed at 5 N loads using a glass lens
with a larger radius of 31.01 mm (compared to 15.70 mm on
the hydrogel), a 2 mm stroke length for the non-replenished
condition, and an 8 mm stroke length for the replenished
condition. The same 0.05% w/w fluorescein solution as used
in the hydrogel experiments was used as the lubricant.

Fig. 9a shows example friction traces for the cartilage tests at
2 and 8 mm stroke lengths. All friction traces are included in
the ESI† (Fig. S2). For the 2 mm stroke the friction increases

Fig. 8 Schematics of (a) the hydrodynamic film development based on
stroke length, and (b) contact deformation for glass lens against flat
hydrogel (left) and hydrogel lens against glass slide (right).

Fig. 9 (a) Example friction coefficients measured on bovine cartilage;
(b) fluorescent stain on cartilage surface.
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gradually over time, whilst it remains low for the 8 mm stroke.
Averages of the non-replenished and replenished results
obtained on hydrogel (4 mm and 6 mm at 0.9 N) are shown in
the graph in grey for comparison. Although the friction coefficient
values obtained for cartilage are lower than for the hydrogels the
trends and behaviour are similar, showing a strong friction
increase for overlapping contact conditions. In-contact fluorescent
measurements could not be performed as cartilage is non-
transparent, but Fig. 9b shows the remaining fluorescent stain
on the cartilage surface after a 2 mm test. The image shows an
area with low fluorescence in the contact that closely resembles
the non-replenished area on the hydrogel surface. The combi-
nation of the friction results and the fluorescent stain suggest
that the cartilage and hydrogel samples behave similarly with
respect to the replenishment of the contact.

The similar qualitative behaviour between hydrogels and
cartilage indicates that the overlapping contact configuration
should be a factor to take into account for tribological tests of
soft porous materials in general. It also means hydrogels could
offer opportunities to better understand cartilage lubrication.
Although the pore size in hydrogels is often much greater
(B0.5–40 mm)8,15,52 compared to several nanometres (B2–
14 nm) in cartilage,53,54 hydrogels can offer controlled para-
meter variations that are not possible with cartilage, such as
pore size control to alter permeability.8 Permeability may be a
key factor in cartilage lubrication55 and a larger pore size has
been shown to be beneficial in hydrogel lubrication,15 indicating
that the microstructure likely influences lubricating properties by
fluid flow through the matrix. Controlled variations in the
microstructure of hydrogels can be used to further understand
the role of permeability and fluid transport in the lubrication of
soft porous materials.

3.4 General applicability of the replenishment theory

The obtained results can be used to develop a general replenish-
ment theory that is applicable for various porous biphasic materials
under a range of operational conditions. Tests performed at differ-
ent applied loads and for various material characteristics all showed
that the frictional behaviour depends on the relative stroke length of
the reciprocating motion and can be divided into two regimes: a
non-replenished regime with relatively high friction that further
increases with decreasing stroke length and a replenished regime
with relatively low friction that slightly decreases further with
increasing stroke length. The transition between these regimes
is closely related to the transition from the migrating contact
condition to the overlapping contact condition. Whilst the exact
value of the frictional behaviour depends on the operating
conditions and the properties of the materials in contact, the
above ‘rules and trends’ were observed in all performed tests
and are therefore likely to be generally applicable for compliant
soft porous materials.

Eqn (10), which is repeated in Fig. 10a, related the friction
coefficient in the non-replenished regime to the contact char-
acteristics. The figure highlights which terms are related to the
material design and which to the operating conditions of the
contact. The most important parameters related to material

design are the interfacial shear stress t and the elastic modulus
E*. Fig. 10b shows this theory of replenishment schematically
and includes the expected frictional behaviour based on
the material design parameters. It shows that the friction
coefficient in the non-replenished regime decreases with
decreasing t/E and in the replenished regime increases with
decreasing E. The replenishment theory emphasizes the importance
to test and optimize cartilage replacements for poorly lubricated
conditions, where the friction coefficient can increase rapidly
compared to a well-lubricated system. The suggested guidelines
for the tribological optimisation of hydrogels for articular cartilage
replacements are a high elastic modulus and low interfacial shear
stress. The interfacial shear stress is an important parameter
affecting the friction in the non-replenished regime, whereas the
elastic modulus is important for the optimisation in both the non-
replenished and replenished regimes.

The friction coefficient scaled as m p w1.5/a2.5, which is a
term that depends on the combination of stroke length, applied
load, and elastic modulus. The width w of the non-replenished
area is determined by the stroke length and the contact radius a,
and a is determined by the applied load and the elastic modulus
of the material. For given operating conditions the elastic
modulus can be optimised to reduce the friction coefficient by
minimising a. In the current work the elastic modulus was
increased by increasing the polymer content of the hydrogels.
The modulus of hydrogels can also be increased by increasing
the number of freeze–thaw cycles42 during preparation of the
hydrogel. An increased elastic modulus may also be beneficial

Fig. 10 Summary of the replenishment theory by: (a) equation for the
friction coefficient in the non-replenished regime highlighting the roles of
material design and operating conditions, and (b) schematic of the replen-
ishment theory.
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in the replenished area, since the friction coefficient was shown
to be lower for materials with higher stiffness. In addition, the
transition between replenished and non-replenished regimes at
a relative stroke length Srel E 1 will occur at shorter stroke
lengths for smaller contact areas since Srel p 1/a. This increases
the range of operating conditions that lead to a replenished and
thus low friction system.

The interfacial shear stress is the other material parameter
that could be optimised to improve performance. Although no direct
relationship between friction and wear of hydrogels is known,56,57

reduced shear stresses could prevent early loosening of the implant.
The shear stress was reduced in the current work by reducing the
polymer content. Choosing a different polymer will alter the fric-
tional behaviour,17,25 as this relates to polymeric interactions at the
surface. A better understanding of how the surface chemistry of
hydrogels affects the interfacial shear strength is required to enable a
systematic optimisation of the tribo-system. Cartilage surfaces in
natural joints are covered by a boundary layer of lipids and proteins
and this is thought to ensure low friction and act as a sacrificial layer
when the opposing surfaces are in direct contact. It should be
investigated if a similar boundary lubrication mechanism is possible
to minimise the friction coefficient of hydrogel-based systems and
increase their durability as cartilage implants.

4. Conclusion

The lubrication of a reciprocating hydrogel–glass contact was
investigated for a range of stroke lengths that were of similar
magnitude to the contact size, which is a relevant physiological
condition in joint lubrication. Based on the presented results, three
main conclusions can be drawn. First, in short-stroke reciprocating
contacts, two possible lubrication regimes may occur: non-
replenished and replenished. The transition between these two
regimes is related to the transition with reducing stroke length
from a migrating contact condition to an overlapping contact
condition. Second, the non-replenished lubrication regime is char-
acterised by relatively high friction that strongly increases with
reducing stroke length, and a direct relationship between the size
of the non-replenished area and the friction force was found. The
replenished lubrication regime shows a relatively low friction that
decreases slightly with increasing stroke length. Third, lubricant
replenishment and the occurrence of an overlapping contact should
be considered when determining the experimental test conditions
for soft porous materials. The contact configuration strongly
influences the resulting friction and lubrication results.
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