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Abstract
Graphene oxide (GO) was incorporated into polyvinyl alcohol (PVA) hydrogel to improve its mechanical and tribological 
performances for potential articular cartilage replacement application. The compressive mechanical properties, creep resist-
ance, and dynamic mechanical properties of PVA/GO hydrogels with varied GO content were studied. The frictional behavior 
of PVA/GO hydrogels under stationary and migrating contact configurations during reciprocal and unidirectional sliding 
movements were investigated. The effects of load, sliding speed, diameter of counterface, and counterface materials on the 
frictional coefficient of PVA/GO hydrogels were discussed. PVA/0.10wt%GO hydrogel show higher compressive modulus 
and creep resistance, but moderate friction coefficient. The friction coefficient of PVA/GO hydrogel under stationary and 
migratory contact configurations greatly depends on interstitial fluid pressurization and tribological rehydration. The fric-
tion behavior of PVA/GO hydrogels shows load, speed, and counterface diameter dependence similar to those observed in 
natural articular cartilage. A low friction coefficient (~ 0.03) was obtained from PVA/0.10wt%GO hydrogel natural cartilage 
counter pair.

Graphical Abstract

Schematic diagrams of internal structure of PVA and PVA/GO hydrogel
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1  Introduction

Hydrogels have been investigated as cartilage alternatives for 
decades [1–7]. Among hydrogels developed for biomedical 
applications, polyvinyl alcohol (PVA) hydrogel has attracted 
great attentions as a potential articular cartilage substitute 
due to its non-toxicity, high water content, good lubrication 
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[8–11]. Nevertheless, pure PVA hydrogel lacks sufficient 
load-bearing capacity and wear resistance, which hinders 
its development [12].

Incorporation of graphene oxide (GO) in PVA matrix is 
considered as one of the effective ways to reinforce hydro-
gel. The abundant oxygen-containing functional groups on 
the GO sheets, including the hydroxyl, epoxy, carbonyl, and 
carboxyl groups, endow GO good water affinity. The good 
dispersion of GO in water is vital for the nanofiller to func-
tion at its best [13–15]. Liang et al. [16] has confirmed the 
efficient load transfer between the graphene and PVA matrix. 
As a result, the mechanical properties of the graphene-based 
nanocomposite with molecule-level dispersion were signifi-
cantly enhanced. The water-locking and cross-linking effects 
of GO had been demonstrated in our previous study [17].

The remarkable load-bearing capacity and excellent lubri-
cating ability of the natural cartilage are derived to its porous 
biphasic structure in which the collagen-proteoglycan net-
work serves as the solid phase and the interstitial fluid within 
the network acts as the fluid phase. Both phases are incom-
pressible and immiscible, and the fluid phase pressurizes 
under sliding to share the loads on its solid matrix [18, 19]. 
McCutchen [20, 21] proposed the weeping lubrication mech-
anism for the natural cartilage by rubbing against a large 
glass flat to explain its extraordinary frictional response due 
to the exudation of interstitial fluid. Moore and Burris [22] 
confirmed that the pressurized fluid in the inlet of contact 
that flowed into the cartilage during sliding was responsi-
ble for the interstitial fluid recovery and load support for 
cartilage under stationary contact condition known as tri-
bological rehydration. Murakami et al. [23] elucidated the 
ingenious lubrication mechanism in natural synovial joints 
from the view of the adaptive multimode lubrication mecha-
nism. Recently, Porte et al. [24] argued that biphasic lubrica-
tion mechanism was not applicable to hydrogels due to their 
isotropic structure. They proposed that fluid load support 
was not the main driver behind the tribological behavior 
of the PVA hydrogels under stationary contact, but a non-
replenished lubricant mechanism could be responsible for 
the variation in friction response of such hydrogels.

Investigation of the frictional response under various con-
tact configurations is key to design the hydrogel materials 
for cartilage replacement. Most researchers focused on uni-
directional or reciprocating friction of cartilage [25–27], and 
few researchers have studied the influence of contact modes 
on friction properties of hydrogels [28, 29]. Schiavinato 
and Whiteside [30] conducted both migrating and station-
ary contact tests on bovine cartilage to assess the efficacy 
of various lubricants. Dunn et al. [28] explored the distinct 
tribological behaviors of three kinds of interfaces including 
migrating, stationary, and Gemini (self-mated cartilage) con-
tacts. To better understand the frictional behavior of PVA/
GO hydrogel under the migrating and stationary contacts, 

the lubrication behaviors could be interpreted from the view 
of exudation and imbibition of interstitial liquid or tribologi-
cal rehydration.

Intrinsic property and surface quality of the counterparts 
are also considerable factors that significantly influence the 
frictional response. Oungoulian et al. [31] demonstrated 
that more damage and higher friction coefficient occurred 
for bovine articular cartilage when sliding against stainless 
steel than against cobalt chromium alloy or glass. Frictional 
behaviors of PVA/GO hydrogel under different contact con-
figurations and various movement modes have not been fully 
evaluated yet.

In this study, PVA/GO composite hydrogels with differ-
ent amounts of GO were prepared by the repeated freeze-
thawing method. The effects of movement modes, contact 
configurations, load, sliding speed, diameter of counterface, 
and the counterface materials on the friction properties of 
PVA/GO composite hydrogels were investigated. The bipha-
sic lubrication behaviors of PVA/GO under migrating and 
stationary contact conditions were discussed.

2 � Experimental

2.1 � Preparation of PVA/GO Composite Hydrogels

GO was supplied by Nanjing FAME Bearing Co. Ltd., Nan-
jing, China. PVA  > 99% saponified with a polymerization 
degree of 1700 was obtained from Kuraray Co. Ltd., Tokyo, 
Japan. To prepare PVA/GO composite hydrogels, PVA pow-
ders were dissolved in deionized water at 95 ℃ to form an 
aqueous solution. GO aqueous suspension with 20 min of 
ultrasonic agitation in deionized water was dripped into the 
PVA solution. These two solutions were mixed to obtain 
samples with 15% of polymer concentration and various 
ratios of GO/PVA (0, 0.05, 0.10, 0.15, and 0.20% (w/w)). 
These mixtures were stirred until the homogenous solutions 
were created. After being held at a higher temperature to 
remove air bubbles, the mixtures were poured into molds 
and subjected to five freezing–thawing cycles; each cycle 
was performed by freezing at − 20 ℃ for 18 h, followed by 
thawing at room temperature for 6 h.

2.2 � Characterization Techniques

The morphologies of GO powders and the cross-section 
morphologies of PVA/GO hydrogels were characterized by 
Scanning electron microscopy (SEM, FEI Quanta 250FEG, 
German). The hydrogel samples were placed in freezer dryer 
(FD-1A-50, China) for at least 2 days to remove water, and 
then the samples were sputter-coated with a layer of gold for 
SEM observations. The thicknesses of the GO sheets were 
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determined by an FM-Nanoview 1000 atomic force micro-
scope (AFM; Suzhou Flying-man Precision Instrument Co., 
Ltd., Suzhou, China). Fourier transform infrared ray (FT-IR, 
Nicolet MAGNA-IR 750, USA) spectroscopy of GO, pure 
PVA, and PVA/GO composite hydrogel was obtained in the 
range of 4000–500 cm−1 with the resolution of 4 cm−1. X-ray 
diffraction (XRD) patterns were obtained with a Bruker-
AXS D8 Advance X-ray diffractometer (Bruker, Germany) 
with Cu Kα radiation (λ = 0.1541 nm) from 5 to 60° (in 
steps of 0.02°). The tube voltage and tube current were kept 
at 40 kV and 40 mA, respectively. The relative crystallinity 
degree was calculated as the ratio of the PVA crystalline area 
to the entire area of the spectrum.

For all the hydrogel samples, the water content, W, was 
determined according to Eq. (1): 

 where Ms and Md represent the fully swollen and completely 
dried sample, respectively. Five independent samples were 
tested for each hydrogel (n = 5).

2.3 � Mechanical Property Tests

Unconfined compression tests were conducted on 
INSTRON5943 at a rate of 4 mm min−1 until the compres-
sion strain reached 65%. The sample size was approximately 
12 mm in diameter and 4 mm in height. The compressive 
tangent modulus of hydrogels at different strain regions was 
determined by the finite difference method [32]. Three inde-
pendent samples were tested for each hydrogel (n = 3).

(1)W =
Ms −Md

Ms

The indentation creep tests were conducted on an UMT-
II multifunctional micro-friction tester in deionized water 
at room temperature. The hydrogel samples were cut into 
cylindrical disks with 20 mm diameter and 4 mm thickness. 
A CoCrMo ball with the diameter of 8 mm was used as the 
indenter. The samples were placed between the compression 
plate and the spherical indenter under compression to 5 N, 
resulting in a nominal contact stress of about 0.47 MPa. And 
then this load was kept constant for 1800s. The displace-
ment and time were recorded. Three indentations at different 
regions were indented for each hydrogel.

The stress relaxation property was tested on 
INSTRON5943 by imposing a compression strain of 30% 
on hydrogel sample with a diameter of 12 mm and a height 
of 4 mm. The loading rate of 4 mm min−1 was applied. The 
normalized relaxation modulus was calculated through 
Eq. (2) [33]:

where E(t) and σ(t) represent the relaxation modulus and 
relaxation stress at t (time), respectively. E(0) and σ0 are the 
relaxation modulus and relaxation stress at the initial time. 
ε0 is the constant value of strain ratio.

Dynamic mechanical tests were conducted on a dynamic 
mechanical thermal analysis instrument (DMTA Q800, 
USA) in a strain-controlled model. The hydrogel samples 
were subjected to a sinusoidal shear strain with the strain 
amplitude of 3%, which was within the range of linear vis-
coelastic region, at room temperature. The frequencies were 
ranging from 0.1 Hz to 10 Hz. The flat rectangular samples 
with 25 mm parallel plates and 4 mm in thickness were used. 
The dynamic viscoelastic functions such as storage modulus 

(2)G(t) =
E(t)

E(0)
=

�(t)∕�0

�0∕�0
=

�(t)

�0

Table 1   Friction test conditions

Factor Test condition

Movement mode Unidirectional, reciprocal
Contact mode Migratory contact (a), stationary contact (b)

Load 1–9 N
Sliding speed 40, 80, 120 and 160 mm/s for unidirectional friction

1, 4, 8, 16 mm/s for reciprocal friction with 8 mm of the stroke length
Diameter of CoCrMo ball 8, 10, 12.7 and 20 mm
Counterface CoCrMo, Ti alloy, UHMWPE, PEEK, and cartilage
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(G’) and loss modulus (G’’) were measured as a function of 
frequency. Loss factor, tan δ, was expressed as the follow-
ing equation:

2.4 � Frictional Tests

The friction properties of the hydrogels were evaluated on a 
UMT-II multifunctional friction tester at room temperature. 
Various test conditions are summarized in Table 1. Deion-
ized water was used as liquid lubricant in all tests to form 
lubricant films on the frictional interface. Otherwise, it also 
supplied liquid for the rehydration. The friction test dura-
tion was 30 min. Before sliding, the friction pairs were kept 
contact at an applied load for 30 s. Each test condition was 
performed once on three different samples. The schematic 
in Table 1 displayed two different contact configurations. 

(3)tan � =
G��

G�
.

Migrating contact was provided by sliding the flat PVA/GO 
hydrogel (45 mm in diameter and 4 mm in thickness) against 
CoCrMo ball with various diameters (8 mm is the default 
option unless otherwise stated). For the stationary contact, 
PVA/GO hydrogel (2 mm in thickness) covered on a stain-
less steel ball (6 mm in diameter) was served as the upper 
sample, and the chosen counterfaces included the CoCrMo 
(the default counterface unless otherwise specified), Ti alloy, 
ultra-high molecular weight polyethylene (UHMWPE), and 
polyetheretherketone (PEEK) disk, and the natural carti-
lage. The knee joint of the three-month-old New Zealand 
pig was obtained from a local butcher. Cartilage sample was 
extracted along the central region of porcine femoral condyle 
with ~ 5 mm in width, and its thickness included ~ 1 mm of 
cartilage attached to ~ 1.5 mm of subchondral bone. The car-
tilage sample was washed to remove debris and then stored 
in physiological saline at 4 ℃ before testing. The relevant 
parameters of these counterfaces are summarized in Table 2. 
The time-dependent friction coefficient data was recorded 

Table 2   Elements used for 
various friction counterparts

Friction counterface Elastic modulus (E/MPa) Poisson’s ratio (ν) Roughness (Ra/μm)

CoCrMo 241 × 103 0.29 ~ 0.02
Ti 110 × 103 0.34 ~ 0.06
UHMWPE 750 0.46 0.1–0.2
PEEK 4 × 103 0.40 0.1–0.2
Cartilage 0.3–2 [34, 35] 0.05–0.5 [34, 36] ~ 8.5 [37]

Fig. 1   Characterization results of GO and PVA/GO hydrogel. a SEM and b AFM images of GO; c SEM image and d FT-IR spectra of 
PVA/0.10wt%GO hydrogel; e water content and crystallinity of PVA/GO hydrogels
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continuously and the average friction coefficient during the 
entire test was calculated.

3 � Results

3.1 � Characterization of GO and PVA/GO Hydrogel

The GO nanosheet presents the apparent lamellar struc-
ture and their average sizes are in the range of 100–300 μm 
(Fig. 1a). The AFM image of GO indicates the results of less 
aggregation, and its thickness is about 1.48 nm (Fig. 1b), 
which is within the thickness range of the single-layer GO 
sheets [38]. Compared with pure PVA hydrogel [17], PVA/
GO composite hydrogel demonstrates a denser three-dimen-
sional porous network structure (Fig. 1c).

Figure 1d gives the FT-IR spectra of GO, pure PVA and 
PVA/GO composite hydrogel. The absorption peaks at 
3000–3700 cm−1 for both GO and PVA correspond to O–H 
stretching vibration and the absorbed water. It is inevitable 
that water is absorbed on their surface from the surround-
ing environment with a humidity of about 50%. The charac-
teristic peaks located at 1722, 1623, and 1067 cm−1 in the 
spectrum of GO are attributed to C=O, C=C, and C–O–C 
stretching vibrations, respectively. For PVA/GO compos-
ite hydrogel, the –OH stretching peak is shifted to a small 
wavenumber (3280 cm−1) comparing with pure PVA. The 
oxygen-containing functional groups on the surface of GO 
form hydrogen bonding with the hydroxyl groups on the 
PVA chains, which reduces the intermolecular hydrogen 
bonding between PVA molecular chains. This interfacial 
interaction between GO and PVA matrix is important for the 
efficient load transfer in the PVA/GO composite hydrogels 
and hence for the improvement of anti-deformability and 

wear resistance [16, 17]. Moreover, those abundant oxygen-
containing functional groups on GO sheets and PVA chain 
are also conducive to trapping water for interstitial fluid 
pressurization [4].

The crystallinity plays an important role in the mechani-
cal properties of PVA semi-crystalline polymer. The crys-
tallinity of PVA/GO composite hydrogels as a function of 
GO content is shown in Fig. 1e. It is manifested that the 
crystallinity of PVA hydrogel significantly increases with the 
incorporation of GO due to a molecule movement restric-
tion effect [4]. With the further increase of GO content, the 
crystallinity of PVA/GO composite hydrogels experiences 
a decreasing tendency because the symmetry and regularity 
of the polymer chains are broken by the great cross-linking 
between the GO sheets and PVA matrix.

After the GO is incorporated, water content of PVA/GO 
composite hydrogels is significantly increased compared 
with pure PVA hydrogel. Water content of PVA/GO com-
posite hydrogels with various GO contents show similar 
values, as shown in Fig. 1e.

3.2 � Unconfined Compressive Behaviors of PVA/GO 
Hydrogel

Figure 2 shows that the compressive tangent modulus of the 
PVA hydrogel is significantly enhanced by incorporation of 
GO. The compressive tangent modulus of PVA/GO com-
posite hydrogels increases first and then decreases with the 
increase of GO content, and the maximum value is obtained 
with the addition of 0.10 wt% GO. At the strain level of 30%, 
the compressive tangent modulus for the PVA/0.10wt%GO 
hydrogel is 0.66 MPa, which is improved by about 136% 
compared to pure PVA hydrogel. The addition of GO pro-
vided a higher affinity for water and a denser porous network 
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for PVA/GO hydrogels. Furthermore, GO impedes the water 
infiltration between the porous network, which is conducive 
to the improvement of water-locking ability of the hydrogel. 

Therefore, PVA/GO hydrogels with higher amount of GO 
loading would have a higher load-bearing capacity. How-
ever, excess GO loading deteriorated the mechanical proper-
ties due to the aggregation of GO fillers [17].

3.3 � Viscoelastic Property of PVA/GO Hydrogel

The indentation creep properties of PVA/GO hydrogels var-
ied with GO contents are presented in Fig. 3. It indicates that 
the PVA/GO hydrogels deform fast at the initial stage. Then 
the deformation increases slowly over time and achieves 
equilibrium finally. The deformation strain in the creep test 
dramatically decreases after incorporation of GO. The defor-
mation displacement decreases first and then increases with 
the increase of GO content, which is consistent with the 
tendency of compressive tangent modulus as a function of 
GO content. When the GO content is 0.10wt%, the minimum 
creep deformation is obtained, which is ~ 38% lower than 
pure PVA hydrogel.

The normalized compressive relaxation modulus as a 
function of time for PVA/GO hydrogels with various GO 
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Fig. 4   Normalized relaxation modulus of PVA/GO composite hydro-
gels as a function of time
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content is displayed in Fig. 4. The results demonstrate two 
typical stages, namely, the rapid and slow relaxation stages 
[33]. The normalized relaxation modulus of PVA/GO com-
posite hydrogels is higher than that of pure PVA hydrogel, 
indicating that the incorporation of GO improves the ability 
of hydrogels to dissipate static loads. An increase in nor-
malized relaxation modulus is obtained with the increase of 
GO content due to the excellent interfacial bonding between 
GO sheets and PVA matrix [39]. The highest normalized 
relaxation modulus is achieved when the GO content is 
0.10 wt%. However, the value decreases as the GO content 
further increases. The aggregation of GO at the excess addi-
tion amount results in the decreasing relaxation modulus.

Figure 5 exhibits the evolution of storage modulus, loss 
modulus, and the loss factor of different PVA/GO hydrogels 
in the range of test frequencies. Storage modulus of PVA/
GO hydrogels is far higher than loss modulus, indicating the 
“strong” hydrogel characteristic. A slight increase in storage 
modulus as a function of frequency is obtained (Fig. 5a), 
while there is little difference in loss modulus of PVA/GO 
hydrogels with various amount of GO (Fig. 5b).

As shown in Fig. 5c, all hydrogels are subjected to a 
gradual decrease in loss factor with increasing frequency. 
The storage modulus and loss factor of PVA/GO hydro-
gels increase first and then decrease with the increase of 

GO content, and the lowest loss factor (less than 0.01) is 
obtained from PVA/0.15wt%GO hydrogel.

3.4 � Frictional Behaviors of PVA/GO Hydrogel

With the increase of GO content, the average friction coef-
ficients gradually decrease for both migrating and station-
ary contact conditions during unidirectional sliding, and 
the decreasing range under stationary contact is higher than 
that under migrating contact (Table 3). During unidirectional 
sliding, the friction coefficient of PVA/GO hydrogel under 
migrating contact condition is relatively stable (Fig. 6a), 
while the friction coefficient under stationary contact con-
dition increases gradually to reach stable (Fig. 6b). Dur-
ing reciprocating friction, the friction coefficient under the 
migrating contact configuration increases rapidly at the ini-
tiate stage (< 150 s), and then increases slowly with time 
(Fig. 7a), whereas the friction coefficient under the station-
ary contact configuration experiences a gradual increase 
over the test period (Fig. 7b). On the whole, the friction 
coefficient increases gradually with time under stationary 
contact, while it is stable under migrating contact. The 
GO sheets addition reduces the water infiltration, which is 
conducive to the improvement of liquid lubrication ability 
during friction. Therefore, PVA/GO hydrogels with higher 

Table 3   Average friction coefficient of the PVA/GO hydrogels obtained under various test conditions

Test condition Unidirectional-migratory Unidirectional-Stationary Reciprocal-migratory Reciprocal-stationary

PVA – 0.183 ± 0.014 0.296 ± 0.025 0.291 ± 0.012
PVA/0.05wt%GO 0.096 ± 0.007 0.137 ± 0.010 0.183 ± 0.009 0.274 ± 0.017
PVA/0.10wt%GO 0.088 ± 0.004 0.082 ± 0.004 0.174 ± 0.012 0.206 ± 0.021
PVA/0.15wt%GO 0.079 ± 0.006 0.060 ± 0.005 0.108 ± 0.015 0.260 ± 0.014
PVA/0.20wt%GO 0.070 ± 0.004 0.040 ± 0.006 0.139 ± 0.020 0.215 ± 0.018
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amount of GO loading would produce higher pressuriza-
tion of interstitial water under stress, which accounts for 
the decreasing average friction coefficient as a function of 
GO content.

PVA/GO hydrogels with the GO amount of 0.1 wt% 
presents the better compressive properties, which is used 
for friction properties evaluation. Friction coefficient of 
PVA/GO hydrogels with 0.1 wt% GO as a function of the 
applied normal load is illustrated in Fig. 8. The friction 
coefficient decreases first and then increases with increas-
ing load. Figure 9 gives the influence of sliding speed 
on the average friction coefficient of PVA/GO hydrogel 
under both migrating and stationary contacts during uni-
directional and reciprocal sliding. The friction coefficient 
decreases with the increase of sliding speed, despite the 
contact modes. During unidirectional sliding, the friction 
coefficient under stationary contact experiences a larger 

Fig. 7   General trends in reciprocating friction coefficient over time under a migratory contact and b stationary contact (5 N, 8 mm/s)
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drop with the increase of sliding speed when compared to 
that under migrating contact.

Figure 10 shows the effect of the diameter of counter-
face on the friction coefficient of PVA/GO hydrogel under 
migrating contacts during unidirectional and reciprocating 
sliding. The friction coefficient decreases with the increase 
of diameter of counterface during unidirectional friction. 
On the contrary, the friction coefficient increases gradually 
with the diameter of counterface ball during reciprocating 
friction.

Effect of counterface material on the friction coefficient 
of PVA/GO hydrogels is shown in Fig. 11. The elastic 
modulus, Poisson’s ratio, and surface roughness of the cho-
sen counterface materials are summarized in Table 2. The 

hydrogel-on-CoCrMo and hydrogel-on-Ti contacts exhibit 
a relatively moderate friction coefficient. The hydrogel-on-
UHMWPE and hydrogel-on-PEEK contacts show higher 
friction coefficient. A low friction coefficient (~ 0.03) is 
obtained from the hydrogel-on-cartilage contact.

4 � Discussion

The low permeability (in the range of 10–15 and 10–16 m4/Ns) 
and a lubricious uppermost layer endow cartilage spectacular 
load-bearing capacity and super-lubricity [40–42]. PVA/GO 
hydrogels have similar porous structure as the natural carti-
lage. However, PVA/GO hydrogels show relatively higher 
permeability (~ 10–12 m4/Ns [43]) and absence of lubricious 
uppermost layer compared with natural cartilage, which leads 
to different biphasic lubrication behavior compared with the 
natural cartilage. The water infiltration in PVA/GO hydrogel 
is partly impeded by GO sheets in some degree as shown in 
[17]. The biphasic lubrication behaviors of PVA/GO under 
various movement modes (unidirectional sliding and recipro-
cal movement) and contact configurations (stationary contact 
and migratory contact) were discussed and compared with 
nature cartilage. It is recognized that the friction behaviors 
of PVA/GO hydrogel under varied movements and contact 
modes greatly depend on the tribological rehydration, while 
the biphasic lubrication of hydrogels is guaranteed by the rehy-
dration for interstitial liquid.

4.1 � Biphasic Lubrication Behaviors of PVA/GO 
Hydrogel Under Various Movement Modes 
and Contact Configurations

Ateshian et al. [44] found that cartilage could remain hydra-
tion and high level of interstitial fluid pressurization when the 
migrating rate of contact area on the cartilage surface was 
faster than the diffusive rate of interstitial fluid within the 
porous matrix. During the testing under migrating contact, 
the loss and preservation of interstitial fluid is governed by the 
Peclet number, Pe , defined as:

where V  is the sliding speed, a is the contact radius, and Eeq 
and k represent the equilibrium compression modulus and 
permeability, respectively. The interstitial fluid is retained 
when Pe> > 1 or lost with time when Pe< < 1. The high slid-
ing speed (40–160 mm/s) and higher permeability ( k~15.6 × 
10–12 m4/Ns [43]) of hydrogel during unidirectional sliding 
result in Pe> > 1.

The PVA/GO hydrogel constantly suffers a constant load 
in stationary contact during reciprocal sliding with low 

(4)Pe =
V ⋅ a

Eeq ⋅ k
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Fig. 10   Effect of diameter of counterface on the friction coefficient 
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sliding speed (Fig. 12b). The interstitial fluid is lost over 
time and the rehydration is weak due to constant load, which 
leads to a larger proportion of solid phase contact. The 
resulting friction coefficient of PVA/GO hydrogel exhibits 

strong time dependence due to the loss of interstitial liq-
uid. The cartilage also shows a similar tendency that the 
friction rises monotonically with increasing reciprocating 
cycles in stationary contact condition [22, 28]. As reported 

Fig. 12   Lubrication mechanism 
for a migrating and b stationary 
contacts

Fig. 13   Imbibition of interstitial 
liquid for different counter ball 
diameter
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by Murakami [23] and Dunn [28], only a small proportion 
of load was supported by the liquid film under the stationary 
contact during reciprocal sliding for cartilage.

Schiavinato and Whiteside [30] conducted both migrat-
ing and stationary contact tests on bovine cartilage. Their 
findings demonstrated that low friction coefficient could 
be retained over prolonged periods of loading in migrat-
ing contact configuration for all kinds of lubricants due to 
the sustained interstitial fluid pressurization. While the fric-
tion coefficient increases monotonically with time until an 
equilibrium is reached for stationary contact tests due to the 
subsidence of interstitial fluid pressure.

4.2 � Sliding Speed, Load, Counterface 
Diameter‑Dependent Frictional Behavior

As demonstrated in Ref. [45] and [46], there is a linear rela-
tionship between friction coefficient and the interstitial fluid 
support. According to Moore and Burris [47], the fluid load 
fraction, Ff , can be calculated based on the value of Pe,

when Eq.  (4) is substituted into Eq.  (5), the following 
expression is obtained,

According to Eq. (4), Pe is proportional to the sliding 
speed. Increasing the sliding speed in migrating contact 
yields a higher Pe and Ff , thus accompanies with lower fric-
tion coefficient (Fig. 9). Dunn et al. [28] demonstrated that 
the friction coefficient of hydrogels deceased as the slid-
ing speed in both migrating and stationary contacts, and the 
stronger speed dependence was obtained in migrating con-
tact conditions. The friction coefficient of PVA/GO hydrogel 
decreases with the increase of sliding speed in migrating 
contacts.

The increasing applied normal load results in the larger 
contact radius ( a ), following by higher fluid load fraction 
( Ff) . In the low load region (1–5 N), the exudation of fluid 
phase may be compensated by rehydration, Ff increases with 
the applied normal load, which accompanies by the decreas-
ing friction coefficient. In the high load region (5–10 N), the 
elevated load results in larger amount of exudative intersti-
tial liquid, which would lead to the sudden decrease of the 
interstitial fluid load fraction ( Ff ) and the increase of friction 
coefficient.

The influences of the counter ball diameter on the fric-
tion property of PVA/GO hydrogels could be illustrated 
from view of fluid load carrying capacity and rehydration. 

(5)Ff =
Pe

Pe + 1

(6)Ff =
V ⋅ a

V ⋅ a + Eeq ⋅ k

These two effects are competing and lead to different fric-
tion behaviors. The increasing applied normal load results 
in the larger contact radius, which leads to higher Pe and is 
benefit for the reduction of friction coefficient. In contrast, 
from what concerns rehydration, the larger contact radius 
would reduce the exposure period of hydrogel surface to 
the water and limit the chance of rehydration, which leads 
to the increase of friction coefficient. Otherwise, the wedge 
effect on the friction behavior of PVA/GO hydrogel is con-
sidered for different counterface ball diameter. It has been 
reported that the friction coefficient of cartilage was mainly 
related to rehydration induced by the wedge effect and the 
compressing of liquid into the porous surface during sliding 
[22, 48]. The larger diameter of counter ball results in lower 
angle of wedge (Fig. 13). With the increase of counterface 
ball diameter, the tribological rehydration becomes weaker 
partly due to the weaker imbibition.

The rehydration is dominant during reciprocal sliding 
due to the lower sliding speed ( V  ) and the large variation of 
rehydration linked to the different exposure of the surface to 
the fluid [46], while the liquid load supporting is relatively 
stable and play the dominant role for friction coefficient dur-
ing unidirectional sliding with relatively high speed (higher 
Pe ). Therefore, the coefficient of friction increases as the 
counter ball diameter during reciprocating movement, while 
the friction coefficient decreases with the counter ball diam-
eter under unidirectional sliding.

In this study, the experiment model can be considered as 
a soft and thin layer on a rigid body, which is consistent with 
Shull’s report [49, 50]. Modification to the Hertzian contact 
theory is necessary when the compliant materials is thin that it 
cannot be appropriately as an elastic half-space. Shull [49, 50] 
introduced an important parameter, the thickness of the hydro-
gel (h) relative to the contact radius ( a ). Therefore, the factor 
of ( a/h) was introduced to modify the values of maximum 
contact pressure, PH , and contact depth, �H , calculated from 
the Hertzian contact equations. For the model of elastic layer 
with a thickness of h on a rigid body, the modification to the 
load ( F′ ) and contact depth ( �′ ) with respect to their Hertzian 
counterparts can be obtained as follows,

where � is equal to 0.15 for low friction (close to a fric-
tionless boundary condition) at the indenter interface [48]. 
The correction reported in Eq. (7) can be used to derive 
the apparent increase in stiffness of the hydrogel bonded 
to the rigid substrate, hence enabling the derivation in first 

(7)F� = FH

(

1 + �

(

a

h

)3
)

(8)�� = �H

(

0.4 + 0.6exp
(

−1.8a

h
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approximation of the changes in contact radius and maxi-
mum contact pressure with respect to the solution originally 
obtained using Hertzian theory for the hydrogel treated as a 
semi-infinite body. In the migrating contact configuration, 
the modified data of contact depth ( ��) , contact radius (a�) 
and contact pressure (P�) with various diameter of counter 
ball are listed in Table 4. The modified values a′ , �′ and P′ for 
different counterpart materials are summarized in Table 5. 
The a in Eq. (4) and Eq. (6) should be replaced by the value 
of modified contact radius ( a′ ) as shown in Tables 4 and 5.

4.3 � Effect of Counterface Materials on Friction 
Coefficient

The friction coefficient of PVA/0.10%GO hydrogel shows 
little difference when rubbing against CoCrMo and Ti alloy. 
The friction coefficient of PVA/0.1wt%GO hydrogel against 
UHMWPE is higher than those contact with CoCrMo and 
Ti alloy. The adhesive force for the UHMWPE is lower than 
Ti alloy and CoCrMo due to its hydrophobicity [51–54], but 
the plowing force is higher due to the higher roughness of 
UHMWPE (Ra, ~ 0.1–0.2 μm) compared with CoCrMo and 
Ti alloy (Ra, ~ 0.02–0.06 μm). As a result, higher friction 
coefficient is produced between UHMWPE and hydrogel 
during sliding. This is supported by the report from Oung-
oulian and co-workers showing that higher surface rough-
ness of CoCr alloy led to higher friction coefficient [31]. 
For the hydrogel-on-cartilage contact configuration, the 
mesh-confined lubrication mechanism accounts for the fric-
tion coefficient under Gemini contact [28]. The lubricious 
cartilage uppermost layer on the cartilage also contributes 
to the lower friction coefficient (~ 0.03) for hydrogel-on-
cartilage contact.

5 � Conclusions

The friction properties of PVA/GO hydrogels were inves-
tigated under different contact modes (migrating and 
stationary), contact configurations, load, sliding speed, 
diameter of counterface, and the counterface materials. 
PVA/0.10wt%GO hydrogel show higher compressive modu-
lus and creep resistance, but moderate friction coefficient. 
The friction coefficient of PVA/GO hydrogel under station-
ary and migratory contact configurations greatly depended 
on interstitial fluid pressurization and tribological rehydra-
tion. The friction behavior of PVA/GO hydrogels shows 
load, speed, and counterface diameter dependence similar to 
those observed in natural articular cartilage. A low friction 
coefficient (~ 0.03) was obtained from PVA/0.10wt%GO 
hydrogel-on-natural cartilage counter pair.
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Table 4   The calculated and 
modified values of contact 
depth, contact radius, and 
contact pressure for different 
diameter of CoCrMo ball (5 N, 
80 mm/s, migrating contact)

Diameter of ball 
(mm)

�
H
 (mm) a

H
 (mm) P

H
 (MPa) �′ (mm) a

′ (mm) P
′ (MPa)

8 1.255 2.241 0.475 0.602 2.121 0.540
10 1.165 2.414 0.410 0.546 2.261 0.556
12.7 1.076 2.614 0.349 0.492 2.417 0.576
20 0.925 3.041 0.258 0.406 2.730 0.631

Table 5   The calculated and 
modified values of contact 
depth, contact radius, and 
contact pressure for different 
friction counterparts (5 N, 
80 mm/s, stationary contact)

Counterpart material �
H
 (mm) a

H
 (mm) P

H
 (MPa) �′ (mm) a

′ (mm) P
′ (MPa)

CoCrMo 1.255 2.241 0.475 0.602 2.121 0.540
Ti 1.255 2.241 0.475 0.602 2.121 0.540
UHMWPE 1.256 2.242 0.475 0.603 2.122 0.540
PEEK 1.255 2.241 0.475 0.602 2.121 0.540
Cartilage 1.992 2.823 0.299 0.891 2.574 0.379
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