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Abstract Many biomaterials are being developed to be

used for cartilage substitution and hemiarthroplasty

implants. The lubrication property is a key feature of the

artificial cartilage. The frictional behavior of human articular

cartilage, stainless steel and polyvinyl alcohol (PVA)

hydrogel were investigated under cartilage-on-PVA hydro-

gel contact, cartilage-on-cartilage contact and cartilage-

on-stainless steel contact using pin-on-plate method. Tests

under static load, cyclic load and 1 min load change were

used to evaluate friction variations in reciprocating motion.

The results showed that the lubrication property of cartilage-

on-PVA hydrogel contact and cartilage-on-stainless steel

contact were restored in both 1 min load change and cyclic

load tests. The friction coefficient of PVA hydrogel

decreased from 0.178 to 0.076 in 60 min, which was almost

one-third of the value under static load in continuous sliding

tests. In each test, the friction coefficient of cartilage-

on-cartilage contact maintained far lower value than other

contacts. It is indicated that a key feature of artificial carti-

lage is the biphasic lubrication properties.

1 Introduction

In human and animal joints, articular cartilage has excel-

lent friction properties. The friction coefficient of articular

cartilage is much smaller than that of man-made bearings

[1, 2]. Two common reasons of cartilage injury are trauma

and arthritis. During participation in sports, the acute and

repetitive impact and torsional loading on joints may cause

articular cartilage damage. Progressive joint degeneration

can be induced by mechanical disruption of articular car-

tilage [3]. There are over 100 types of arthritis, such as

osteoarthritis (OA) and rheumatoid arthritis. In the last

45 years, arthroplasty has been widely used to replace the

arthritic joint with prosthesis [4]. A lot of particles wear off

the gliding surface and induce osteolysis in everyday use.

Then the loosening of artificial joints will occur and the

revision surgery is required [5, 6]. Furthermore, lesion of

hip or knee is limited to articular cartilage, but a large

amount of cancellous bone is resected in the hip or knee

arthroplasty. Therefore, many kinds of artificial cartilage,

such as methyl methacrylate, poly (2-hydroxyethyl)

methacrylate (polyHEMA) hydrogel and polyvinyl alcohol

(PVA) hydrogel, have been developed to repair or replace

damaged articular cartilage. PVA hydrogel is a kind of

rubber-like gel which has three-dimensional network

structure. Many vivo tests show that PVA hydrogel has

good biocompatibility [7–9]. PVA hydrogel also has many

extraordinary properties, such as low elastic modulus and

high resilient [10].

Many studies have been made on the friction properties

of PVA hydrogel [11, 12] and articular cartilage [13–16].

Covert et al. [11] have conducted friction tests to investigate

the influence of independent variables to PVA hydrogel

friction. These variables included temperature, lubrication

viscosity, load and so on. Katta et al. [14] have investigated

the friction properties of cartilage against cartilage at dif-

ferent contact stress levels under static and dynamic load

conditions. They found that an increase in contact stress

reduced the friction levels. In the long term reciprocating
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motion friction tests of cartilage-on-metal contact, Forster

and Fisher [13] found that the friction coefficients of the

initial and repeat tests were both dependent on the loading

time. In the research by Northwood et al. [15], the friction of

biomaterials was compared in long term continuous sliding

tests. According to previous studies, static load were widely

used to investigate the friction properties of natural and

artificial cartilage. In natural synovial joints, the loads on

hips and knees under motion are dynamic applied [4]. It is

necessary to study the long term friction properties of nat-

ural and artificial cartilage under dynamic load.

The purpose of this study is to investigate the frictional

behavior of articular cartilage, stainless steel and PVA

hydrogel as artificial cartilage under static and dynamic

load in long term tests. Cartilage-on-PVA hydrogel contact

and cartilage-on-cartilage contact and cartilage-on-stain-

less steel contact were used to evaluate friction variations

in reciprocating motion pin-on-plate friction tests. Con-

tinuous sliding tests under constant load of 25 N were used.

Two kinds of dynamic load were used in these tests,

including cyclic load and 1 min load change.

2 Experimental details

2.1 Materials

Dimethyl sulfoxide (DMSO) and PVA were supplied by

Sinopharm Chemical Reagent Co, Ltd. (SCRC), P. R.

China. The viscosity-average degree of polymerization of

PVA was 1750 ± 50. The saponification degree of PVA

and the concentration of DMSO was 99%.

The solution of PVA was prepared in DMSO/water

(80:20) mixed solvent. The concentration of PVA power in

the mixed solvent was 15wt%. Subsequently the solution

was stirred in autoclave at 110�C for 3 h to become viscous

slurry. After degassing of the air bubbles, the viscous slurry

was poured into stainless steel container and putted in a

medical refrigerator for 24 h at -20�C. PVA hydrogel was

obtained by thawing the viscous slurry. Then the PVA

hydrogel was immersed in distilled water which was

changed continuously at 20�C for 20 days to exchange the

mixed solvent in the specimens [17]. Specimens were

placed in Ringer’ solution for 24 h before tests. The

dimension of each specimen was 3 mm in thickness,

20 mm in width and 40 mm in length.

Human articular cartilage specimens used in this research

were obtained from femoral condyle. Human knee joints

without any injury were obtained by cadaver donation from

Shanghai Changzheng hospital, P. R. China. Specimens

were treated in accordance with accepted ethical practices.

Cartilage pins were removed by hollow drill. Each pin

sample was 9 mm in diameter and 6 mm in length.

Rectangular plates, 11 mm in width and 20 mm in length,

were obtained by a surgical hand saw. In the sawing process,

surfaces of rectangular plates were chosen as flat as possible.

The human knee joints and rectangular plates obtained were

kept hydrated regularly during the sample extraction process

with Ringer’ solution. The subchondral bones of rectangular

plates were 4 mm in thickness. Cartilage samples were

stored in Ringer’ solution and frozen at -20�C. The freezing

processes do not affect the results of cartilage samples [13,

15, 16].

The stainless steel specimen was surgical grade 317L

stainless steel, with a surface roughness of Ra & 0.05. The

friction tests were run at room temperature. The tester was

UMT-2 Micro-Tribometer (CETR INC., USA). Friction

force is measured by strain gauge sensor and converted by

software. A schematic diagram of the pin-on-plate friction

apparatus is shown in Fig. 1. The cartilage pin was

mounted on designed fixture which was connected to the

strain gauge sensor. The cartilage and PVA hydrogel plates

were mounted on the stainless steel chamber. The cartilage

pin was reciprocated 2 mm s-1 over a distance of 4 mm in

each test.

In continuous sliding tests, tests were conducted to

evaluate friction variations in 60 min under constant load

of 25 N (0.4 Mpa). The 1 min load change tests were

conducted following the continuous sliding tests. After a

continuous sliding test in 60 min, the load was systemati-

cally reduced to a constant load of 0.5 N for 1 min and the

cartilage pin maintained a static state at the same time.

Then a new reciprocating motion was performed in 30 min

under the load of 25 N.

In cyclic load tests, a new load methodology was

developed. Initially constant load of 25 N was applied to

the cartilage pin for 1 s without moving. Next, the cartilage

pin moved forward and then moved back. At last the load

was reduced to a constant value of 0.5 N for 4 s and the

cartilage pin stop moving. A schematic diagram of the

cyclic load condition is shown in Fig. 2.

Fig. 1 Schematic diagram of the device for friction testing
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2.2 Measurement

The friction coefficient was the average value of each

experimental configuration. The friction readings were

taken every 4 min up to 60 min. Friction data were

obtained from the last cycle of the data acquisition period.

All tests were conducted using Ringer’s solution as lubri-

cant. A sample size of n = 3 were used in each experi-

mental configuration.

2.3 Surface analysis

PVA hydrogel was used in the application of artificial

cartilage. It is necessary to evaluate the surface morphol-

ogy changes of cartilage-on-PVA hydrogel contact. In

conventional scanning electron microscopy (SEM) a lot of

preparations were required, including fixing, dehydration,

drying and gold coating [18]. Articular cartilage contains

60–80% water, thus it is inconvenient to examine by SEM.

Environmental scanning electron microscopy (ESEM,

Philips XL30) was used for the examination in this study.

No special preparation was necessary for the examination

in ESEM. All samples were kept in their natural hydrated

state during the examination. Surfaces of the cartilage pin

and PVA hydrogel plate in cartilage-on-PVA hydrogel

contact in continuous sliding tests were examined. The

accelerating voltage, the spot size and the chamber pres-

sure was 15 kV, 4.0–5.0 and *5.0 Torr, respectively. The

temperature of specimens was maintained at approximately

5–6�C.

3 Results and discussion

3.1 Continuous sliding tests in 60 min

Trends of the friction coefficient in continuous sliding tests

in 60 min are shown in Fig. 3. The mean values and

standard deviations of the friction coefficient were obtained

from the three tests. It can be seen that the friction coef-

ficient of cartilage-on-PVA hydrogel contact and cartilage-

on-stainless steel contact gradually increased in 60 min.

The friction coefficient of cartilage plates had no signifi-

cant change during 60 min sliding tests. The friction rise of

cartilage-on-PVA hydrogel contact and cartilage-on-stain-

less steel contact indicated the loss of the interstitial fluid

load in the cartilage pin and PVA hydrogel [19–21]. In this

study the friction coefficient of cartilage-on-stainless steel

contact increased more quickly than cartilage-on-PVA

hydrogel contact. In the 60 min sliding tests, the friction

coefficient between the cartilage pin and PVA hydrogel

plate was 0.178 compared with 0.266 of cartilage-on-

stainless steel contact.

Fig. 2 Schematic diagram showing cyclic load (a) and sliding

distance (b)

Fig. 3 Friction results of continuous sliding tests under static load
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3.2 One minute load change tests

The change of the friction coefficient with the load change

tests is shown in Fig. 4. After the constant load of 0.5 N in

1 min, a new continuous sliding test was performed in

30 min under constant load of 25 N. In the 30 min sliding

test, there was an increase in the friction coefficient for

cartilage-on-PVA hydrogel contact from 0.152 to 0.171.

The cartilage-on-stainless steel contact produced an obvi-

ous increment in friction coefficient from 0.254 to 0.289. It

is shown in Fig. 4 that the friction coefficient of cartilage-

on-cartilage contact did not show remarkable increment in

the friction coefficient.

3.3 Cyclic load tests in 60 min

General trends in the friction coefficient of cyclic load tests

are depicted by the graph in Fig. 5. The friction coefficient

of cartilage-on-stainless steel contact increased signifi-

cantly in 60 min. The friction coefficient of cartilage-on-

stainless steel contact rapidly increased in initial 20 min

from 0.093 to 0.155. After 40 min in cyclic load tests, the

friction coefficient of cartilage-on-stainless steel contact

reached equilibrium value of approximately 0.159. The

friction coefficient of cartilage-on-PVA hydrogel contact

did not show a similar rise. The friction coefficient of

cartilage-on-PVA hydrogel contact slightly increased from

0.046 to 0.058 in initial 20 min. Then there was no obvious

increase in friction coefficient in the remaining time.

3.4 Comparison between continuous sliding tests

and cyclic load tests

The friction coefficients of the two kinds of tests are shown

in Fig. 6. In these tests, the friction coefficient of cartilage-

on-cartilage contact had no significant change during the

60 min of continuous sliding test, with a mean value of

0.029. The low friction coefficient was similar to the pre-

vious joint studies [22–24] and the cartilage pin studies [25,

26]. The friction level of cartilage-on-cartilage contact was

far lower than that recorded for cartilage-on-stainless steel

contact and cartilage-on-PVA hydrogel contact.

For stainless steel and PVA hydrogel, the cyclic load

tests did result in a decrease in friction compared with the

continuous sliding tests. It can be seen that the friction

coefficient of cartilage-on-stainless steel contact decreased

from 0.266 to 0.159 in 60 min in cyclic load tests, which

was almost half of the value in continuous sliding tests.

The average friction coefficient of cartilage-on-PVA

hydrogel contact under cyclic load tests decreased from

0.178 to 0.076 in 60 min, which was almost one-third of

the results in continuous sliding tests. In cartilage-on-PVA

hydrogel contact, the increase rate of the friction coeffi-

cient under cyclic load in the initial 20 min is marked

lower than that in continuous sliding tests. For cartilage-on-

stainless steel contact, the increase rate of the friction

coefficient had no change in initial 20 min in continuous

sliding tests and cyclic load tests.

Articular cartilage is a unique porous biological material

with extremely low friction. The biphasic theory of artic-

ular cartilage has been put forward to explain its excellent

friction property [27]. Articular cartilage is considered to

be made up of fluid phase and solid phase. Fluid phase

represents the interstitial fluid in its porous structure. Solid

phase represents collagen fibers, proteoglycans, and other

components. Articular cartilage has very low permeability

which is ranging from 10-15 to 10-16 m4/Ns, thus very

high drag forces are induced when fluid phase is moving.

The friction properties of articular cartilage are based on

the load partition between fluid phase and solid phase.

With load the fluid phase withstands very high stressed dueFig. 4 Friction results of 1 min load change tests

Fig. 5 Friction results of cyclic load tests
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to its high drag forces and the solid phase withstands low

stress, thus low level of solid to solid contact occurs and

the low friction coefficient exists. Krishnan et al. [21] have

found that as the duration increases, the friction coefficient

increases. The load support of the fluid phase decreases

significantly at the same time. Furthermore, an amorphous

and electron-dense layer called surface lamina on articular

cartilage surface has been found in previous researches

[28–30]. The surface lamina is a nonfibrous and mem-

brane-like filamentous coat on articular cartilage surface.

Boundary lubricants such as sulphated glycosaminoglycan

(GAG), lubricin and phospholipids have been found in it.

These boundary lubricants of surface lamina could main-

tain low friction in tests. Both the load support of fluid

phase and boundary lubricants contribute to the good

lubrication performance of the cartilage. In this study, the

effects of boundary lubrication and biphasic lubrication for

articular cartilage could not be isolated. Because all tests

were performed with Ringer’s solution as lubricant, there

was no newly added boundary lubricant.

In this study, the friction coefficient of cartilage-on-

cartilage contact maintained low value in all tests. During

sliding tests, cartilage plate could keep the intrinsic

biphasic properties effective due to the low permeability.

The interstitial fluid phase would be rehydrated in each

unload phase. As a result, the fluid phase would withstand

most stress and low value of the friction coefficient was

maintained. Moreover, the surface lamina contributed to

maintain low friction.

Stainless steel is a single-phase material without any

porous structure. In continuous sliding tests, the friction

coefficient of cartilage-on-stainless steel contact increased

all along in 60 min. However, the friction coefficient of

cartilage-on-stainless steel contact under cyclic load

reached an equilibrium value which is much lower. The

continuous sliding condition showed great effect on the

load partition between fluid phase and solid phase in the

cartilage pin. The decrease of the friction coefficient in

cyclic load tests was mostly attributed to the partial

recovery of the biphasic lubrication mechanism in articular

cartilage.

PVA hydrogel is a kind of viscoelastic material and has

three-dimensional network structure. This kind of structure

holds large amounts of water without dissolving [31, 32].

PVA hydrogel possesses a similar biphasic lubrication

mechanism to natural articular cartilage, which have

Fig. 6 Comparison of continuous sliding tests and cyclic load tests. a cartilage-on-cartilage contact; b cartilage-on-stainless steel contact; c
cartilage-on-PVA hydrogel contact
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interstitial fluid pressure withstanding load. In continuous

sliding and cyclic load tests, the interstitial fluid of the

cartilage pin and PVA hydrogel continuously lost, and thus

the level of solid to solid contact rise and the friction value

increased. During cyclic load tests, the change of load

encouraged the rehydration of the fluid phase. Because the

fluid phase could maintain its load support by rehydration,

the friction coefficient increased very slowly. Bell et al.

[25] had investigated that parts of the cartilage plate can be

unloading during continuous sliding tests and the friction

coefficient remains low. In this study, the entire plate

specimen was not loaded in the cyclic tests.

It is also indicated that the biphasic property of PVA

hydrogel is not as effective as that of articular cartilage.

The friction coefficient increased gradually with time from

0.047 to 0.076 under cyclic load due to the increment of

solid phase load carriage in the PVA hydrogel. Further-

more, PVA hydrogel has no surface lamina which contains

boundary lubricants. The boundary lubricant on the surface

of the cartilage pin is less than that on the cartilage plate.

Compared with cartilage-on-cartilage contact, cartilage-on-

PVA hydrogel contact got little benefit from the boundary

lubrication.

3.5 Comparison between continuous sliding tests

and 1 min load change tests

The friction results of continuous sliding tests and 1 min

load change tests are shown in Fig. 7. After the 1 min load

change, the friction coefficient of cartilage-on-stainless

steel contact and cartilage-on-PVA hydrogel contact

decreased. It can be seen from Fig. 7b that the friction

coefficient of cartilage-on-stainless steel contact decreased

from 0.266 to 0.254. Compared with stainless steel, the

friction coefficient between PVA hydrogel and cartilage

has more quickly decreased from 0.178 to 0.152. It can be

concluded that both cartilage-on-stainless steel contact and

cartilage-on-PVA hydrogel contact could not recover to the

initial friction level.

Forster and Fisher [13] have investigated entire load

removal for 1 min upon the cartilage pin against stainless

steel. They found that following 1 min period of load

removal there is a sharp drop in the friction coefficient. In

this study, the load reduced to a constant load of 0.5 N for

1 min. Furthermore, the effect of the 1 min load change for

the cartilage pin against PVA hydrogel and the cartilage

pin against cartilage plate were observed. The friction

coefficient of cartilage-on-PVA hydrogel contact decreased

more significantly than cartilage-on-stainless steel contact.

The friction decrease of both stainless steel and PVA

hydrogel was related to the intrinsic biphasic lubrication

mechanism of articular cartilage and PVA hydrogel.

However, following a 1 min period of load removal, there

is no obvious change in the friction level of cartilage-on-

cartilage contact.

3.6 ESEM analysis of articular cartilage and PVA

hydrogel

The surfaces of the cartilage pin and PVA hydrogel plate

were examined by ESEM in Figs. 8, 9, 10 and 11. The

ESEM examination of unworn specimen of articular car-

tilage revealed a smooth surface. There were no significant

morphological features, such as scars or splits in the sur-

face. Surface lamina can be seen on the top of articular

cartilage. Some particles appear on the surface due to the

preparation of samples. It can be seen from Fig. 9 that the

surface of the unworn PVA hydrogel is smooth with some

small holes. These small holes reveal the porous structure

of PVA hydrogel.

After a continuous sliding test in 60 min and a 1 min

load change test in 30 min, the ESEM of worn articular

Fig. 7 Comparison of continuous sliding tests and 1 min load change

tests. a Whole tests; b In 4 min
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cartilage revealed signs of damage to the cartilage pin.

Holes and scars were visible on the surface. Surface lamina

worn off and some pitting appeared. It is shown that scars

and small wear particles were found on PVA hydrogel

surfaces in Fig. 11. The holes on the surface of unworn

PVA hydrogel disappeared due to the high stress on the

contact area.

In continuous sliding tests, the cartilage pin was loaded

all the time. The interstitial fluid phase in cartilage is lost

continually and the solid contact increased. Similarly, large

amount of the fluid phase in PVA hydrogel was also

extruded from the porous structure and most loads were

supported by the solid phase in PVA hydrogel. As a result,

the level of solid to solid contact rose and the surface of the

cartilage and PVA hydrogel wore off.

4 Conclusions

The friction coefficient of cartilage-on-cartilage contact

maintained far lower value than other contacts in all tests.

In continuous sliding tests, the friction coefficient of car-

tilage-on-stainless steel contact and cartilage-on-PVA

hydrogel contact had gradually increased. After a constant

load of 0.5 N for 1 min, both cartilage-on-stainless steel

contact and cartilage-on-PVA hydrogel contact have a drop

in the friction coefficient. In cyclic load tests, cartilage-on-

PVA hydrogel did not show similar increase rate and

increased slightly. The friction coefficient of cartilage-on-

stainless steel contact and cartilage-on-PVA hydrogel

contact decreased significantly.

The friction behavior of articular cartilage and PVA

hydrogel is associated with the intrinsic biphasic proper-

ties. It is indicated that the loss of interstitial fluid load

support induced the friction rise. It is also found that the

biphasic property of PVA hydrogel is not as effective as

that of articular cartilage. The similarities in the friction

response of cartilage-on-cartilage contact and cartilage-

on-PVA hydrogel contact indicated that PVA hydrogel is a

Fig. 8 ESEM image of unworn articular cartilage

Fig. 9 ESEM image of unworn PVA hydrogel

Fig. 10 ESEM image of worn articular cartilage

Fig. 11 ESEM image of worn PVA hydrogel
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promising kind of artificial cartilage. It can be concluded

that a key feature of artificial cartilage is the biphasic

lubrication properties. Further studies are still necessary to

optimize friction performance of the artificial cartilage.
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