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Hyaluronic acid (HA) is the main biopolymer used in intra-articular injections for osteoarthri-
tis (OA). HA is usually applied at 1-3mg/mL, though the optimal level remains unclear. The pur-
pose of this study was to determine the effect of HA concentration on the friction in osteoarthrosis.

Samples from the osteoarthritic head of a human femur and porcine controls were tested in
a pin-on-plate setup. The results showed a statistically significant effect of HA concentration on the
friction in a group of porcine cartilage. In a group of osteoarthritic cartilage, such a relationship
did not occur. This comparison highlights that degeneration limits HA’s effect.
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1. Introduction

Osteoarthritis (OA) is caused by aging joints and is increasingly influenced by lifestyle
choices, lack of physical activity, and a diet based on highly processed foods (Allen & Go-
lightly, 2015). It is one of the main causes of functional disability. It can occur in all joints, but
the effects of OA of the hand, knee, hip and spine are usually considered the most dangerous.
The symptoms of this disease include joint pain, stiffness, and difficulty in movement. This is the
result of changes in the structure of the articular cartilage, which loses its physiological shape,
structure, and properties. As a result of these changes, pain occurs during movement, resulting
in limited mobility for patients (Burr & Gallant, 2012; Aitken et al., 2020). In order to improve
mobility in the affected joint, supplementation with hyaluronic acid (HA) preparations is often
used to relieve pain and improve its lubricating conditions (Gaumet et al., 2018; Turajane et al.,
2007). HA is a component of synovial fluid (SF) responsible for the proper functioning of joints.
In a healthy joint, HA has lubricating and shock absorbing functions, reducing friction between
surfaces. HA provides the joint lubricant with high viscosity and elasticity, which protects it
against mechanical overload. Various authors have analyzed the effect of HA concentration and
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molar mass on the coefficient of friction (CoF) of articular cartilage. De Roy et al. (2024) and
Snetkov et al. (2020) showed that cartilage friction is mainly determined by its microscopic struc-
ture, while viscoelastic properties are additionally related to macroscopic structure. Viscoelastic
and frictional properties showed a weak correlation. Caligaris et al. (2009) studied the effect
of OA degeneration on the friction coefficient value. They assessed friction on seven specimens
with a degeneration stage <2 and nine specimens >2 <3 on the ICRS scale. They found no
statistically significant differences between the friction coefficient value and the degree of OA.
Neu et al. (2010) investigated that CoF of femoral cartilage samples correlates positively with
the severity of OA. These results are not consistent, in addition these studies were conducted
on HA solutions produced under laboratory conditions, not on HA preparations used for SF
supplementation by injection into the joint.

The aim of the study: In clinical practice, the most commonly used preparations contain
between 1 mg/mL and 3 mg/mL of hyaluronic acid. However, from a medical point of view, there
are no clear recommendations for injecting a preparation containing a specific concentration
of HA (Snetkov et al., 2020; Jin & Dowson, 2013). The study conducted here was designed to
answer how the concentration of hyaluronic acid in an HA preparation for injection into the joint
affects the reduction of cartilage friction. The lubrication efficacy of preparations with different
hyaluronic acid contents was evaluated based on the value of the friction coefficient between the
articular cartilage and surgical stainless steel.

2. Material and methods

2.1. Material

The study used 18 osteoarthritic cartilage samples taken from 9 heads of osteoarthritic human
femur. Two cylindrical specimens of 10 mm in diameter and 15mm in height were taken from
each head. The femoral heads were obtained from patients undergoing hip replacement.

A single freeze-thaw protocol was applied for sample preservation. The heads were imme-
diately frozen at —22°C after collection. Before examination, they were thawed for 8 hours at
23 °C, followed by sampling and examination. The storage protocol was selected based on the
findings of Szarko et al. (2010), who demonstrated that freezing articular cartilage at —20°C or
—80°C, followed by controlled thawing at room temperature, maintains the tissue’s mechanical
properties without causing significant changes.

Figure 1 shows the process of extracting samples for testing. The authors had permission
from the local ethics committee to collect and use the material for the study. As a lubricant,
a commercially available intra-articular injection product containing 2.2 % high-molecular-weight
hyaluronic acid was used. To obtain lower concentrations, the product was diluted with deionized
water.

(a) (b) (c) (d)

Fig. 1. Steps of sampling for testing: (a) osteoarthritic femoral head; (b), (¢) specimen extraction;
(d) collected sample.
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The control group consisted of 18 samples of pig cartilage taken from pig femoral heads.
The bones were obtained from a local slaughterhouse from pigs of the Polish White breed. The
heads cut from the bones were frozen immediately after slaughter. The samples were prepared
for testing and stored in the same way as human bones.

2.2. Friction coefficient measurements

The tests were conducted using the pin-on-plate method. In this method, an articular carti-
lage sample was mounted on a stationary pin, while a flat stainless steel counter-sample moved
in a rectilinear motion on a moving table. A lubricant containing HA was placed between the
samples. Compared with the pin-on-disk method, the principal advantage of the pin-on-plate
method is that it ensures a constant relative linear speed between the sample and the counter-
sample. In the pin-on-disk method, a stationary pin is in contact with a rotating disk. The
disadvantage of this method is that the linear velocity of relative motion between the samples
depends on the distance from the axis of rotation of the disk. The linear velocity of the subarea
of the sample located on the axis of the rotating disk is zero, whereas subareas farthest from
the axis of rotation have the maximum linear velocity. Therefore, the test using the pin-on-plate
method more closely reflects the real conditions of movement in the joint. The device used for
the study was described by Gordon et al. (2014).

ISO 7206 and ISO 14242 series of standards are frequently used standards for evaluating
the wear characteristics of hip implants. They specify methods of measurement, values of loads
used for testing, directions of application, environmental conditions of testing and others. Based
on an analysis of the parameter values recommended in these standards and those used by
other researchers (Furmann et al., 2020; Caligaris et al., 2009), a dedicated test program was
developed. The speed of movement between the two samples was 0.05 m/s, which corresponds to
slow walking (Furmann et al., 2020). Each test was divided into 5 cycles. Each cycle contained
2 steps: movement and rest. The movement time was 2 seconds followed by a 2-second break.
Therefore, one test contained 5 cycles of movement and rest. This was to reflect the way the
femoral head is loaded during walking, when it is loaded with body weight in the stance phase
and unloaded in the swing phase. The reciprocal pressing force of the samples was 10 N (Furmann
et al., 2020).

To lubricate the surfaces, preparations used for intra-articular injections containing HA at
concentrations of: 1.0 %, 1.5 %, 1.8 %, 2.0 %, and 2.2 % HA were used. The preparations did not
contain other substances that can affect the coefficient of friction.

3. Results

Tables 1 and 2 show the mean value of the coefficient of friction, median, standard deviation,
minimum and maximum values measured for the sample groups tested (pork cartilage and
osteoarthritic cartilage). Additionally, Fig. 2 presents these data as bar charts, which allows
a direct visual comparison between the two groups.

Table 1. Friction coefficient values for pork cartilage — stainless steel pairs.

HA concentration in lubricant
1.0% | 1.5% | 1.8% | 20% | 2.2%
Mean value of the friction coefficient, 1 | 0.019 | 0.016 | 0.015 | 0.013 | 0.012

Parameter

Standard deviation, SD 0.005 | 0.004 | 0.003 | 0.004 | 0.003
Minimum value 0.012 | 0.011 | 0.011 | 0.005 | 0.006
Maximum value 0.029 | 0.023 | 0.022 | 0.020 0.019

Median 0.019 | 0.016 | 0.015 | 0.013 | 0.0115
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Table 2. Friction coefficient values for osteoarthritic cartilage — stainless steel pairs.

HA concentration in lubricant

Parameter

1.0% | 1.5% | 1.8% | 2.0% | 2.2%

Mean value of the friction coefficient, ¢ | 0.033 | 0.031 | 0.029 | 0.028 | 0.026

Standard deviation, SD 0.007 | 0.007 | 0.004 | 0.004 | 0.007

Minimum value 0.021 | 0.021 | 0.024 | 0.021 | 0.019

Maximum value 0.044 | 0.042 | 0.037 | 0.035 | 0.040

Median 0.033 | 0.032 | 0.031 | 0.029 | 0.025

u 0.040 g [ Pork cartilage
0038 b [[] Osteoarthritic cartilage i

0.030
0.025
0.020
0.015
0.010
0.005

1.0 1.5 1.8 2.0 2.2
HA concentration [%]

Fig. 2. Effect of hyaluronic acid concentration on the friction coefficient (1) in porcine and osteoarthritic
human cartilage (means with SD error bars).

A statistical analysis of the results was carried out to assess the differences in friction coef-
ficients for lubricants with different HA contents. As a first step, the Kolgomorov—Smirnov and
Levene’s test was performed at a significance level of a = 0.05 to check the type of distribution of
results. In each sample group, the results had a normal distribution and equal variances. Further
analyses of the significance of differences in the coefficient of friction for lubricants with different
HA contents were performed using Anova’s one-way analysis at a significance level of a = 0.05.
Tukey’s test was used to determine which groups had statistically significant differences in the
mean values of the friction coefficient. The results of the statistical tests are shown in Tables 3
and 4. All analyses were performed using Statistica 13 software (StatSoft, PL).

Table 3. Tukey’s test results for the pork cartilage — stainless steel pair.

HA concentration | 1.0% | 1.5% | 1.8% | 2.0% | 2.2%
1.0% - NS S S S
1.5% - - NS NS S
1.8% - - — NS S
2.0% - - - - NS
2.2% - - - - -

An S value means that the difference in mean values between the two groups is statistically
significant. An NS value means that statistically, there is no difference between the mean values
in two particular groups.
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Table 4. Tukey’s test results for the osteoarthritic cartilage — stainless steel pair.

HA concentration | 1.0% | 1.5% | 1.8% | 2.0% | 22%
1.0% — NS NS NS NS
1.5% - - NS NS NS
1.8% — — - NS NS
2.0% - - - - NS
2.2% - - - - -

4. Discussion

The friction coefficient values obtained from the study for the pork cartilage-steel friction pair
were in the range of 0.019-0.012, while for human osteoarthritic cartilage, they were in the range
of 0.033-0.026. For pork cartilage, these values are in line with literature data, i.e., 0.005-0.02
(Furmann et al., 2020; Jin & Dowson, 2013). For osteoarthritic cartilage, these values are higher
than for healthy cartilage but comparable with results obtained by other authors (Caligaris
et al., 2009).

In both test groups, the average value of the coefficient of friction decreased as the concen-
tration of HA in the lubricant increased. However, statistical analyses showed that the effect of
HA concentration in the lubricant on the coefficient of friction was significant only for the pork
cartilage. No such relationship was found in the OA group. Porcine samples were the reference
group, as cartilage in samples from this group had no pathological changes. The use of human
articular cartilage without pathological features in the reference group was not possible due to
the lack of approval from the local ethics committee. Nevertheless, porcine cartilage is widely
accepted as a suitable model for human articular cartilage (Fackler et al., 2023). Furthermore,
the mechanical properties of swine cartilage, including stiffness under defined loading conditions,
have been reported to approximate those of human tissue, further supporting its application in
biomechanical evaluations (Ronken et al., 2012).

The statistically significant differences, or lack thereof, observed in the study can be ex-
plained at the molecular level. At this scale, the variation in concentration-dependent response
is primarily determined by the condition of the cartilage surface. In healthy tissue, densely
hydrated hyaluronic acid coils adsorb onto the phospholipid-rich superficial zone, forming elec-
trostatic interactions with both phosphatidylcholine head groups and the underlying collagen
network. This promotes the formation of a continuous hydration film that substantially reduces
friction. In contrast, degenerative changes associated with OA disrupt this lipid—protein interface
and expose denatured collagen fibrils, thereby limiting the availability of effective HA-binding
sites, which likely accounts for the absence of statistically significant differences observed in
osteoarthritic tissue. This interpretation is supported by findings from NMR-based compression
experiments, which showed that enzymatic degradation of the collagen fibrillar network leads
to mechanical softening and an almost complete loss of swelling capacity due to impaired fluid
pressurization and a disrupted pore structure (Greene et al., 2012). These structural alterations
reduce the tissue’s ability to interact effectively with HA and to maintain a functional lubrication
environment under load.

It is important to emphasize that certain methodological challenges are inherent to studies
involving biological tissues, such as cartilage. In the case of cartilage, as in the case of the study
of other tissues (Kohut et al., 2021; Aleksandrowicz, 2020), the evaluation of biomechanical
characteristics by methods used to test structural materials is not straightforward, and the
accuracy of measurement may be unsatisfactory. This is due to the specific characteristics of
the material, the difficulty of determining the actual way in which the tissue is loaded in the
body, and choosing the correct method of conducting the test.
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Cartilage lubrication in the joint occurs in two ways: by compression of the interstitial fluid
(Ateshian et al., 1998; Krishnan et al., 2004) and boundary lubrication by the SF (Schmidt &
Sah, 2007a; Schmidt et al., 2007b). Caligaris et al. (2009) showed that lubrication by compression
of interstitial fluid is usually much more effective than boundary lubrication by SF. During OA,
the structure of collagen fibers in the upper layers of the particle is damaged, and consequently,
its porosity and permeability are higher. Therefore, during cartilage deformation, the increase
in fluid pressure in the cartilage matrix with OA is not as great as in healthy cartilage.

In our study, the cartilage samples were 10 mm in diameter, while the steel counter-sample
was flat and smooth. Due to the spherical structure of the articular surfaces, it is impossible to
obtain relatively flat specimens with larger dimensions on which to perform a more accurate
test. The dimensions of the specimen made it difficult to obtain the correct fluid pressure in the
cartilage, due to the extrusion of fluid from the specimen and the lack of fluid flow throughout
the cartilage. This could also have affected the accuracy of the measurement.

The next factor to analyze was the speed at which the test was conducted. Tests were
conducted at the speed of reciprocal surface motion corresponding to slow walking, i.e., 0.05m/s.
At other speeds, due to the non-Newtonian nature of the fluid, the friction coefficient values may
be different.

Another factor is changes in morphology in the subchondral layer and the trabecular bone
that supports the cartilage. As a result of OA, the shape, structure, as well as mineral content
of these tissues may change (Cichanski et al., 2010; Topolinski et al., 2012a; 2012b). As a result,
the elasticity of the cartilage may also change.

Balazs (2004) showed that the intramedullary injection of HA improves the viscoelasticity
and fluidity of SF, alleviates the effects of OA, prevents symptoms of the disease, and allows
postponement of surgery. However, it is difficult to determine whether the concentration of
injectable HA affects the duration of effective impact. It is highly dependent on the individual
characteristics of the patient and many factors, such as the degree of joint damage, the patient’s
weight, and level of physical activity.

5. Conclusions

Frictional performance of articular cartilage reflects the interplay between tissue condition
and the properties of the lubricating medium. To provide a clear, application-oriented summary,
we evaluated how stepwise changes in HA concentration affect the coefficient of friction using
a standardized pin-on-plate protocol within a range relevant to viscosupplementation practice.

In pin-on-plate friction testing, increasing hyaluronic-acid concentration from 1.0 % to 2.2 %
was associated with a progressive reduction of the friction coefficient in porcine articular carti-
lage, with several pairwise comparisons reaching statistical significance. In osteoarthritic human
cartilage, friction remained consistently higher across the same concentration range and between-
concentration differences did not reach significance under the present protocol.

These findings, obtained within a concentration range commonly used in viscosupplementa-
tion, highlight the practical importance of reporting and controlling HA content in tribological
assessments. For non-degenerate tissue, higher HA levels can yield a tangible reduction in fric-
tion; for osteoarthritic tissue, adjusting HA concentration alone may be insufficient, suggesting
the value of exploring more physiologically representative lubricants or combined approaches.
Future work should expand the number of specimens per concentration and examine broader
loading and speed conditions.
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