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Abstract
Purpose  The purpose of this in vitro study was to investigate whether or not hyaluronic acid supplementation improves knee 
joint friction during osteoarthritis progression under gait-like loading conditions.
Methods  Twelve human cadaveric knee joints were equally divided into mild and moderate osteoarthritic groups. After initial 
conservative preparation, a passive pendulum setup was used to test the whole joints under gait-like conditions before and 
after hyaluronic acid supplementation. The friction-related damping properties given by the coefficient of friction µ and the 
damping coefficient c (in kg m2/s) were calculated from the decaying flexion–extension motion of the knee. Subsequently, 
tibial and femoral cartilage and meniscus samples were extracted from the joints and tested in an established dynamic pin-
on-plate tribometer using synthetic synovial fluid followed by synthetic synovial fluid supplemented with hyaluronic acid 
as lubricant. Friction was quantified by calculating the coefficient of friction.
Results  In the pendulum tests, the moderate OA group indicated significantly lower c0 values (p < 0.05) under stance phase 
conditions and significantly lower µ0 (p = 0.01) values under swing phase conditions. No degeneration-related statistical 
differences were found for µend or cend. Friction was not significantly different (p > 0.05) with regard to mild and moderate 
osteoarthritis in the pin-on-plate tests. Additionally, hyaluronic acid did not affect friction in both, the pendulum (p > 0.05) 
and pin-on-plate friction tests (p > 0.05).
Conclusion  The results of this in vitro study suggested that the friction of cadaveric knee joint tissues does not increase 
with progressing degeneration. Moreover, hyaluronic acid viscosupplementation does not lead to an initial decrease in knee 
joint friction.
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Abbreviations
OA	� Osteoarthritis
HA	� Hyaluronic acid
MW	� Molecular weight
CoF	� Coefficient of friction
WOAKS	� Whole-organ arthroscopic knee score
sSF	� Synthetic synovial fluid
IFP	� Interstitial fluid pressurization

Introduction

Despite great scientific achievements in understanding 
osteoarthritis in recent decades, the multifactorial etiology 
of knee osteoarthritis (OA) still remains a challenge for 
joint-preserving treatment strategies [1]. Macroscopically, 
the disease is characterized by progressive degradation of 
cartilage and meniscus tissue. From a tribological point of 
view, this can be attributed to alterations in joint friction, 
including lubrication by the synovial fluid (SF) [2–4]. In par-
ticular, research on joint lubrication is of great clinical inter-
est, because it is the target of treatment strategies based on 
tribo-supplementation. These include intra-articular injec-
tions of corticosteroids, platelet-rich plasma and hyaluronic 
acid (HA) as the most commonly used supplements [5–7].

The rationale for supplementing HA is given by patho-
logical changes of the SF composition during OA progres-
sion [8]. A decline in HA concentration and shift from high 
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to lower molecular weight (MW) causes a reduced viscos-
ity, thus impaired lubricity of the SF [8, 9]. Therefore, sup-
plementing high MW HA aims to restore the physiologic 
properties of SF in terms of joint lubrication to maintain a 
low-friction environment [8]. Although the improvement of 
joint lubrication appears to be the predominant therapeutic 
target of HA supplementation, its mechanical impact is cur-
rently not fully understood [5, 8, 10]. Controversial literature 
regarding the mechanism of action of HA supplementation 
contribute to discrepancies in national and international 
treatment guidelines [1]. Thus, there is still the need for 
investigations on its various therapeutic effects. Previously, 
a variety of pendulum and pin-on-plate setups were used to 
investigate the tribological effect of HA supplementation at 
the joint [11–13] and tissue levels [14–16], respectively. In 
whole animal knee joints, HA was reported to have a fric-
tion-reducing effect [12, 17]. At present, comparable in vitro 
friction studies on whole naturally degenerated human knee 
joints are lacking. At the tissue level, HA reduced friction 
of degenerated human cartilage samples under quasi-static 
testing conditions [16]. However, studies on more physi-
ologic conditions are still required. Under gait-like loading 
conditions the double-peak loading profile with the associ-
ated different velocities lead to the characteristic lubrication 
regimes, which are crucial for biotribological investigations 
of the knee joint tissues [17–19]. In conclusion, there is a 
lack of knowledge about both, the general friction properties 
and the tribomechanical effect of HA in the aging human 
knee joint. Therefore, the aim of the present study was to 
perform a two-part tribological study on degenerated human 
knee joints. On the basis of the characteristic progressive 
cartilage damage and the associated surface roughening 
[3, 20, 21], we hypothesized that joint friction is higher in 
moderate OA joints compared to mild OA joints. Moreover, 
based on the friction-minimizing effect found in experimen-
tal OA models after HA injection [14, 17], we hypothesized 
that HA supplementation is able to reduce friction in both, 
mild and moderate OA knees. Overall, this in-vitro tribologi-
cal study extends the literature by providing insights into the 
friction properties and the tribomechanical effect of HA on 
degenerated human knee joint tissues under simulated gait 
conditions.

Material and methods

Study design

Friction tests on aged human knee joints with signs of mild 
or moderate OA were performed using a passive pendulum 
friction setup and a dynamic pin-on-plate tribometer [19, 
22] to investigate whole joint friction and the tribologi-
cal effect of HA supplementation at the joint level and on 

extracted meniscus and cartilage samples at the tissue level, 
respectively (Fig. 1). In both tests, the load application was 
performed in accordance to the swing and stance phases of 
gait [23, 24].

Macroscopic assessment of OA severity

On the basis of a-priori sample size calculation using a 
comparable study design (G*Power 3.1.9.7 ([12], effect 
size d = 2.10, α error = 0.05, power (1 − β) = 0.95), twelve 
human cadaveric knee joints were obtained from an official 
tissue bank (Science Care, Phoenix (AZ), USA) and equally 
divided into a mild and a moderate OA group (exclusion 
criteria: prior knee surgery, cancer). On the basis of cor-
relations between age and OA severity [25], the donor age 
was initially used as a selection criteria, which was ≤ 65 
years for the mild OA (four females, two males, mean age: 
49 ± 8 years) and > 65 years for the moderate OA joints 
(three females, three males, mean age: 80 ± 5 years). OA 
severity of the joints was macroscopically assessed using 
a semi-quantitative evaluation based on the whole-organ 
arthroscopic knee score (WOAKS) [26]. The articular car-
tilage was evaluated in accordance with the International 
Cartilage Research Society scoring system [27] at stand-
ardized locations on the femur (n = 21), tibia (n = 18) and 
patella (n = 9). Meniscus damage was analyzed based on the 
scoring system from Pauli et al. [28] (range 0 to 4) at stand-
ardized locations on the femoral- (n = 9) and tibial-facing 
sides (n = 9) of the menisci. The whole joint score was then 
calculated by summarizing all scores, ranging from 0 to 264.

Passive pendulum tests

Sample preparation

The joints were stored at − 20 °C and thawed for 36 h at 
4 °C before preparation. Subsequently, the skin, fat and 
muscle tissue were removed, while the collateral ligaments, 
the patellar ligament at the tibia and the joint capsule were 
maintained intact. The bony ends of the femur and tibia were 
embedded in custom-made bone cylinders using polyme-
thyl-methacrylate (Technovit 3040, Heraeus Kulzer GmbH, 
Wertheim, Germany) for fixation of the knees in the pendu-
lum setup [22]. Two customized bone screws were bi-corti-
cally anchored in the femur and tibia, while coordinate sys-
tems were aligned along the anatomical axes of the bones for 
kinematic measurements. The joints were kept moist with 
isotonic saline solution throughout the preparation process.

Setup and testing routine

Following preparation, the knee joint was mounted verti-
cally inverted in an inclined mounting block on a base plate 
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of a previously introduced pendulum setup [22]. The tibia 
was allowed to freely oscillate relative to the femur with the 
pendulum arm attached. Joint loading under simulated swing 
phase conditions [24] was achieved by applying a dead 
weight of 250 N to the pendulum with an initial deflection 
angle of 20° [24]. For simulation of the stance phase [24], a 
dead weight of 1000 N was applied and the initial defection 
was lowered to 7.5° [24, 29]. The mounting angle between 
the femur and tibia was set to 160° for swing phase condi-
tions and 172.5° for stance phase conditions to reproduce 

in vivo tibiofemoral contact mechanics [29]. A dead weight 
of 10 N was attached at the patella tendon using a wire rope 
[30] to increase joint stability. Passive joint motion was initi-
ated by releasing the pendulum from the respective initial 
deflection. A motion capturing system (Prime 13, Natural-
Point; nine cameras, mean error after calibration < 0.3 mm, 
240 fps image acquisition rate) was used to record the three-
dimensional decaying motion of the oscillation. The joints 
were tested eight times in the native condition under both, 
the stance and swing phase loading conditions, resulting in 

Fig. 1   Study design overview; (A) Hyaluronic acid (HA) supple-
mentation at the joint level was examined using a passive pendulum 
friction setup (upper row), while the load application for the stance 
and swing phases were derived from a human gait cycle [24]. A vis-
cous friction model was applied on the decaying passive knee joint 
motion in flexion–extension to calculate the damping time (tD) and to 
quantify the energy loss in terms of viscous damping (c) and friction 

processes (µ). (B) Testing of HA supplementation at the tissue level 
where meniscus against cartilage (tribosystem Meniscus) and tibial 
against femoral cartilage (tribosystem Cartilage) samples were exam-
ined using a dynamic pin-on-plate tribometer under gait-like loading 
conditions [19], while the coefficient of friction (CoF) was separately 
calculated for both, the stance and swing phases
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a total of 16 test runs. Between the stance and swing phase 
conditions, the axial loading of the knee was removed for 
20 min to allow for soft tissue relaxation. Following the tests 
in the native condition, 6 ml HA (Synvisc, Hylan G-F 20, 
Sanofi-Aventis, GmbH, Frankfurt, Germany, HA concen-
tration: 8 mg/ml; MW: 6000 kDa) were injected into the 
joint capsule using a 22G syringe (B. Braun Melsungen AG, 
Germany), which corresponds to a clinical one-time treat-
ment procedure [31]. The knees were manually flexed and 
extended five times to homogeneously distribute the HA in 
the joint. The joints were then similarly tested as described 
in the native condition.

Data evaluation was performed using a customized MAT-
LAB script (MATLAB 2022a, the MathWorks Inc., Natick, 
United States), where a viscous friction model [32] (Eq. 1) 
was applied to the decaying flexion–extension data in the 
sagittal plane to quantify the energy loss by viscous damping 
(c in kg m/s2) and friction processes (µ).

with,

and θ0 being the starting deflection, t = time, m = pendu-
lum mass, g = gravity, r = radius of the femoral condyles, 
T = periodic time and I = moment of inertia about the joint 
rotation axis [32]. To analyze the energy loss regardless of 
any mathematical model, the damping time (tD) of the pen-
dulum motion was determined. The data of the first (c0, µ0 
and tD0) and the eighth test run (cend, µend and tDend) were 
evaluated to analyze the influence of the time-dependent soft 
tissue behavior on the results.

Pin‑on‑plate tests

Sample preparation

After the pendulum tests, the capsuloligamentous structures 
of the knee joint were removed, while care was taken to 
avoid damaging the femoral and tibial cartilage as well as 
the menisci. The remaining tissues were rinsed in phosphate-
buffered solution (PBS; Fisher Scientific GmbH, Schwerte, 
Germany) to remove the supplemented HA. Subsequently, 
flat cartilage plates (20 × 40 mm) were extracted from the lat-
eral femur condyles using a microtome blade as previously 
described [19, 33]. Furthermore, cylindrical osteochondral 
cores were harvested from the cartilage-to-cartilage con-
tact area next to the eminentia intercondylaris of the lateral 
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compartment using a trephine drill (∅ 6 mm, Geiz Dental, 
Leipzig, Germany). A total of three cylindrical plugs were 
punched out from the anterior horn, posterior horn and pars 
intermedia from the according lateral menisci using a biopsy 
punch (∅ 6 mm, Stiefel, GSK company, United Kingdom). 
Consequently, the following tissue parings were tested: the 
femoral-facing side of the meniscus against femoral cartilage 
(tribosystem Meniscus) and the tibial osteochondral core 
against the flat femoral cartilage (tribosystem Cartilage).

Setup and testing routine

Both tribological systems were tested under simulated gait-
like loading conditions (loading profile of combined stance 
and swing phases) using a dynamic pin-on-plate tribom-
eter [19]. The test order of both, the cartilage and menisci 
pins were randomized because all pins were tested against 
the same femoral cartilage plate. First, the samples were 
lubricated with 0.3 ml synthetic synovial fluid (sSF), with 
a HA concentration of 3 mg/ml and a MW of 1.3*106 Da 
[34]. Second, 0.3 ml sSF was mixed with HA at a ratio of 
1:1 (sSF + HA) [35]. During a testing time of 600 s (equals 
approximately 545 applied gait-like loading cycles), the 
axial force (FN) and friction force (FR) were recorded using 
a multiaxial load cell (sample rate 100 Hz, accuracy class: 
0.5%, ME-Messsysteme GmbH, Henningsdorf, Germany) 
which was adapted to a dynamic testing machine (Electro-
Force 5500, TA Instruments, New Castle, USA). The coef-
ficient of friction (CoF) was calculated according to Cou-
lomb’s law (Eq. 3). First, the data of the gait-like loading 
profile were separated into stance and swing phase of gait 
to be able to differentiate the CoF between stance and swing 
phase conditions. To analyze potential effects of the test-
ing time on friction [19] the CoF was averaged from the 
first three (CoF0) and last three (CoFend) cycles, for both the 
stance and swing phase, respectively.

Statistics

All statistical analyses were performed using a statistical 
software package (GraphPad Prism 8.4.3, GraphPad Soft-
ware Inc., Boston, USA). Normal distribution was analyzed 
for all evaluated parameters using Shapiro–Wilk testing. The 
whole-joint scores showed normal distributed data. There-
fore, the joints scores of the mild and moderate OA joints 
were compared using unpaired t-testing. The parameters tD, 
µ and c of the pendulum tests and the CoF of the pin-on-plate 
tests indicated non-normally distributed data. Consequently, 
differences in tD, µ and c at the timepoints t0 and tend were 

(3)CoF =
FR

FN
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analyzed using Wilcoxon testing, which was also applied 
for the comparison of the tests in the native condition with 
those after HA supplementation. Differences between knee 
joints with mild and moderate OA were investigated using 
Mann–Whitney test. The results of the pin-on-plate friction 
tests were statistically analyzed using Wilcoxon testing for 
the comparison of the CoF0 and CoFend and the compari-
son of the tests with the different lubricants (sSF against 
sSF + HA). Differences between the CoF of mild and moder-
ate OA samples were evaluated using Mann–Whitney test-
ing. p ≤ 0.05 was considered to be statistically significant.

Results

Macroscopic assessment of OA severity

The WOAKS of the mild OA joints ranged between 12 and 
51, while that of the moderate OA joints was in the range of 
70–123 (Table 1), where the mean WOAKS of the moderate 
OA joints was significantly higher (p < 0.0001) than that of 
the mild OA joints (Fig. 2).

Passive pendulum tests

No differences in the tD0 between the mild and moderate 
OA joints were observed under both, stance and swing phase 
conditions (Figs. 3, 4, Table 2). For the tDend, no differences 
were found between the mild and moderate OA joints, nei-
ther under stance nor under swing phase conditions (Figs. 3, 
4, Table 2). Under swing phase conditions, the mild OA 
joints indicated significantly lower µ0 values (p < 0.05) than 
the moderate OA joints. Under stance phase conditions, c0 
values were significantly higher in the moderate OA group 
(p = 0.01). No degeneration-related statistical differences 
were found for µend or cend. HA supplementation did not sig-
nificantly alter the tD0, µ0 or c0 in any of the investigated 
conditions, which was also true for tDend, µend or cend.

Pin‑on‑plate tests

The CoF0 was not different for any of the tested tissue pair-
ings, neither under stance nor under swing phase conditions 
(Fig. 5, Table 3). The lubricant comparisons between sSF 
and sSF + HA did not show any CoF0 differences, neither 
for the tribosystem Meniscus nor the tribosystem Carti-
lage (p > 0.05). For the CoFend, no differences were found 
between the mild and moderate OA joints, neither under 
stance nor under swing phase conditions (Fig. 5). Neither 
the tribosystem Meniscus nor the tribosystem Cartilage dis-
played any CoFend differences for the lubricant comparisons 
between sSF and sSF + HA.

Table 1   Overview of the 
WOAKS of the mild and 
moderate OA knee joints

The maximum score in the parentheses for each joint structure represents the number of evaluated locations 
multiplied by the maximum degeneration grade

Joint structure Mild OA
n = 6 specimens

Moderate OA
n = 6 specimens

1 2 3 4 5 6 1 2 3 4 5 6

Femur (max 84) 3 18 7 2 3 3 27 19 28 21 27 25
Tibia (max 72) 6 12 6 6 13 6 9 18 20 14 7 9
Patella (max 36) 12 14 8 4 8 10 15 25 19 14 9 9
Menisci (max 72) 3 7 2 0 17 16 19 42 56 61 29 27
Total WOAKS (max 264) 24 51 23 12 41 32 70 104 123 110 72 70

Fig. 2   Results of Whole-organ arthroscopic knee score (WOAKS); 
Box-plots (min., mean, max., 25% and 75% percentiles) of the mild 
and severe OA knee joints according to the International Carti-
lage Research Society [21] and the Pauli degeneration score [28] 
with according, representative images of the cartilage surfaces and 
the menisci for both degeneration groups. Unpaired t-tests; n = 6; 
*p ≤ 0.05
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Fig. 3   Results of the pendulum tests under stance phase conditions; 
Boxplots (min., max., median, 25% and 75% percentiles) of the 
damping time (tD0/end in s), friction coefficient (µ0/end) and viscous 
damping coefficient (c0/end in kg  m2/s) of the mild (green) and mod-

erate OA knee joints (red) in the native condition (Native) and after 
hyaluronic acid  supplementation (+ HA) determined under stance 
phase loading conditions. Wilcoxon and Mann–Whitney test; n = 6

Fig. 4   Results of the pendulum tests under swing phase conditions; 
Boxplots (min., max., median, 25% and 75% percentiles) of the 
damping time (tD0/end in s), friction coefficient (µ0/end) and viscous 
damping coefficient (c0/endin kg  m2/s) of the mild (green) and mod-

erate OA knee joints (red) in the native condition (Native) and after 
hyaluronic acid  supplementation (+ HA) determined under swing 
phase loading conditions. Wilcoxon and Mann–Whitney test; n = 6
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Table 2   Median [min, max] 
values of the passive pendulum 
test results for the mild and 
moderate OA joints under 
stance and swing phase 
conditions

Mild OA Moderate OA

Native  + HA Native  + HA

Stance phase
tD0 in s 69 [58, 105] 76 [27, 91] 56 [33, 84] 56 [27, 84]
µ0 0.52 [0.24, 0.62] 0.47 [0.26, 0.74] 0.50 [0.16, 0.80] 0.28 [0.15, 0.42]
c0 kg m2/s 1.60 [0.90, 3.20] 1.41 [1.00, 4.54] 4.45 [1.82, 8.62] 4.24 [1.81, 6.80]
tDend in s 60 [53, 69] 72 [44, 74] 49 [31, 76] 53 [29, 78]
µend 0.46 [0.39, 0.49] 0.50 [0.38, 0.62] 0.39 [0.29, 0.63] 0.30 [0.23, 0.76]
cend kg m2/s 2.38 [1.73, 2.77] 1.94 [1.41, 6.08] 4.79 [1.63, 7.11] 5.29 [2.09, 6.85]
Swing phase
tD0 in s 68 [57, 83] 78 [67, 95] 52 [32, 73] 54 [33, 86]
µ0 0.54 [0.39, 0.64] 0.47 [0.30, 0.68] 0.78 [0.48, 0.93] 0.70 [0.63, 0.88]
c0 kg m2/s 0.32 [0.21, 0.42] 0.33 [0.13, 0.37] 0.38 [0.28, 0.98] 0.35 [0.22, 0.91]
tDend in s 68 [58, 72] 77 [69, 89] 48 [33, 69] 49 [39, 79]
µend 0.58 [0.40, 0.72] 0.61 [0.49, 0.64] 0.79 [0.50, 0.96] 0.73 [0.57, 0.95]
cend kg m2/s 0.33 [0.25, 0.34] 0.26 [0.18, 0.31] 0.44 [0.29, 1.02] 0.40 [0.27, 0.61]

Fig. 5   Results of the pin-on-plate tests; Boxplots (min., max., 
median, 25% and 75% percentiles) of the coefficient of friction (CoF) 
under stance (A) and swing phase (B) conditions. Results of the tri-
bosystem Meniscus (n = 18) and Cartilage (n = 6) are shown for the 

samples with mild OA (green) and moderate OA (red), lubricated 
with synthetic synovial fluid (sSF) or with sSF and hyaluronic acid 
(HA) (sSF + HA). Wilcoxon and Mann–Whitney test
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Discussion

The most important finding of this study was that neither the 
age-related degeneration state of the cadaveric human knee 
joints nor the HA supplementation resulted in an altered 
friction, thus, disproving our hypotheses.

Joint lubrication involves three lubrication regimes: fluid 
film lubrication by the SF, boundary lubrication by mol-
ecules on the tissues surfaces and the SF and by pressuriza-
tion of the interstitial fluid (IFP) in the cartilage matrix [36, 
37]. Boundary lubrication is believed to be the predominant 
lubrication regime during the stance phase of gait, which is 
associated with high loading and low velocity [38]. During 
the swing phase, which is associated with low loading and 
high velocity, the friction is mainly guided through fluid-
related lubrication mechanisms [38]. These lubrication 
regimes do not act concurrently but rather synergistically, 
whereby the transition between different lubrication regimes 
during gait lead to a so-called mixed lubrication regime [39]. 
In addition to the varying loading conditions during gait, the 
lubrication regimes are determined by the tissue structure 
and the composition of the SF [40]. Therefore, from the 
tribological aspect, it is reasonable to assume that degen-
eration-related changes impair joint lubrication, which can 
cause increased friction [3, 16, 38, 41–43]. However, the 
results from our complementary study indicated no impact 
of age-related degeneration on both, whole cadaveric knee 
joints and the subsequently extracted samples from these 
joints. Caligaris et al. found similar results for osteoarthritic 
human cartilage (Grades 1–3) tested in a pin-on-plate setup 
under quasi-static loading conditions [2]. They assumed that 

the friction-minimizing IFP appears to sustain maintained, 
despite the ongoing tissue composition changes and related 
surface texture alterations during the degeneration progres-
sion and the associated surface roughening [2]. The findings 
of the present study extend the results from Caligaris et al. 
by investigating gait-relevant loading conditions which are 
known to affect the friction behavior of articular cartilage 
[41, 44]. Therefore, based on our results, it can be concluded 
that the IFP can be maintained under the swing and stance 
phases of gait, suggesting that the knee joint appears to be 
able to compensate friction-related degenerative changes by 
adaptation of the lubrication [2].

One therapeutic mechanism of HA injections is the 
improvement of joint lubrication, thus, being able to restore 
the native low-friction environment in the knee joint [8, 16]. 
Our results showed no friction changes after HA supplemen-
tation, which is in contrast to earlier in vitro HA friction 
studies [14–16]. Numerous differences to existing studies 
might explain this. First, the lubrication regimes might dif-
fer. Previous studies on whole animal joints or extracted 
samples explicitly simulated either boundary or fluid lubri-
cation [45–47]. The gait-like loading applied in the present 
study is likely to cause an interplay of different lubrication 
regimes. The literature suggests that the effect of HA on 
friction depends on the applied loads and thus the lubrica-
tion regime. Bell et al. analyzed the impact of mechanical 
surface roughening of bovine cartilage samples on boundary 
and fluid-guided lubrication. They found evidence that HA 
significantly reduces joint friction under quasi-static load-
ing, but not under dynamic conditions [14]. Forsey et al. 
investigated the effect of HA on severely degenerated human 

Table 3   Results of the pin-on-
plate tests

Median [min, max] coefficient of friction (CoF) values of the tribosystem meniscus and cartilage for the 
samples with mild OA and moderate OA, lubricated with synthetic synovial fluid (sSF) or with sSF and 
hyaluronic acid (HA) (sSF + HA)

Mild OA Moderate OA

sSF sSF + HA sSF sSF + HA

Stance phase
Meniscus
 CoF0 0.05 [0.03, 0.13] 0.04 [0.03, 0.12] 0.03 [0.02, 0.18] 0.04 [0.02, 0.11]
 CoFend 0,05 [0.02, 0.11] 0.05 [0.03, 0.15] 0.04 [0.02, 0.10] 0.05 [0.02, 0.10]

Cartilage
 CoF0 0.05 [0.03, 0.07] 0.05 [0.02, 0.09] 0.06 [0.01, 0.16] 0.04 [0.01, 0.08]
 CoFend 0.05 [0.02, 0.06] 0.05 [0.02, 0.07] 0.05 [0.02, 0.16] 0.04 [0.02, 0.08]

Swing phase
Meniscus
 CoF0 0.05 [0.03, 0.09] 0.05 [0.03, 0.09] 0.04 [0.03, 0.12] 0.03 [0.02, 0.15]
 CoFend 0.06 [0.03, 0.12] 0.06 [0.03, 0.12] 0.04 [0.02, 0.24] 0.04 [0.03, 0.17]

Cartilage
 CoF0 0.04 [0.03, 0.07] 0.05 [0.03, 0.07] 0.04 [0.03, 0.07] 0.03 [0.01, 0.08]
 CoFend 0.04 [0.03, 0.07] 0.05 [0.03, 0.06] 0.04 [0.03, 0.10] 0.04 [0.03, 0.11]
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OA cartilage samples (Grades 3–4) in the boundary lubrica-
tion regime and found that HA significantly reduced friction 
compared to PBS [16]. Second, different tissue source and 
OA phenotypes may contribute to the controversial out-
come. In the present study, human knee joints with naturally 
progressing OA were investigated. Whole joint pendulum 
studies were previously performed on porcine hip [13] and 
temporomandibular joints [11] and bovine knee joints [47]. 
There is evidence that age-dependent OA changes in human 
knees are different from those obtained in OA-induced ani-
mal models. Moreover, in the animal studies the mechani-
cal OA-like changes were simulated by scouring with gauze 
[11, 13] or sandpaper [13]. Such an in vitro mechanical 
surface deterioration is very likely not the same as com-
pared with the in vivo OA degeneration progression, which 
affects both the structure and composition of the involved 
tissues. Obara et al. [48] considered the natural progression 
of the disease in their rabbit OA model. Degeneration was 
induced in vivo by papain injections or with the transection 
of the anterior cruciate ligament. Similar to the present study 
design, they applied the HA viscosupplementation after the 
animals were euthanized and tested the effect by means of 
pendulum friction tests. They found significantly reduced 
friction only in joints with slight surface irregularities, but 
not in those with advanced cartilage fibrillation, as it can be 
observed in higher OA grades. It was suggested that in vitro 
supplemented HA is unable to improve lubrication once the 
degeneration manifests itself in macroscopic tissue changes 
[48]. Deterioration of the cartilage surface may change the 
concentration of boundary macromolecules like lubricin or 
phospholipids that interact with HA to promote low fric-
tion [3, 49]. This in vitro study is not without limitations. 
First, passive pendulum tests do not account for the con-
tribution of muscle forces to joint loading [22, 32], thus, 
potentially leading to lower joint contact pressures, which 
might also affect the prevalent lubrication regime [38]. To 
mitigate this limitation, the axial loads applied in the pre-
sent study were directly derived from in vivo measurements 
of instrumented prostheses [24]. Second, instead of using 
patient-specific SF for the pin-on-plate tests, we used sSF 
as lubricant. However, the MW of the sSF was comparable 
to those of diseased joints [34], thus, qualifying it to be an 
adequate control lubricant because the relubrication effect 
of HA supplementation is known to be mainly attributed 
to added high MW HA in a low MW HA environment [1]. 
Third, the extracted samples of the pin-on-plate tests were 
used after performing the pendulum tests with associated 
HA viscosupplementation. Corvelli et al. showed in their 
in vitro study on bovine cartilage tissue that supplemented 
HA does not penetrate the cartilage but rather remains on the 
surface [15]. Before testing, we rinsed the extracted samples 
in PBS to minimize the lubrication effects of the before sup-
plemented HA. Fourth, the supplemented HA (Hylan G-F 

20) indicated a MW of 6000 kDa, while previous in vitro 
studies which used a HA viscosupplementation with only 
1000–2350 kDa MW found a friction-reducing effect [13, 
15]. However, both, Bonnevie et al. and Rebenda et al. did 
not find a dependence of HA MW on cartilage friction [9, 
50]. Therefore, we assume that discrepancies between our 
results and existing studies are not associated with the HA 
MW. Moreover, it should be noted that the OA is a very 
multifactorial disease with a wide spectrum. Although, we 
assigned the tested specimens into a mild and moderate OA 
group according to the donor age and verified by WOAKS 
score this might limits the interpretation of our findings.

Although we did not find an initial effect of HA sup-
plementation on human knee joint friction in vitro, there 
is evidence that in vivo supplemented HA contributed to 
the maintenance of a low-friction environment in a leporine 
OA model over a period of 9 weeks [12]. In-vivo, supple-
mented HA can remain in the joint for few days [8], which 
was postulated to have a disease-modifying effect [8]. By 
covering the cartilage surface and filling the space between 
the collagen fibres, a loss of proteoglycans is inhibited [51]. 
Moreover, it was shown on fibroblasts that endogenous HA 
production is stimulated by exogenous HA supplementa-
tion [52] and that HA has an anti-inflammatory effect [53]. 
Thus, a synergy of different therapeutic mechanisms might 
be responsible for the effective clinical outcome in terms of 
pain relief and improving knee function [8, 54]. However, in 
the present in vitro study on cadaveric human knee joints it 
was not possible to investigate the biological effects of HA. 
Unfortunately, investigations of long term in vivo effects of 
HA supplementation on joint friction in the human knee are 
challenging because there is currently no method to deter-
mine in vivo joint friction. In a recent study, Kupratis et al. 
showed that cartilage lubricity correlates with the biome-
chanical properties of the involved joint tissues [55] and, 
moreover, it was also demonstrated that biomechanical prop-
erties can be predicted with quantitative magnetic resonance 
imaging [56, 57]. Therefore, future tribological research on 
the correlations between friction and in vivo assessed bio-
mechanical properties might allow for long term in vivo fric-
tion monitoring with the aim to identify sufficient viscosup-
plementations to reduce the rate of lubrication-related OA 
progression [55].

Conclusion

The findings of this two-part tribological in-vitro study 
extend the literature on the friction properties human knee 
joints with different degrees of degeneration. The results 
indicated that progressing degeneration of knee joint tis-
sue is not characterized by increased friction. Moreover, 
HA supplementation did not initially decrease the in vitro 
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friction, neither on the joint nor the tissue level. This might 
indicate that the therapeutic mechanisms of HA do not 
involve the initial improvement of friction.
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