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Abstract
The tribological functions of cartilage are governed primarily by its interstitial fluid content, but the means by which car-
tilage recovers and retains interstitial fluid during articulation following periods of static loading remain unclear. Recently, 
we demonstrated a phenomenon in which articular cartilage recovers fluid at the loaded contact interface; we refer to this 
as ‘tribological rehydration’. Our findings were consistent with two competing hypotheses: (1) that hydrodynamic pressures 
exceeded local interstitial pressures; (2) that fluid from the trailing wedge squeezed into the porous surface during direction 
reversals (reciprocal wedging). In this paper, we use unidirectional sliding to eliminate the potential effects of reciprocal 
wedging on tribological rehydration. We observed the same tribological rehydration effects from speed as in our previous 
reciprocating studies; thus, any effects of reciprocation are secondary to those of sliding itself. Tribological rehydration was 
enhanced by increased speeds, decreased loads, increased lubricant viscosity, and increased sample diameter. Although our 
results are generally consistent with a hydrodynamic interpretation of tribological rehydration, our attempts to eliminate the 
convergence zone by systematically decreasing the sample diameter failed to extinguish tribological rehydration. This final 
observation reveals an extremely robust mechanism for preventing tissue collapse and highlights some of the remaining 
challenges in modeling cartilage as a mechanical and tribological material.
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1  Introduction

Articular cartilage is the biological bearing material respon-
sible for load support and lubrication of mammalian joints. 
The most important functions of articular cartilage, which 
include lubrication [1–4]), pressurization of interstitial fluid 
[1, 5–7], mechanical stiffness [5, 8–11], load support [1, 5–7, 

12], and stress shielding [12–14], are fundamentally related 
to the hydration state of the tissue. Although cartilage water 
content is usually described as a fixed material property on 
the order of 80%, it is well documented that water content 
(tissue thickness) is lost during loading [4, 8, 15–19].

McCutchen first measured the fluid exudation process 
using controlled explant experiments more than 50 years ago 
and showed that the loss of sample thickness via fluid exu-
dation led to proportionally increased friction over time [1]. 
Biphasic modeling, pioneered by Mow and colleagues [20, 
21], has shown that the load-induced exudation response of 
cartilage is fundamentally the same as that of other porous 
materials like rocks, soils, sponges, and hydrogels; loading 
necessarily pressurizes the incompressible interstitial fluid, 
which subsequently flows toward low pressure outside the 
porous media according to Darcy’s Law.

While the exudation response of cartilage to static load-
ing is well studied, the rehydration process is less clear. One 
well-known mechanism for fluid recovery is based on the 
density of the fixed charges within the tissue. These fixed 
charges set up an osmotic stress that creates a driving force 
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for rehydration when the cartilage is unloaded [19, 21–23]. 
In vivo studies of the human knee have shown that recov-
ery rates due to joint unloading are on the order of a few 
percent per hour [19, 24] and that the strains accumulated 
each day are reversed each night [23]. During the active 
part of the day, when joints are frequently loaded, tissue 
strains due to load-induced fluid exudation are large and 
accumulate quickly (e.g., ~ 50% strain in 90 min) [15, 19, 
24]. However, strains in the human knee at the end of the 
day remain below ~ 5% [23], suggesting additional modes 
of fluid recovery. Eckholm and Inglemark found that mam-
malian joints recovered thickness during articulation [17, 
25–27]; this observation implies a motion-induced recovery 
mode. In situ measurements by Linn on dog ankles again 
demonstrated this articulation-induced recovery effect; the 
recovery from static unloading was slower than that from 
loaded articulation and many times slower than that from 
unloaded articulation [28]. Linn concluded that articulation 
periodically exposed the dehydrated zones to the bath, which 
enabled rapid free swelling and net fluid recovery even dur-
ing loaded articulation. Until recently, activity-induced fluid 
recovery and retention has been attributed entirely to the 
migratory nature of our joints [4, 7, 12, 13].

A few years ago, however, we used in situ strain and sol-
ute transport measurements to demonstrate that cartilage can 
actively recover interstitial hydration during sliding within 
a constantly loaded stationary contact area that precludes 
any possible contribution from contact migration [29–31]; 
we called the phenomenon ‘tribological rehydration’ to 
reflect the fact that recovery was induced by sliding. While 
existing theories fail to explain the tribological rehydration 
phenomenon, our results are consistent with hydrodynamic 
origins. Furthermore, a hydrodynamic interpretation appears 
physically plausible given the large body of theoretical 
research indicating that significant hydrodynamic pressures 
do develop within joints and significantly affect their tribo-
logical behaviors [32–35].

Although the observation of tribological rehydration 
has provided new and important insights into how joints 
recover and retain interstitial fluid, nutrients, and mechani-
cal functions, it remains uncertain if tribological rehydra-
tion is primarily sliding-induced. Recent observations from 
Bonnevie et al. [36], for example, pave the grounds for an 
alternate hypothesis. They showed that cartilage produces 
a significant ‘wedge’ at the trailing edge of contact; the 
squeeze-film effect from the closing of this wedge during 
sliding reversals can be expected to produce a rehydration 
effect that depends on the frequency of reversal and, thus, 
sliding speed in fixed track-length experiments. Since all of 
our previous studies involved reciprocation, it is impossible 
to distinguish between the contributions from sliding and 
the reversals. Our first objective in this paper was to isolate 
the contribution of sliding alone by eliminating reciprocal 

wedging with unidirectional sliding. Our second objective 
was to determine how hydrodynamic factors, namely, speed, 
load, lubricant composition, and contact geometry, contrib-
ute to the tribological rehydration of cartilage.

2 � Methods

2.1 � Specimen Preparation

Mature bovine stifle joints were obtained from a local 
butcher (Herman’s Quality Meats, Newark, DE). Joints 
were disarticulated, and 48 (19 mm diameter) osteochon-
dral cores were extracted along the central region of the 
lateral and medial sides of 17 femoral condyles. The tis-
sue cores included ~ 1.5 mm of articular cartilage attached 
to ~ 10 mm of subchondral bone. Samples were washed to 
remove excess debris (care was taken to not contact the car-
tilage surface) and were then stored in 1X phosphate buff-
ered saline (PBS) (21-040-CM, Mediatech) at 4 °C or dried 
under rough vacuum for 24 + hours to preserve the tissue. 
The dried cartilage served two purposes in this study: (1) 
it prevented degradation of the tissue during extended peri-
ods of storage and (2) it shows that tribological rehydration 
is persevered following dehydration, which demonstrates 
robustness. Previous work by several authors have shown 
that tissue dehydration is an effective method of preserving 
cartilage mechanics [1, 29, 37].

Prior to testing, dehydrated samples were rehydrated in 
PBS overnight at 4 °C. Samples were then allowed to warm 
to room temperature before loading them on the rotary pin-
on-disc tribometer shown in Fig. 1. The cartilage explant 
was submerged in PBS and loaded against a rotating glass 
disk. The center of the sample was located 21 mm from 
the rotational axis of the spindle; the sliding speed for a 
point contact is the product of the measured radius (21 mm) 
and angular velocity. It is important to note that a 19-mm-
diameter cartilage sample loaded to 5 N produces a contact 
diameter on the order of 5 mm; this leads to a speed varia-
tion of ± 12% across the contact. All reported sliding speeds 
represent the mean sliding speed. Normal and frictional 
forces were measured with a six-channel load cell (Nano17, 
ATI Industrial Automation). A vertical nano-positioning 
stage (P-628, Physik Instrumente) with an internal capaci-
tive displacement sensor was used to control load and meas-
ure the deformation/recovery response of the sample. The 
uncertainties of the displacement sensor and normal force 
are 20 nm and 5 mN, respectively.

2.2 � Preconditioning

Each sample underwent a preconditioning exercise imme-
diately prior to tribological testing to effectively normalize 
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the free-swollen sample to the loaded mechanical environ-
ment; we have found that such steps improve repeatability 
and reduce long-term drift. The sample was first loaded to 
5 N (static) for 5 min, followed by 5 N at 100 mm/s for 
5 min, and finally to 0 N (static and out of contact) for 5 min. 
The design of this protocol was intended to drive fluid from 
the cartilage via static loading, recover to a loaded equilib-
rium via tribological rehydration (loaded sliding), and then 
recover to an unloaded equilibrium via osmotic swelling 
(static unloading).

2.3 � Experimental Design

All experiments in this study were conducted using a con-
stant load with continuous unidirectional sliding to eliminate 
any possibility of reciprocal wedging. Four variables were 
tested: (1) speed, (2) load, (3) bathing fluid (lubricant) com-
position, and (4) sample geometry. Prior to sliding, samples 
were fully equilibrated at 0 mm/s at the target load. Fully 
equilibrated samples were slid at increasing speeds from 1 
to 500 mm/s. The speed remained constant until achieving a 
speed-dependent steady state [39], defined by rates of change 
in compression and friction coefficients of < 0.01 mm/min 

and < 0.01 min−1, respectively. Once both measures achieved 
steady state, the speed was indexed to the next value.

Similar speed sweeps were used to investigate the effects 
of normal load, lubricant composition, sample diameter 
and sample curvature on the rehydration mechanics. Nor-
mal load was tested at three values: 0.5, 2.5, and 5 N. The 
lubricant composition was varied by replacing the PBS bath 
with a 3 mg/ml solution of hyaluronic acid (HA) (1.5 to 
1.8 MDa, 53747, Sigma-Aldrich) in PBS; this is reported 
as the physiological concentration and molecular weight of 
HA in healthy synovial fluid [40, 41]. Sample diameter was 
varied by CNC machining 19 mm diameter osteochondral 
cores to 12.7 and 6.35 mm (Fig. 1b). Reducing the sample 
diameter systematically eliminates the convergent wedge and 
produces what has been referred to as a stationary contact 
area [1, 4, 8, 42]. Finally, 4 samples were slid along their 
major and minor axes of curvature, which coincided with 
the primary physiological sliding direction (Ryz) and the 
orthogonal direction (Rxz), respectively (Fig. 1a).

2.4 � Data Analysis

We defined the friction coefficient, in the traditional way, as 
the ratio of the measured friction force to the normal force. 

(A)

(B)

(C)(A)

(B)

(C)

Fig. 1   a Samples were extracted along the central region of bovine 
femoral condyles (dashed line). b Three different sample diameters 
were used in this study. Sample diameter was reduced from 19 mm 

using a computer controlled mill. c Schematic of the rotary pin-on-
disc tribometer used to assess contributions from hydrodynamic fac-
tors to tribological rehydration. Image was adapted from ref [38]
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However, machining tolerances that misalign the normal 
directions of the glass disc and the load cell create a bias in 
friction coefficient measurements [43]. At the conclusion of 
each speed sweep (after achieving steady-state conditions 
at 500 mm/s), we implemented a reversal method described 
previously [44] to correct for misalignment bias.

Because tribological rehydration is associated specifically 
with fluid recovery, we attempted to isolate the flow-depend-
ent contributions to deformation and strain by removing the 
elastic response from the measurement. Practically, this was 
achieved by zeroing the deformation signal once the applied 
load reached the target value; at the same load, any subse-
quent deformation can be attributed entirely to fluid loss 
and recovery. In some cases, particularly when testing for 
load effects on tribological rehydration, it was convenient or 
necessary to normalize compression (δ) results as follows: 
(

� − �min

)/(

�max − �min

)

 . The subscripts min and max 
represent the minimum and maximum compression values 
of the corresponding speed sweep.

Finally, the steady-state values of each speed sweep were 
fit with logistical functions to quantify the transition speed, 
i.e., when the target parameter (compression or friction) 
reaches 50% of the range (maximum–minimum) [45].

2.5 � Statistics

The mean and its 95% confidence interval are provided for 
each condition tested; the number of samples used for each 
comparison varies from N = 4 to 10 and is labeled accord-
ingly in the results. One-way ANOVAs were conducted 
to test for statistical significance with p < 0.05 indicating 

a statistically significant difference. Statistical tests were 
conducted in JMP® Pro 14.0.

3 � Results

3.1 � Effect of Unidirectional Sliding Speed

The steady-state compression and friction responses to 
increased sliding speed are illustrated in Fig. 2; these 
effects are qualitatively the same as those reported in 
our previous studies with reciprocal sliding [29, 31]. 
From these results, we can conclude that tribological 
rehydration is sliding-induced with or without contribu-
tions from reciprocal wedging. It should be noted that as 
speed increased from 1 to 5 mm/s, compression remained 
unchanged (statistically) but friction coefficients increased 
from 0.4 to 0.6. We observed this same result in our previ-
ous reciprocal study and hypothesize that the high shear 
stress during low speed sliding leads to further reduction 
in near surface hydration. At sliding speeds greater than 
10 mm/s, we observed a significant and robust trend of 
decreased compression and friction with a transition speed 
of ~ 15 mm/s. The majority of the compression and friction 
reduction occurred by 50 mm/s, which approximates slid-
ing speeds during walking in the human knee, but friction 
and compression continued to decrease up to 500 mm/s, 
which is well beyond the physiological speeds of human 
joints (tibiofemoral joint < 150 mm/s) [46, 47].

(A) (B)

Fig. 2   Steady-state compression (a) and friction coefficient (b) of 
N = 10 articular cartilage samples from bovine femoral condyles as a 
function of unidirectional sliding speed under a 5 N load. Data points 
represent the mean ± 95% confidence interval. One-way ANOVAs 
demonstrated that sliding speed had statistically significant effects on 

compression and friction (p < 0.0001). Tukey–Kramer multiple com-
parison tests were conducted to determine which sliding speeds pro-
duced significantly different values for compression and friction coef-
ficient. Values are significantly different (p < 0.05) from other values 
not sharing a common letter



Tribology Letters (2019) 67:46	

1 3

Page 5 of 10  46

3.2 � Effect of Normal Force

The compression and friction response of cartilage to dif-
ferent applied normal loads are illustrated in Fig. 3. Greater 
loads induce greater compression at all speeds. Compres-
sion was normalized (see Sect. 2.4) to eliminate the effect 
of load on strain and compression and is plotted against slid-
ing speed in Fig. 3b. Fluid recovery in more heavily loaded 
samples required greater speeds, which is highlighted by 
the observed differences in transition speeds: 19, 16, and 
11 mm/s for 5, 2.5, and 0.5 N normal loads. This is consist-
ent with our previous observations of load effects on tribo-
logical rehydration in reciprocal sliding and supports the 
hypothesis that rehydration reflects a competition between 
external sliding-induced hydrodynamic pressure and inter-
nal load-induced interstitial pressure. Similar to compres-
sion, friction reduction required greater sliding speeds at 
increased loads: 15, 14, and 5 mm/s for 5, 2.5, and 0.5 N 
normal loads. At speeds greater than 50 mm/s, increasing 
load had minimal effect on hydration and lubrication.

3.3 � Effect of Lubricant Composition

The effects of HA, the large, shear thinning molecule pri-
marily responsible for the rheological properties of synovial 
fluid [40, 41], on the compression and friction response of 
cartilage to sliding speed are illustrated in Fig. 4. Physi-
ological concentrations of HA in PBS (3 mg/ml) had no 
significant effect on sample compression at 1 mm/s mean 
sliding speed, but it did significantly reduce the friction 
coefficient of cartilage from 0.4 to 0.1. This result suggests 
that HA acted as a boundary lubricating molecule. As we 
made no attempt to remove the superficial zone protein, this 
result is consistent with recent literature suggesting that 

HA can function as a boundary lubricant when it is tethered 
to the surface via lubricin [45, 48, 49]. Significant effects 
from lubricant composition on rehydration were observed 
as the sample transitioned from high to low (compression 
or friction). The addition of HA to PBS reduced the transi-
tion speed from ~ 17 mm/s (PBS) to ~ 10 mm/s (HA:PBS) 
for compression, normalized compression, and friction 
coefficient.

3.4 � Geometric Effects

The effect of sample diameter on the tribological rehydra-
tion response of cartilage is illustrated in Fig. 5. Reducing 
the sample diameter from 19 mm to 6.35 mm delayed the 
onset and magnitude of the compression and friction recov-
ery responses, only the two largest sample diameters (19 and 
12.7 mm) reached mean friction coefficients on the order 
of 0.01.

In Fig. 6, normalized compression and friction coefficient 
are plotted as functions of speed for N = 4 samples slid along 
their major and minor axes of curvature. The sliding direc-
tion had no statistically significant effects on compression 
or friction coefficient.

4 � Discussion

This study isolated how sliding contributes to tribological 
rehydration by eliminating potential contribution from recip-
rocal wedging. During unidirectional sliding, we observed 
the same qualitative relationship between rehydration and 
sliding speed that we observed in our previous reciprocal 
sliding studies [29–31, 39]; thus, we can reasonably con-
clude that the tribological rehydration effects observed 

(A) (B) (C)

Fig. 3   Steady-state compression (a), normalized compression (b), 
and friction coefficient (c) at three different loads: 5  N (N = 10)—
black; 2.5 N (N = 8)—blue; 0.5 N (N = 7)—red. Data points represent 
the mean ± 95% confidence interval. Sliding speed had a significant 
effect on compression, normalized compression, and friction coeffi-
cient (p < 0.0001). Additional one-way ANOVAs were used to deter-

mine if load significantly influenced compression, normalized com-
pression, and friction coefficient; this was done on a speed by speed 
basis. Asterisks (*) are used to indicate a statistically significant effect 
from load at a given speed. For example, load had a statistically sig-
nificant (p < 0.05) effect on compression, normalized compression, 
and friction coefficient at 10 mm/s (Color figure online)
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therein were primarily caused by sliding and less so (if at 
all) by effects from reciprocation.

Our results were generally consistent with the hydrody-
namic hypothesis presented previously [29, 39]. Rehydra-
tion effects increased with sliding speed (Fig. 2) and sam-
ple diameter (Fig. 5), each of which is consistent with a 
hydrodynamic cause. While viscosity was not controlled 
or measured, it was increased by the HA solution (Fig. 4), 
which enhanced tribological rehydration. Furthermore, tri-
bological rehydration was diminished at increased loads 
(Fig. 3), which is consistent with our hypothesis that tribo-
logical rehydration reflects a competition between external 

hydrodynamic pressure (increases with speed) and inter-
stitial pressure [39] (increases with load). As expected, we 
observed less competitive rehydration at increased loads 
when controlling for other conditions.

The observation that load diminished tribological rehy-
dration highlights an important limitation of this and previ-
ous studies on the topic. The maximum load we can apply 
with our current instruments is ~ 5 N; this load typically 
produces a contact stress of ~ 0.2 MPa, which is below the 
physiological contact stresses observed in most joints under 
most conditions (0.5–5 MPa) [50–52]. Based on the findings 
of this study, we can assume that tribological rehydration 

(A) (B) (C)

Fig. 4   The effect of HA on compression (a), normalized compres-
sion (b), and friction coefficient (c). PBS (black, N = 10) is compared 
to a 3 mg/ml HA in PBS (red, N = 6). The bath volumes were 10 ml 
for each condition. To fully homogenize the HA solution, twice daily 
hand mixing was required for 48 h. Note that in all conditions tested 
the sample was first equilibrated under a 2.5  N load in PBS. Fol-
lowing PBS equilibration, the bath was exchanged and given 1 h to 
ensure equilibration (load maintained at 2.5 N). Data points represent 

the mean ± 95% confidence interval. Sliding speed had a significant 
effect on compression, normalized compression, and friction coeffi-
cient (p < 0.0001). Additional one-way ANOVAs were used to deter-
mine if lubricant type significantly influenced compression, normal-
ized compression, and friction coefficient; this was done on a speed 
by speed basis. Significant effects from the HA solution are indicated 
by asterisks (*) (Color figure online)

Fig. 5   The normalized compression (a) and friction coefficient (b) 
are shown as a function of speed for three different sample diameters: 
19 (N = 8)—black; 12.7 (N = 7)—blue; and 6.35 (N = 6)—red. Speed 
sweeps were held at a constant load of 2.5 N. Data points represent 
the mean ± 95% confidence interval. Single sided error bars were 
used for the 19 and 6.35  mm conditions to improve graph clarity. 

Sliding speed had a significant effect on normalized compression and 
friction coefficient (p < 0.0001). Additional one-way ANOVAs were 
used to determine if sample diameter significantly influenced normal-
ized compression or friction coefficient; this was done on a speed by 
speed basis. Significant effects are indicated by asterisks (*) (Color 
figure online)
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rates become less competitive with exudation rates at physi-
ological contact pressures (although the same can be said 
for migration and osmotic pressure). However, it is also 
worth pointing out that previous predictions that fluid films 
form in the joint also imply that hydrodynamic pressures 
are competitive with contact pressures in vivo [35, 53, 54]. 
The degree to which tribological rehydration contributes to 
fluid recovery at physiological pressures remains an open 
question but we are currently developing a high force instru-
ment with in situ contact area and pressure measurements to 
provide the answer.

The observed effect of lubricant composition is non-obvi-
ous based on a hydrodynamic interpretation of tribological 
rehydration. Although HA shear thins [55], there is no doubt 
that it increased the viscosity of the PBS lubricant solution 
under all conditions. We expected competing effects from 
increased hydrodynamic pressure and increased resistance 
to interstitial recovery. Our observation that HA reduced 
the transition speed from 17 to 10 mm/s suggests that HA 
enhanced hydrodynamic pressurization more than it impeded 
flow into the porous articular surface. This observation is 
consistent with the ‘ultra-filtration’ hypothesis from Walker 
et al. [53], which suggests that that water preferentially flows 
into the articular surface, leaving the larger molecules to 
aggregate at the leading edge of contact [56]. While their 
‘boosted lubrication’ theory was intended to explain the oth-
erwise unlikely formation of hydrodynamic fluid films, our 
results suggest that the underlying ultra-filtration process, 
which is independent of fluid film formation, plays important 
roles in the recovery and long-term retention of interstitial 
hydration, thickness, mechanical function, and lubrication.

These results generally support a causal role of hydro-
dynamics in tribological rehydration, but they also reveal 
one significant departure from theoretical expectations. The 
smallest sample diameter in this study is typical of the sta-
tionary contact area (SCA) cartilage testing configuration, 
which is often used explicitly to defeat interstitial pressure 
for the purpose of isolating other effects (e.g., boundary, 
mixed-mode, and fluid film [4, 42, 45]). Thus, we expected 
the smallest sample diameter to eliminate tribological rehy-
dration entirely by compromising the convergence zone 
and disrupting the dependent hydrodynamic environment. 
Although trimming the sample to mimic typical SCA con-
ditions significantly impaired tribological rehydration, it 
failed to prevent it entirely. Although subtle evidence of this 
fact is found in the cartilage tribology literature, observa-
tions of similar friction reductions with increased speeds 
(> 10 mm/s) have been interpreted as a transition to more 
traditional mixed-mode lubrication [4, 42, 45]; Gleghorn 
and Bonassar, for example, describe this transition as ‘a 
shift of load support from asperity contact to a fluid film’ 
[42]. Our compression measurements suggest that the fric-
tion reductions we observed in the SCA are attributable to 
increased interstitial hydration, pressure, and lubrication 
with sliding, which appears to have been unanticipated as a 
possibility prior to our original observation of tribological 
rehydration [29]. Our observation of rehydration in the SCA 
suggests that the friction reductions Gleghorn and Bonassar 
observed may also have been due to the transfer of load to 
interstitial pressure rather than hydrodynamic pressure in a 
partial fluid film. It also indicates that tribological rehydra-
tion and interstitial pressure are far more difficult to defeat 

Fig. 6   Samples were visually identified for their major and minor 
axes of curvature. The major axis was defined as the one that had the 
broadest curvature (largest radius). Normalized compression (a) and 
friction coefficient (b) for major (black) and minor (red) axis sliding 
are shown for N = 4 samples. Data points represent the mean ± 95% 
confidence interval. The compression data can be found in Figure 
S1. The inset between (a) and (b) is an optical image of a glass slide 
being pressed against a cartilage sample. The white opaque region 
defined by the dotted lines is the contact area. The ellipsoidal shape 
is a result of the different curvatures with the longest axis represent-

ing the major. Contrast between the cartilage and fluid was provided 
by adding India ink to the bath fluid. Image is adapted from ref [38]. 
Sliding speed had a significant effect on normalized compression and 
friction coefficient (p < 0.0001). Additional one-way ANOVAs were 
used to determine if sliding axis significantly influenced normalized 
compression or friction coefficient; this was done on a speed by speed 
basis. No significant effects were detected. c Logistical regressions 
were used to quantify the transition speed. No significant differences 
were detected between major and minor axis transition speeds (Color 
figure online)
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experimentally, especially at speeds greater than 10 mm/s, 
than even we appreciated prior to this study. The finding has 
important implications for how future and previous studies 
interpret equilibrium in the SCA. Specifically, it is unsafe 
to assume the absence of interstitial pressure during sliding 
at equilibrium without the benefit of in situ compression or 
interstitial pressure measurements. The inability of existing 
theory to foresee these important functional effects high-
lights the need for significant improvements in our ability 
to model the response of cartilage to sliding whether in the 
joint or under controlled experimental conditions.

Finally, we feel obliged to comment on why tribologi-
cal rehydration is not more sensitive to sample curvature 
and diameter. One possibility we have considered is that 
the unique mechanics of this fibrous tissue (e.g., high ten-
sile stiffness, low shear stiffness [57]) helps create a micro-
wedge at the leading edge of contact with little connection to 
the observable geometry of the macro-wedge [31]. This idea 
has emerged in our minds based primarily on three observa-
tions. First, cursory modeling results, which are currently 
unpublished, have suggested to us that the slopes neces-
sary to support hydrodynamic pressure-induced tribologi-
cal rehydration must be far shallower than the steep slopes 
we have observed in the macro-wedge [30, 31]. Secondly, 
we find that significant deformations are necessary before 
we begin detecting tribological rehydration, even at high 
sliding speeds [29]. Finally, Bonnevie et al. actually docu-
mented their observation of a microscale wedge in response 
to shear during reciprocal sliding in the SCA [58]. Thus, 
the effect of sample diameter may be more directly linked 
to features that drive the formation of the micro-wedge (e.g., 
the collagen network, its alignment, and its destruction near 
the sample perimeter) than those of the macro-wedge. We 
offer this speculative hypothesis as a starting point for future 
investigations, modeling efforts, and discussions.

5 � Closing Remarks

This paper used unidirectional sliding to study tribologi-
cal rehydration without any contribution from migration or 
reciprocal wedging. The following conclusions can be drawn 
from the results:

(1)	 The tribological rehydration effect observed in previous 
reciprocation studies was qualitatively unchanged by 
unidirectional sliding. Thus, while reciprocation may 
contribute to tribological rehydration, it is secondary 
to the more direct effect from sliding.

(2)	 The tribological rehydration effect was more prominent 
at increased speeds, at decreased loads, in the pres-
ence of hyaluronic acid, and with increased size of the 
convergence zone; these trends are consistent with the 

hypothesis that tribological rehydration is caused by 
external hydrodynamic pressurization.

(3)	 Eliminating the convergence zone to disrupt hydrody-
namic contributors discouraged tribological rehydra-
tion, but it did not prevent it as expected. These results 
are consistent with those of previous studies. Future 
research will be necessary to elucidate the origins of 
the rehydration effect in SCA situations where hydro-
dynamic pressurization appears less likely.
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