
www.afm-journal.de

FU
LL

 P
A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3152

www.MaterialsViews.com

wileyonlinelibrary.com

  1.     Introduction 

 Even though intense research efforts have been focused on 
deciphering the molecular mechanism that allows articular 
joints to support intense stresses and deformations over the life 
time of a person, it is still unclear what role the synovial fl uid 
(SF) plays under boundary lubrication conditions. 

 Cartilage surface structures and composition are quite com-
plex and are known to vary from one species to another. Car-
tilage morphology shows either a columnar structure (fi ber-
based structure) or leaf-based overall arrangement depending 
on the species. [ 1 ]  Besides their differences in structure and 
composition, articular joints also possess remarkably conserved 

“ingredients” among mammalian species, 
which are believed to play a primary role 
in joint lubrication. Examples of synovial 
fl uid components found in most mam-
mals include (see  Table    1  ) hyaluronic acid 
(HA), the protein PRG4 (also known as 
lubricin), lipids, seric proteins (mostly 
albumin and globulin) and glycoamino-
glycans (GAGs). These components are 
produced by either synoviocytes (lining 
cells of the synovial sac membrane) or by 
chondrocytes (cells embedded in the carti-
lage also in charge of producing collagen). 
Due to its highly porous structure (more 
than 80% of liquid, [ 2 ]  cartilage transports 
large quantities of synovial fl uid under 
transient deformations in and out of its 
matrix. The cartilage superfi cial zone (SZ) 
is also known to be covered by a gel-like 
layer ( lamina splendens , LS) containing 
the same essential components found in 
the SF, except in much higher concen-
tration. [ 3 ]  For example, lipids have been 
found on the SZ at high concentrations 
and form highly organized structures 
such as multi-lamellar membrane coat-
ings [ 4 ]  or even lipid globules. [ 5 ]  Lubricin 

is also commonly found at high concentrations at the cartilage 
surface. [ 6 ]  The role of the superfi cial zone in boundary lubri-
cation, and most particularly the LS, is still unclear. However, 
several reports have shown that partial or total removal of this 
layer does not affect joint lubrication properties such as wear 
protection or friction coeffi cient. [ 7 ]  This surprising observation 
raises many fundamental questions on the origin of the LS and 
its role in maintaining joint protection against wear.  

 The present study aims to provide answers to these ques-
tions, especially concerning the mechanisms at the origin of the 
formation of the LS and its role in protecting cartilage’s fragile 
surface. For this purpose, we used the surface force apparatus 
(SFA) to characterize the lubricating properties of synovial fl uid 
from different mammalian species and elucidate the fl uid’s 
structural changes under confi ned shearing conditions.   

 2.     Results and Discussion 

 Articular joints are complex multi-component systems and 
therefore diffi cult to understand or model at the molecular 
level. Our approach was to simplify the system to a single 
asperity whose dimensions would be similar to those found 
in cartilage. Typically, surface asperities in cartilage have a 
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between the polymer chains. The equation describing the inter-
action forces for such a system is:
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 where  σ  is the average spacing between close neighbor chains 
and  L  0  the equilibrium brush height.  

 We found that for all the synovial fl uids tested,  L  0  varied 
between 60 and 80 nm and  σ  between 1.1 and 1.2 nm (as dis-
cussed later, see  Table    2  ). Synovial fl uid is a complex mixture 
of proteins and polyelectrolytes, and it is rather improbable 
that they would adopt a well defi ned brush conformation on 
the mica surface. The observed agreement between our experi-
mental data and the AdG theory suggests that the protein-poly-
electrolyte fi lms adsorbed on the surfaces can be described as 
a purely repulsive effective brush layer. This description still 
holds after shearing the surfaces for a prolonged time (several 
hours, see Figure  1 A). After shearing, the effective grafting den-
sity and brush equilibrium length were systematically much 
higher. We found that for HSF,  L  0  and  σ  increased to 122 and 
0.6 nm after shearing respectively. These results already show 
that structural changes have occurred in the adsorbed proteous 
fi lm upon shearing which could be due to accumulation of 
material in the contact zone or to some more complex struc-
tural changes in the molecules constituting the fi lm. As we will 
show later on, the observed changes in the normal force after 
shearing involve a very complex transformation in the synovial 

fl uid structure which evolved from an opti-
cally and mechanically homogenous fl uid to 
a composite fi lm of protein aggregates and 
native fl uids.  

 The general agreement of the AdG theory 
with the interaction force profi les meas-
ured across each tested synovial fl uid was 
confi rmed for the three mammal species 
studied. Figure  1 B shows a master curve 
of all the experimental data collected from 
human, equine and bovine synovial fl uids. 
The overlapping of all the normalized experi-
mental force curves into a master curve vali-
dates the general applicability of the effective 
brush model for describing adsorbed syno-
vial proteins fi lms. 

 The applicability of the general brush like 
behavior to synovial proteins and polymer 

height of 1–10 µm and a mean distance between asperities 
from 1–50 µm. [ 13 ]  Under transient loads, these asperities are 
expected to have a contact area of 20 to 100 µm in diameter. 
The geometrical characteristics of a single asperity can easily 
be attained with the SFA using mica surfaces as model sur-
faces ( Scheme    1  ). One of the advantages of using mica is 
that, in contrary to the cartilage surface, mica is atomically 
smooth and non-porous, which reduces the complexity of 
the system. Therefore, any changes in the interfacial fl uid 
between, rather than within, the surfaces can be accurately 
observed.   

 2.1.     Normal Interaction Forces Between Mica Surfaces Across 
Synovial Fluid. 

 Normal interaction forces between two mica surfaces immersed 
in human synovial fl uid (HSF) are presented in  Figure    1  A. The 
fi gure shows the forces on approach as well as on separation of 
the mica surfaces. Before shearing the surfaces, the measured 
interaction forces were found to be reversible, meaning that no 
hysteresis and no adhesion between the surfaces were meas-
ured. The interaction force profi le, i.e., ⊥F  vs  D  curve, was accu-
rately described by the Alexander–de Gennes (AdG) theory for 
grafted neutral polymer brushes. [ 14 ]  The choice of this model 
rather than more sophisticated charged polyelectrolyte brushes 
theories was justifi ed by the high salinity of the medium which 
is expected to screen most of the electrostatic interactions 

  Table 1.    Main components found in human synovial fl uid and reported to have a signifi cant impact on the lubricating properties of articular joints. 

Component Concentration in synovial fl uid 
[mg/mL]

Comments

Hyaluronic acid 1–4 8 The molecular weight of HA is estimated to be 1–6 MDa

Seric proteins 18 9 11 mg/mL is albumin and 7 mg/mL is γ-globulin

Lubricin 0.05–0.35 10 20% of the total Lubricin is estimated to be located at the surface of cartilage

Lipids 0.138 11 45% of the total lipid content is made of DPPC

Glycosaminoglycans 0.15–0.05 12 Concentration of sulphated glycosaminoglycans.

    Scheme 1.    (A) Mechanical diagram of the SFA for the study of synovial fl uid lubrication proper-
ties. (B) Cartoon representing the different components of the synovial fl uids confi ned between 
two mica surfaces. 
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have systematically reported a longer range of the interaction 
forces (starting at around 150 to 200 nm, before shearing) than 
the one observed in this study (typically below 100 nm) which 
suggest that protein / polymer fi lms adsorbed from native syn-
ovial fl uids have a noticeably different structure compared to 
adsorbed fi lms from reconstituted or model fl uids. We recently 
noticed [ 18 ]  that grafted HA fi lms tend to collapse upon adsorp-
tion of lubricin, which is known to interact strongly with HA. [ 19 ]  
Lubricin was found to physically crosslink the grafted HA layer 
improving the load carrying capability of the fi lm and also its 
wear protection properties. [ 18 ]  These observations suggest that 
adsorbed fi lms from native synovial fl uids should be viewed as 
highly collapsed fi lms essentially composed of a meshwork of 
HA and lubricin swelled with synovial fl uid.   

 2.2.     Application of Shear and Structural Changes of the 
Confi ned Synovial Fluid 

 To further characterize the structural changes of SF under 
shear, we fi rst confi ned the fl uid between two mica sur-
faces under a normal load of approximately 0.75 mN ( F  ⊥ / R  = 
30 mN/m,  D  = 25 nm), which can be converted to a normal 
pressure  P  using the Derjaguin approximation for the crossed 
cylinders geometry utilized by the SFA:
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 where  W  is the interaction energy  W  = F  ⊥ /2π R . 
 The calculated normal pressure was  P  = 4.4 MPa. A video 

recording of the contact zone using normal optical microscopy 
(top view) was also performed simultaneously to monitor any 
visual changes in the fl uid while shearing. After approaching 
the surfaces up to a separation distance of  D  = 25 nm 
( ⊥F  = 0.75 mN,  v  = 0 nm/s,  F  //  = 0 mN, see  Figure    2  , point 
a,  Figure    3  A), the upper surface was subjected to a reciprocal 
sliding motion at  v  = 2.5 µm/s and an oscillation amplitude 
of 50 µm peak to peak. Immediately after shearing started, 
the average normal force ⊥F  and friction force  F  //  increased to 
1.25 mN and 0.6 mN respectively within a few sliding cycles of 
the upper surface (Figure  2  point a → b). Concomitantly, the 
separation distance,  D , increased signifi cantly upon shearing 
after the fi rst few sliding cycles and plateaued at  D  ≈ 75 nm at 
time  t  ∼ 300 s and increased again monotonically at  t  ∼ 400 s 
(Figure  2  point b→ f). We noticed that this peculiar evolution of 
 D  with time was consistent in all the SF tested. A careful obser-
vation of the FECO fringes and the contact zone allowed us to 
categorize the evolution of  D  in three regimes, denoted as  I ,  II  
and  III  (see Figure  3 ), each corresponding to a different char-
acteristic transformation in the structure of the synovial fl uid.   

 Regime  I  is fi rst characterized by a rapid increase in the 
separation distance immediately when sliding starts (Figure  2  
point a → b, Figure  3 A,B). During this rapid increase of  D , 
the surface’s shape (assessed by the FECO fringes) reveals a 
dramatic fl attening of the contact area even though the separa-
tion distance is increasing. After a few back and forth sliding 
oscillations, the separation distance measured at the central 
position of the fl at area as well as the shape of the surfaces 

fi lms was already suggested by previous studies involving 
grafted hyaluronic acid, [ 15 ]  mucin proteins such as lubricin, [ 16 ]  
or GAGs. [ 17 ]  It is interesting to note that these previous studies 

   Figure 1.    (A) Normal interaction forces between two mica surfaces 
across human synovial fl uid. Before shearing the surfaces the interaction 
force curve is purely repulsive and show a fi lm thickness at maximum 
compression of approximately 20 nm. After shearing the surfaces for one 
hour, the interaction force curve is shifted out with a fi lm thickness at 
high compression of about 140 nm. (B) Normalized force curves meas-
ured before shearing the surfaces for all the synovial fl uids tested. The 
force curves are well described by the AdG theory of end-grafted polymer 
brushes Equation  ( 1)  . 

A

B

Normalized separation distance, D/2L0

N
or

m
al

iz
ed

 in
te

ra
ct

io
 fo

rc
e,

 F
┴

 / 
F 0

0 200 250 300

inoutinout

2L0

100

In
te

ra
ct

io
n 

fo
rc

e,
 F

┴
/R

 (m
N

/m
)

10

1

0.1

before
shearing

after
shearing Human

Separation distance, D (nm)
50 100 150

Human
Bovine
Equine

 

10

1

0.1

100

1000

0.60 0.40.2 0.8 1

2L0

   Table 2.   Effective brush thickness  L  0  and grafting density  s  from the 
AdG brush model Equation ( 1 ) used to fi t the interaction forces between 
adsorbed synovial fl uid components on mica surfaces.  

Animal species Effective brush thickness,  L  0  
[nm]

Effective grafting density, σ 
[nm]

Human 72 ± 15 1.25 ± 0.25

Equine 78 ± 17 1.10 ± 0.22

Bovine 60 ± 13 1.15 ± 0.23
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(see Figure SI-3), and increased to 2000 s for 
ESF (see Figure SI-1). 

 Regime  II  started when  D  increased again 
after the short period of steady state plateau 
observed at the end of regime  I  (Figure  3 C). 
During this regime, signs of EHL deforma-
tions were no longer observed (as visual-
ized by the FECO fringes). The separation 
distance  D  between the surfaces slowly 
increased again and the surfaces slowly 
adopted a round (undeformed) shape. This 
regime exhibited all the characteristics of a 
thick fi lm lubrication regime (TFL) where 
the bulk rheological properties of the fl uid 
should govern the lubrication properties of 
the surfaces. Assuming that TFL is effectively 
present in this regime, we can estimate the 
effective viscosity of the fl uid,  η  eff , using the 
following equation: [ 20 ] 

 
π η ( )= >>16

5
log 2 for// effF R v R

D
R D

  
(3) 

  

 Using Equation  ( 3)   we found that 
 η  eff  = 105 Pa·s which is 5 orders of magni-
tude higher than any viscosity value obtained 
from bulk rheological measurements of 
synovial fl uids at similar shear rates. [ 21 ]  
This apparent discrepancy suggests that the 
observed lubrication regime is not a true TFL 
regime in its classical sense. 

 A careful analysis of the FECO fringes 
shows that the value of  n  D  of the confi ned fi lm was higher than 
pure synovial fl uid and not homogeneous over the entire con-
tact (see arrows pointing to the inhomogeneities in the odd 
FECO fringes only, in Figure  3 C) besides the fact that the fi lm 
thickness is as high as 140 nm. Moreover, since the surfaces 
recovered their undeformed shape in this lubrication regime, 
it is clear that the location of the shear plane has changed from 
the mica-fl uid interface in regime  I  to the bulk of the confi ned 
fl uid in regime  II . 

 Altogether, these observations suggested that a dense fi lm 
of polyelectrolytes/proteins had formed on the surfaces. 
The strong anchoring of this fi lm on the mica surfaces had 
shifted the plane of shear from the mica-fl uid interface to the 
dense fi lm-fl uid interface. Moreover, the local variations of  n  D  
observed in the FECO suggested that small particles, denser 
than the anchored fi lm itself, were gradually forming at the 
sheared interface (see schematic view regime  II  in Figure  3 c). 
Measurements of the separation distance  D  after arrest of the 
surfaces (see Figure SI-7) also showed that the confi ned fi lm 
relaxed much faster in this regime than in regime  I , confi rming 
that its elastic modulus signifi cantly increased. Taken together, 
these observations demonstrate that this regime is character-
ized by the formation of an elastic gel layer on the mica surfaces 
whose thickness increases progressively with shearing time. 

 Regime  III  started when local deformations of the mica sur-
faces became evident (Figure  3 D). These deformations appeared in 
both odd and even FECO fringes and were found to systematically 

stabilized for a short period. During this short steady state 
period, the surface’s shape showed a characteristic elastohy-
drodynamic deformation (as observed in the FECO fringes, 
Figure  3 B). As will be shown later, the separation distance 
between the surfaces presents a wave-like shape indicating that 
a relaxation process is occurring during each reversal of the 
sliding direction. The lubrication mechanism in this regime 
exhibited all of the characteristics of a classical elastohydrody-
namic lubrication (EHL) mechanism. In classical EHL, zero 
slip condition is assumed at the fl uid-surface boundary, which 
gives rise to the characteristic surface deformations observed. 
These deformations give rise to a normal stress component, 
which in turn, forces the surface separation to increase. We 
noticed that the refractive index,  n  D , of the fl uid at the inlet 
of the contact, where the pressure is positive, is systemati-
cally smaller (but closer to the bulk value of 1.34) than at the 
outlet, where the pressure is negative. This observation sug-
gests that the fl uid entering the contact still possesses the 
same optical properties as the bulk liquid and then changes 
when submitted to confi ned shear. This change in refractive 
index suggests that denser material is dynamically formed 
in this region of the contact. Using Multi ple Beam Interfer-
ometry (MBI), we also confi rmed that no signifi cant changes 
in the birefringence of the sheared fi lm occurred during this 
regime which suggests that shear induced alignment is not 
occurring. The time window during which steady state EHL 
was observed was approximately 100 s for HSF, 200 s for BSF 

   Figure 2.    Time evolution of the separation distance,  D , normal force, ⊥F , and friction force, F//, 
between mica surfaces across human synovial fl uid. Based on the evolution of  D , three regimes 
were defi ned as presented on the fi gure corresponding to different lubrication regimes. Regime 
I corresponds to elastohydrodynamic lubrication, regime II corresponds to the formation of 
thick gel layer and regime III involves the formation and rolling of gel particles. Bold lines 
represent average values during one sliding cycle. 
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   Figure 3.    Microstructural changes of human synovial fl uid under shear as observed in the FECO fringes and from the top view of the contact. Images 
A-F corresponds to the points shown in Figure  2 . The top view images, obtained by optical microscopy, cover an area similar to the contact area of the 
surfaces (see also video S1–3 for a larger fi eld of view) 
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which was similar to the value measured in a fi lm of thickness of 
 D  = 26 nm before shearing. In the undeformed areas of the con-
tact,  n  D  was found to be close to 1.35, suggesting that dense mate-
rial was absent in this region and that it was mostly occupied by 
native SF. The observation of the contact with the normal optical 
microscope revealed that particles had formed randomly in the 
sheared area, at least initially (Figure  3 C). As they grew, these par-
ticles gradually aligned in the shear direction to form “strings of 
beads” that move at a speed equal to  v /2 which confi rmed that they 
were rolling between the two surfaces (Figure  3 D and video S2). 
As the particles grew with time, they tended to aggregate laterally 
with a particle from a close neighbor particle string (Figure  3 E). 
The resulting aggregate had a rod-like shape able to transiently 
orient its main axis at approximately 45° respective to the shearing 
direction (Figure  3 F, video S3). These aggregates are extremely 
stable over time (up to 1 h) under drastic dilution conditions (see 
Figure SI-2), which suggests that this process is mostly irreversible. 

 This lubrication regime was also marked by large transient 
variations in  D  (indicated by a star in Figure  2 ) which tended to 
be triggered by the “squeezing out” of a particle from the con-
tact zone. When such an event occurred,  D  and �F  decreased 
signifi cantly while ⊥F  decreased only to a smaller extent (indi-
cated with a star in Figure  2 ). 

 We noticed that the three regimes just described always 
appeared in the same chronological order even if their dura-
tion changed based on the sliding speed  v  or the animal spe-
cies. Importantly, onset of regime  I  systematically triggered 
the appearance of the other two regimes after a certain time, 
meaning that regime  I ,  II  and  III  do not represent a stable 
steady state of the system but are rather transient states. We 
noticed that the appearance of these transient states is inde-
pendent of the surface chemistry of the surfaces and, to some 
extent, to their topography and mechanical properties since the 
same transformations in the SF were observed between mica 
surfaces bearing grafted HA molecules (see Figure SI-8). 

 To further explore the parameters that could affect the dura-
tion of each regime, we performed experiments at different 
sliding speeds,  v . As shown in  Figure    4  , at low sliding speed 
 v  (typically  v  < 25 nm/s), the recorded friction trace ( //F  vs  t ) 
showed near horizontal plateaus indicative of smooth sliding 
between the surfaces. The plateau’s position alternated from 
positive to negative values at each change of sliding direction 
without any signs of a static friction spike (also known as stic-
tion spike). In this regime, both ⊥F  and  D  were found to be 
constant independent of the shearing time (Figure  4 A,B). At 
higher sliding speeds (typically higher than 50 nm/s), a dra-
matic increase in the friction force, //F , the separation distance, 
 D , and the normal force, ⊥F  (not shown in Figure  4 B), were 
observed. At such driving speeds, the system started in regime 
 I  and progressively evolved through regime  II  and  III . As 
shown in Figure  4 A, oscillations in  D  with a frequency equal to 
the driving frequency were clearly observed for  v  = 50 nm/s and 
progressively disappeared as the driving velocity was increased.  

 These observations demonstrate that regime  I , which cor-
responds to the EHL regime, is triggered above a critical shear 
rate, �γ c, which was found to be between 40 and 60 nm/s for all 
the SF tested at a normal applied force of 0.6–0.75 mN. 

 Similar observations were made when increasing the normal 
force at constant driving speed. At a normal force of 5 mN 

   Figure 4.    (A) Evolution of the separation distance between two mica 
surfaces as a function of time under different shearing conditions. At 
low driving speeds ( v  = 0.025 µm/s), the separation distance is constant 
over the whole duration of the experiment. At higher driving speeds ( v  = 
0.050 µm/s),  D  suddenly exhibits a complex behavior associated to the 
elastohydrodynamic deformations of the contact but remains constant on 
average. As the driving is increased again ( v  > 0.25 µm/s), this complex 
behavior is replaced by a monotonic increase of  D  presenting the three 
characteristic regimes described in Figure  2 . (B) Typical changes observed 
in the friction force and the separation distance when the driving speed is 
increased from 0.025 µm/s to 0.050 µm/s. 
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overlap with the deformation induced by variations of  n  D . At 
any deformation points,  n  D  had a value that was systematically 
higher than at a non-deformed point and could be as high as 1.45, 
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As mentioned before, the formation of the particles and their 
coalescence is a constantly evolving process, which makes the 
measurement of properties under steady state, such as the vis-
cosity, a diffi cult task. In the shear thinning regime, the vis-
cosity of the composite fi lm obeys a simple power law with an 
exponent of -1. Interestingly, similar exponents have already 
been reported for confi ned polymer melts of polybutadiene [ 22 ]  
suggesting that this behavior might be quite general for solu-
tions of high molecular weight polymers.  

 The molecular origin of the shear thickening and shear 
thinning regimes is still not clear. The complex and inhomo-
geneous structure of SF does not allow to fully interpret the 
rheological transition in terms of transient elastic networks 
even though certain components of such as HA and Lub are 
known to interact strongly together. Lubricin, as most mucins, 
is also known to interact with itself via disulfi de bridges. It is 
therefore natural to envision SF as an effectively highly inter-
connected network of proteins and polymer chains. Transient 
networks, such as those formed in associative polymer solu-
tions, are known to exhibit shear thickening-shear thinning 
transitions in the bulk. [ 23,24 ]  In these systems, the thickening 
regime is mainly caused by the stress from the bridge chains 
highly stretched by shear fl ow, [ 23,25 ]  while shear thinning is 
mostly due to the rupture of the transient network. 

 Shear thickening of SF could also be due to the formation 
of strong non covalent bonds between macromolecules and 
proteins rather than stretching of existing ones. Shear induced 
formation of complex structures is not uncommon in biological 
fl uids. Shear induced denaturation of proteins and subsequent 
aggregation has been reported for the formation of long lived 
amyloid fi brils. [ 26 ]  The process of blood clotting is known to 
involve the stretching of von Willebrand factor chains, which 
expose binding sites to receptors present on the platelets’ sur-
face promoting their bridging aggregation. [ 27 ]  Interestingly, HA 
macromolecules have been shown to be able to form fi brilar 
network structures when deposited on mica surfaces [ 28 ]  and 
HA solutions have also been shown to form transient struc-
tures under low shear rates in bulk solutions, [ 29 ]  suggesting that 
HA could be a potential factor of gelation of SF under shear 
together with previously suggested albumin and γ-globulin [ 30 ]  
and lubricin. [ 31 ]     

 3.     Conclusions: Implications of the Findings 
for Joint Lubrication 

 Given the independence of our observations on the SF origin 
and used surface chemistry, we can easily assume that the 
thickening and particle formation mechanisms observed in this 
study are also occurring in articular joints and play an essential 
role in their lubrication.  

 3.1.     Formation Mechanism of the  Lamina Splendens  

 The LS of articular surfaces is known to be formed by a thin 
layer (200–400 nm) of gel like material that can be easily 
peeled off the cartilage surface. [ 32 ]  The physical mechanism 
leading to the formation of this layer is still unknown even 

(see Figure SI-5 and 6), the separation distance was found 
to increase much faster than at 0.8 mN. The FECO fringes 
also showed that the structural changes of the confi ned fl uid 
occurred much faster. 

 The generality of this phenomenon can be appreciated in 
 Figure    5   where the effective fi lm viscosity,  η  ef  is plotted as a 
function of the shear rate for the different synovial fl uids 
tested. The results show that the viscosity does not have a 
simple monotonic dependence with respect to the shear rate 
but present a maximum at a critical shear rate �γ c = v  c / D  = 
2 s −1 . At �γ  < �γ c, shear thickening of the SF is observed. In this 
regime, smooth sliding between the surfaces was observed (as 
in Figure  5 B at  v  < 0.025 µm/s) with no hydrodynamic defor-
mations (as seen in the FECO fringes) and no signifi cant varia-
tions in  D  (±1 nm). At �γ  > �γ c , clear shear thinning of the fl uid 
was observed. The transition from thickening to thinning cor-
responds to the transformation from a homogenous fl uid layer 
to a composite fl uid fi lm made of native SF and gel particles. 

   Figure 5.    Rheological properties of thin fi lms of synovial fl uid. (A) Typical 
results obtained for the three animal species studied showing a transition 
from shear thickening at �γ  < �γ c  and shear thinning at �γ  > �γ c  with a 
slope of -1. (B) Master curve obtained by normalizing the effective vis-
cosity by the maximum viscosity. 
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of keeping the sliding surfaces far apart from direct contact 
and facilitating the transport of SF in and out of the sheared 
area. The development of a normal stress component could 
also promote extra fl uid pressurization and fl attening of the 
surface asperities, which also has some benefi cial effects on 
lubrication.   

 3.3.     Synovial Fluid Aggregation and Third Body 
Lubrication 

 As we previously mentioned, the shear induced aggregation 
of protein solutions is a common phenomenon in biological 
fl uids and has recently been observed in different formulations 
of biomimetic SFs. [ 9,34,35 ]  The present study suggests that the 
gel constituting the LS is formed by shear induced aggrega-
tion of SF components. The gel is mechanically fragile and can 
release particles by abrasive wear. The growth mechanism of 
the particles is similar to a rolling snowball mechanism where 
the gel and SF continuously adsorb on the particles as they 
roll. 

 As mentioned by Murakami et al., [ 37 ]  the existence of rolling 
friction in sheared soft contacts has important implications for 
joint lubrication as it systematically decreases frictional forces, 
locally increases the contact pressure promoting SF exudation, 
and prevents surfaces to come in to close contact even if the LS 
has been damaged locally. 

 The formation mechanism of the LS, its lubricating proper-
ties, and its interaction with the different components of the 
SF and cartilage surface, complete the arsenal of previously 
reported mechanisms of wear protection mechanisms found 
in articular joints. [ 38 ]  Each of these mechanisms appears to 
be effi cient under a certain range of shearing conditions, 
confi rming that joint lubrication is an intrinsically adaptive 
process. [ 39 ]     

 4.     Experimental Section 
 All the experiments performed with each set of fl uids were in agreement 
with the procedures and guidelines provided by the biosafety committee 
at UCSB. 

  Synovial Fluids : Human synovial fl uid (HSF): Different samples from 
human donors were collected and tested. Pooled synovial fl uid from 
patients having severe osteoarthritis was obtained from Pr G. Jay from 
Brown University and was kept frozen before use ( T  = −50 °C). Synovial 
fl uid from healthy donors with no medical record of joint associated 
diseases was purchased from Cardinal Biological, Inc., Texas USA. The 
samples were obtained from two female donors of age 72 and 56 years 
respectively. Bovine synovial fl uid (BSF): Pooled synovial fl uid from 
bovine animals was purchased from Animal Technologies, Texas USA. 
The sample was kept frozen before use. Equine synovial fl uid (ESF): 
Synovial fl uid from different horses exhibiting different degrees of 
osteoarthritis (degree of lameness 1 to 3) was obtained from Alamo 
Pintado Equine Medical Center, Los Olivos, CA USA. 

 All fl uids were stored at –50 °C before use. In order to avoid freeze-
defreeze cycles, aliquots of 4 mL were prepared and discarded after 
one use. Prior to each experiment, the aliquots were heated at 25 
°C and centrifuged in a bench-top centrifuge for 10 min in order to 
remove any possible cells and tissue debris. After centrifugation, the 
supernatant fl uid was immediately transferred to the surface forces 
apparatus (SFA). 

though its composition suggests that it involves SF’s main 
components. [ 33 ]  The fact that the LS is weakly bound to the 
cartilage surface strongly suggests that it is mostly formed by 
SF components from the synovial sac as opposed to SF com-
ponents from the cartilage micro-pores that could be partially 
trapped inside the cartilage network and therefore strengthen 
the bounding between the LS and the superfi cial zone of the 
cartilage. Our results suggest that the LS is formed in situ (in 
the sheared area) from the synovial fl uid present in the syno-
vial sac under the action of shear. Our study shows that SF can 
form a gel layer on cartilage micro asperities under moderate 
pressures and sliding speeds and that this layer is very stable 
over time even though it is mechanically fragile. The forma-
tion of the LS is therefore a dynamic process, activated locally, 
where the pressure and the shear rate between the surfaces 
are the highest, which is essentially where the LS is mostly 
needed. This mechanism also suggests that the thickness of 
the LS is not uniform on the cartilage surface and should be 
thicker in higher stressed regions. 

 Similar observations on the aggregation behavior of protein 
solutions have been reported by different research teams using 
fl uids mimicking SF. [ 34,35 ]  These research groups have shown 
that mainly seric proteins are directly related to the aggrega-
tion behavior of SF mimicking fl uids under shear, although 
recent reports have also shown that lipids might also play an 
important role. [ 35 ]  Although it is clear that further studies are 
necessary to identify which components of the SF are essen-
tial to sustain the formation of the LS, previous studies [ 35 ]  sug-
gest it is a combination of components acting synergistically.   

 3.2.     Role of the  Lamina Splendens  in Cartilage Lubrication 

 Even though the existence of the LS has been reported for 
many years, establishing its role in cartilage lubrication 
remains a challenging task. Several reports have shown 
that direct removal of the LS either by microtoming or by 
detergent solubilization [ 7 ]  does not affect the lubricating 
properties of cartilage, while other studies using selective 
digestion or mutant mouse lacking lubricin support the 
reverse effect. [ 31,36 ]  These apparent contradictory observa-
tions can be reconciled considering the fact that the LS is 
formed in situ under the action of shear by the confi ned SF 
which is not affected by any mechanical or physicochemical 
removal process (such as microtoming, rubbing or cleaning) 
but is extremely sensitive to any chemical or genetic degra-
dation process of the SF. 

 The rather dense structure of the gel layer observed in this 
study compared to self-adsorbed SF protein fi lms suggests that 
the LS might also act as a covering membrane of the cartilage 
surface, maintaining transient fl uid pressurization during con-
tact loading and fi ltrating SF components during exudation and 
imbibitions of cartilage. 

 The present SFA study also gives more insight of the role 
of the LS in the lubrication of articular cartilage. Our results 
clearly show that the formation of the LS is accompanied by 
a signifi cant increase in the separation distance between the 
surfaces and by the appearance of a normal stress component. 
Increase in the separation distance has clear benefi cial effects 
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  SFA Surface Preparations : All experiments were performed in an SFA 
2000 equipped with a 3D sensor-actuator. [ 40,41 ]  Surfaces were prepared 
following previously published standard procedures. [ 42 ]  Briefl y, two 
back silvered mica surfaces (2–3 µm thick) were glued on cylindrical 
glass discs using thermosetting glue Epon 1004F. After gluing the 
mica surfaces, one surface was installed in a glass cup as previously 
described [ 43 ]  and transferred to the SFA chamber (lower surface). The 
other mica surface was installed on the 3D sensor-actuator as previously 
described [ 40,41,43 ]  (upper surface). Using Multiple Beam Interferometry, 
the thickness of the mica surfaces was measured at contact in air. [ 44 ]  
The wavelength of the fringes of equal chromatic order (FECO) were 
recorded using a CCD camera (Hamamatsu Orca R 2  C10600-10B) and 
post analyzed using an in-house computer program made with Matlab. 
After this calibration step, the surfaces were adjusted to a separation 
distance,  D , of 1 mm and the lower cup was then slowly fi lled with 
synovial fl uid. The bottom of the SFA chamber was fi lled with water in 
order to saturate the atmosphere surrounding the surfaces with water 
vapors and to limit the evaporation of synovial fl uid during the course of 
the experiment. All experiments were performed at 23 °C. 

  SFA Measurements : Measurements of the normal interaction forces, 
 F  ⊥,  were performed using well-established procedures. [ 40 ]  Briefl y, after 
1 h of equilibration time, the surfaces were brought close together at 
a constant approach speed of 0.2 nm/s while simultaneously acquiring 
the FECO spectra every 0.5 s. Displacement was ensured by a DC motor 
(Faulhaber) with a 1000:1 gear ratio. The separation distance  D  between 
the surfaces and the normal interaction force,  F  ⊥ , were measured using 
FECO analysis as previously described. [ 44 ]  During the experiments, 
another CCD camera (Pulnix) was also used to image the contact area 
from the top of the surfaces. [ 45 ]  The experimental set up allowed for 
measurement of normal and frictional forces as well as provided FECO 
and a top view of the contact to be monitored simultaneously in order 
to detect any changes in surface topography or fl uid optical/structural 
properties. 

 The 3D sensor actuator uses piezo-actuators controlled by a function 
generator to generate a reciprocal motion of the upper surface at a 
constant driving velocity,  v . The friction force,  F  � , was detected by semi 
conductive strain gauges installed on a beam cantilever supporting the 
upper surface. [ 40 ]   
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 Supporting Information is available from the Wiley Online Library or 
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