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Abstract
Aqueous gels such as biopolymer gels, mucus, and high water content hydrogels are often qualitatively described as lubri-
cious. In hydrogels, mesh size, ξ, has been found to be a controlling parameter in friction coefficient. In the tribology of 
aqueous gels, we suggest that the Weissenberg number (Wi) is a useful parameter to define different regimes, and following 
the original formulations in rheology, Wi is given by the polymer relaxation time (ηξ3/kBT) multiplied by the shear rate due 
to fluid shear through a single mesh (V/ξ): Wi = ηVξ2/kBT. At sliding speeds below a Weissenberg number of approximately 
0.1, Wi < 0.1, the friction coefficient is velocity-independent and scales with mesh size to the − 1 power, µ ∝ ξ−1. De Gennes’ 
scaling concepts for elastic modulus, E, give a dependence on polymer mesh size to the − 3 power, E ∝ ξ−3, and following 
Hertzian contact analysis, the contact area is found to depend on the mesh size squared, A ∝ ξ2. Combining these concepts, 
the shear stress, τ, and therefore the lubricity of aqueous gels, is predicted to be highly dependent on the mesh size, τ ∝ ξ−3. 
Studies aimed at elucidating the fundamental mechanism of lubricity in biopolymer gels, mucus, and hydrogels have wrestled 
with comparisons across mesh size, which can be extremely difficult to accurately quantify. Using scaling concepts relating 
polymer mesh size to water content reveals that shear stress decreases rapidly with increasing water content, and plots of 
shear stress as a function of swollen water content are suggested as a useful method to compare aqueous gels of unknown 
mesh size. As a lower bound, these data are compared against estimates of fluid shear stress for free and bound water flowing 
through a mesh size estimated by the water content of the gels. The results indicate that the strong dependence on lubric-
ity is likely due to a synergistic combination of a low viscosity solvent (water) coupled to a system that has a decreasing 
friction coefficient, modulus, and the resulting contact pressure with increasing water content. Although the permeability, 
K, of aqueous gels increases dramatically with water content (and mesh size), K ≅ ξ2/η, the stronger decrease of the elastic 
modulus and subsequent decrease in contact pressure due to an increase in the contact length, predicts that the draining time 
under contact, t, actually increases strongly with increasing water content and mesh size, t ∝ ξ2. Consistent with the finding 
of extremely high water content aqueous gels on the surfaces of biological tissues, these high water content gels are predicted 
to be optimal for lubrication as they are both highly lubricious and robust at resisting draining and sustaining hydration.
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1 � Introduction to Aqueous Gels 
and Lubricity

Lubricity in biological systems is generally a result of aque-
ous lubrication [1], and frequently involves mucinous, col-
lagenous, and/or proteinaceous biopolymer gels. Lubricity 
is more than just low friction—it is a product of both low 
friction coefficient and low contact pressure (i.e., biological 
lubricity is related to low shear stress). Biological systems 
have inspired engineering strategies for aqueous lubrication 
[2–12], and in this manuscript, we examine scaling models 
that reveal high water content gels are actually optimal from 
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considerations of friction coefficient, contact pressure, shear 
stress, and resistance to draining.

The mechanics behind lubricity in aqueous gels have been 
carefully studied by researchers in biomedicine, chemistry, 
engineering, and polymer physics [3, 5, 13–24]. A general-
ized framework (in the limit of small deformations and linear 
elasticity) from which to compare these studies is based on 
the concept of polymer mesh size, ξ [25]. A major challenge 
of biological systems and proteinaceous aqueous gels is that 
it can be extremely difficult (if not impossible) to accurately 
measure the mesh size. Aqueous biological gels often have 
complex shear thinning fluids, compositionally graded inter-
faces, and are soft active evolving materials [26]. Simple 
aqueous gels made from crosslinked polymers solvated in 
water have been used extensively in an effort to elucidate 
the fundamental mechanics of lubricity with the goal of 
transitioning these data and understanding to more complex 
biological systems. Although many of the same characteri-
zation challenges at the surfaces of hydrogels remain [27, 
28], local effects on the surfaces are frequently implicated 
in the tribology of these gels (e.g., superlubricity of high 
water content gradients at the surface of polyacrylamide [7]). 
The degree to which the mold surfaces influence the local 
water content, mesh size, and gradients across and into the 
surfaces is unknown and remains an active area of research 
[9, 27–29]. Our best efforts to control this in processing are 
by molding against low oxygen permeable materials in inert 
environments and controlled polymerization rates.

2 � Mesh Size, the Weissenberg Number, 
and Friction

The scaling concepts of polymer physics in gels, as pio-
neered by de Gennes [25], gave the community a number 
of important formulas, and generally related all mechanical 
and transport properties back to the polymer mesh size, ξ, 
thermal energy, kBT, and solvent viscosity, η. Important to 
this discussion of lubricity are the scaling concepts of elastic 
modulus, E (Eq. 1), and the permeability, K (Eq. 2).

Polymer fluctuation lubrication [30] and Gemini hydrogel 
tribology [4, 31, 32] have addressed the low shear sliding 
observed in self-mated high water content aqueous gels, but 
no unified mechanistic theory has emerged. Key concepts in 
the lubricity of these aqueous gels in the speed-independent 
regime include (1) the contacts remain hydrated (Gemini) 
and (2) that the polymer chain orientations are unaffected by 
the sliding speed (polymer fluctuation lubrication). Assum-
ing a viscous shear of the solvent through a single surface 

(1)E ≅ k
B
T∕�3

(2)K ≅ �2∕�

mesh size1 is proportional to the shear rate, V/ξ, the speed at 
which this shear stress exceeds the polymer chain elasticity 
is one measure of a critical transition behavior. The concept 
of a transition behavior as a result of sliding speed has been 
extensively discussed in publications by Urueña et al. [31], 
Dunn et al. [4], Pitenis et al. [30], and Shoaib et al. [13, 14].

Borrowing from polymer rheology, we suggest that the 
Weissenberg number, Wi [33, 34] may be a useful concept to 
describe the transition behavior observed in several hydrogel 
sliding systems. For these aqueous gels, the physical inter-
pretation of a low Weissenberg number is that the lower 
shear stresses (due to lower shear rates) are insufficient to 
induce significant deformations and dissipation in the poly-
mer chains. As defined by White [35], the Weissenberg num-
ber is the product of a characteristic time of the gel and a 
characteristic rate of deformation. For the tribology of aque-
ous gels, the Weissenberg number is therefore the product of 
the polymer relaxation time, ηξ3/kBT, and the shear rate over 
a single mesh, V/ξ, which gives Wi = Vηξ2/kBT. The result-
ing formulation is mathematically identical to the Deborah 
number, De [36], which was offered by Urueña et al. [31], 
who assumed the characteristic time for the deformation pro-
cess was ξ/V and plotted normalized friction data versus De 
(the ratio of the relaxation time to the deformation process 
time De = Vηξ2/kBT). Interestingly, the same dimensionless 
formulation can be reached by taking the ratio of the viscous 
stress over a single mesh, η·V/ξ, divided by the osmotic pres-
sure, kBT/ξ3: Vηξ2/kBT. Although Urueña et al. argued for a 
transition at Wi ~ 1, subsequent analysis using the viscosity 
of free water and bulk mesh size, measured by small-angle 
X-ray scattering (SAXS), suggests that the transition is actu-
ally earlier, Wi < 0.1. Dunn et al. [4] and Urueña et al. [31] 
both found a broad region of speed-independent friction 
coefficient for a series of self-mated (Gemini) polyacryla-
mide gels, and the transition at values below Wi = 1 may be 
the result of differences in the surface mesh size, increases 
in the solvent viscosity, or both. The collapse of these fric-
tion data over an order of magnitude in mesh size and nearly 
4 orders of magnitude in sliding speed to the Weissenberg 
number suggests that it is a useful dimensionless number in 
aqueous gel friction. Figure 1 shows the normalized fric-
tion coefficient (friction coefficient, µ, divided by the speed-
independent friction coefficient, µ0) versus the Weissenberg 
number for three different hydrogels (polyacrylamide, 
PAAm [31]; poly(N-isopropylacrylamide), PNIPAm [30]; 
polyethylene glycol, PEG) with similar equilibrium-swollen 
water content (~ 94%, mesh size ~ 7 nm). All three Gemini 

1  Following Milner’s predictions [62], the hydrodynamic penetration 
depth due to a simple shear flow in a region alongside a semi-dilute 
polymer network (e.g., hydrogel) would be essentially the mesh size, 
ξ.
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hydrogels were tested on a rotary microtribometer using 
the following conditions: V = 30 µm/s to 100 mm/s, normal 
load, Fn = 2 mN, and probe radius of curvature, R = 2 mm for 
PAAm and PNIPAm, and R = 3 mm for PEG.

Urueña et al. [31] also demonstrated that the friction coef-
ficient in the regime of speed-independent friction, µo, scaled 
inversely proportional to mesh size, ξ, Eq. 3.

The data used for this relationship were taken from 
the speed-independent and low Weissenberg number 
(0.0001 < Wi < 0.1) regime for Gemini polyacrylamide gels 
(ξ = 1.3–9.4 nm as measured by SAXS): for reference, repre-
sentative conditions were sliding speed, V = 30–1000 µm/s, 
normal load, Fn = 2 mN, and probe radius of curvature, 
R = 2 mm.

3 � Mesh Size, Hertzian Contacts, 
and Lubricity

Studies of these polyacrylamide aqueous gels [37] have also 
revealed that the contacts behave and follow Hertzian con-
tact mechanics [38], although this has not been exhaustively 
examined for the highest water-content gels. The defense 
for the findings of Hertzian contact mechanics and elastic 
deformation in these gels is based on the concept that con-
tact pressures cannot exceed the osmotic pressure of the gels, 
unless the gels are thin relative to the contact width (a con-
dition that violates Hertzian analysis). Hertzian mechanics 

(3)�
o
∝ 1∕�

give a contact radius, a, and contact area, A, as described by 
Eqs. 4 and 5, respectively (the composite modulus is E′ is 
linearly proportional to E for Gemini contacts).

Substitution of the scaling concept for elastic modulus 
(Eq. 1) into the Hertzian contact expression for contact area 
(Eq. 5) gives a scaling concept for contact area that is found 
to be proportional to the square of the mesh size, Eq. 6.

In biological systems, soft contacts are often used to sup-
port large loads, and one of the biological tricks is to keep 
the contact pressures low through hydrostatic fluid pres-
sures and large areas of contact. Under direct contact, it has 
been shown that epithelial cells actively respond to shear 
strains and shear stresses [39, 40], and lubricious contacts 
are favorable to abating inflammatory signals [41]. The aver-
age shear stress in the contact is defined as the friction force, 
Ff = µ⋅Fn, divided by the contact area, A, and, therefore, the 
scaling for shear stress as a function of mesh size is given 
by Eq. 7.

The strong dependence of shear stress on mesh size is 
difficult to describe from considerations of fluid shear across 
the entire contact, and many efforts by the authors to math-
ematically derive this result give a dependence on shear 
stress that follows a much weaker dependence on mesh size 
(typically τ ∝ 1/ξ). The strong scaling of shear stress with 
mesh size, τ ∝ 1/ξ3, is the same as elastic modulus and one 
possible argument is that the surface strains on the mesh 
are independent of the mesh size (e.g., deformations of a 
regular corrugated surface with a roughness amplitude that 
is roughly the mesh size is always some fraction of the cor-
rugation amplitude) and therefore the resulting shear stresses 
only depend on the shear modulus [42]. Considerations of 
asperity level contacts [43], roughness [44], or brushes at 
the free surface [45] can certainly change these predictions.

4 � High Water Content Improves Lubricity

The difficulty and uncertainty associated with measure-
ments of mesh size of aqueous biopolymer gels and mucus 
often frustrate direct comparisons to synthetic gels made of 
crosslinked polymers and water [13, 24, 46–48]. By com-
parison, water content is a more straightforward measure-
ment (though not without challenges), and we suggest that 

(4)a =
(

3F
n
⋅ R

)1∕3(
4E

�
)−1∕3

(5)A = �a2 = �(3∕4)2∕3
(

F
n
⋅ R

)2∕3
E
�−2∕3

(6)A ∝ E
�−2∕3

→ A ∝ �2

(7)� = � ⋅

(

F
n
∕A

)

→ � ∝ 1∕�3

Fig. 1   Studies of polyacrylamide (PAAm) (white triangles) [31], 
poly(N-isopropylacrylamide) (PNIPAm) (black squares) [30], and 
polyethylene glycol (PEG) (gray diamonds) reveal speed-independent 
friction behavior at low Weissenberg numbers (0.0001 < Wi < 0.1) and 
increasing friction above Wi > 0.1. All three hydrogels had similar 
equilibrium-swollen water content (~ 94%, mesh size ~ 7 nm)
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this may be a useful method to compare the tribology of 
these two very different systems. Canal and Peppas [49] 
performed an extensive set of experiments to correlate 
the relationship between mesh size, ξ (measured by wide-
angle X-ray scattering), polymer volume fraction, ν, and the 
water content, 1 − ν, in equilibrium-swollen charge-neutral 
crosslinked gels. Water content increases with increasing 
mesh size, ξ, and for the lubricious biological gels, the water 
contents are almost always greater than 90% and well within 
the range of correlations for high water content aqueous gels, 
0.9 < (1 − ν) < 0.99. The data from the synthetic polyacryla-
mide gels used in Urueña et al. [31], which were originally 
presented as a function of mesh size, have been replotted in 
Fig. 2, where the average shear stress (τ, Eq. 7) is plotted 
versus the swollen water content, 1 − ν.

The strong dependence of shear stress on water content 
can be seen in Fig. 2a, where the shear stress drops from 
over 250 Pa to below 10 Pa with a change in water content of 
about 10%. The range of water content for various aqueous 
biological interfaces of mucin [54–56] and the superficial 
layer of cartilage [57] are also indicated. As a reference, 
the water content of the moon jellyfish (Aurelia aurita) is 
reported to be ~ 95% [58, 59], which is also consistent with 
the water content of aqueous mucinated surfaces (e.g., tribo-
logical measurements of mucinated rabbit corneas estimated 
shear stress to be τ ~ 10 Pa) [60].

Shear stress data for aqueous gels as a function of water 
content are also plotted in a semi-log format in Fig. 2b. The 
solid blue lines are predictions of fluid shear stress based 

on the assumption that the shear rate is given by the sliding 
speed divided by the mesh size as determined through the 
models of Canal and Peppas [49]. These correlations were 
reported over a range of water content 0.9 < (1 − ν) < 0.99, 
and the finely dashed lines represent an extension of these 
models above and below the reported range of validity. 
Although the measured shear stresses are generally higher 
than the simple predictions, at the highest water content they 
are close. Considerations of bound water, which would have 
a higher viscosity by a factor of approximately 3 [52, 53], 
move the predictions closer but fail to capture the general 
shape of the curve or strength of the predicted and measured 
dependence of shear stress on water content. It is important 
to recognize that for aqueous gels, even at polymer con-
centrations on the order of 10%, nearly the entire solvent 
fraction is within the criterion for bound water (i.e., strongly 
influenced by the solvation shell of the polymer and directly 
interacting with the polymer).

5 � Mesh Size, Darcy’s Law, and Draining

Practical experience with high water content aqueous gels 
supports the notion of a strong dependence of lubricity on 
water content; in fact, superlubricity (µ < 0.01) [61] has 
been measured for very high water content Gemini gels [7, 
42]. However, a frequent argument against the use of such 
high water content aqueous gels is that the greatly increased 
permeability of these gels makes them more susceptible 

Fig. 2   Shear stress, τ, is plotted versus water content (1 − ν) for swol-
len polyacrylamide hydrogels previously measured in Urueña et  al. 
[31] (solid black circles). Error bars represent the standard deviation 
of the shear stress, determined from combined standard uncertainty 
analysis [50, 51]. The solid black line shows a power-law fit through 
these data points. Fluid shear stresses (solid blue lines) were calcu-
lated assuming shear across a single mesh size, ξ, which was deter-

mined through relationships between mesh size and water content. 
These shear stresses, τ = ηV/ξ, were calculated for free water viscosity 
(ηw = 8.9 × 10−4 Pa·s) and bound water viscosity (ηb = 2.7 × 10−3 Pa·s) 
[52, 53]. Dashed blue lines represent an extension of the Canal and 
Peppas model [49] above and below the reported range of validity. a 
Linear–linear, b log-linear. (Color figure online)
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to mechanically drain and exude water under tribological 
contacts. This prediction persists despite the obvious bio-
logical observations that high water content aqueous gels 
surround all of the biological interfaces involving moist epi-
thelia and the self-mated contacts of cartilage. Revisiting the 
scaling concepts of Hertzian contacts, the contact pressure, 
P, and contact half-width, a, are shown to scale inversely 
and proportionally to mesh size as given in Eqs. 8 and 9, 
respectively.

Analytical models for flows draining under a contact and 
through a poroelastic medium generally use Darcy’s Law 
for the flow dynamics. Assuming that the draining of these 
aqueous gel contacts is driven by the contact pressure, P, and 
the flow crosses a peripheral zone around the contact, 2πa, 
the time to drain, t, a cylindrical volume under the contact 
can be shown to have the following proportionality, Eq. 10, 
and a dependence on the mesh size, Eq. 11.

This simple scaling analysis demonstrates an additional, 
and potentially very important, aspect of these high water 
content (large mesh size) aqueous gels; the time to drain a 
Hertzian contact strongly increases with increasing water 
content and increasing mesh size. The greatly reduced 
modulus of high water content gels extends the area of con-
tact and contact width while simultaneously decreases the 
contact pressure—both of which increase the draining time. 
These high water content aqueous gels are almost ideal at 
sealing contact and preserving hydration within the contact 
during sliding. Biological systems use gradients in water 
content to have highly lubricious surface zones that seal 
the contact, remain hydrated, and support load under non-
Hertzian contact conditions.

6 � Concluding Remarks

The scaling concepts presented here indicate that increasing 
water content increases lubricity by decreasing friction coef-
ficient, decreasing the sliding shear stress, decreasing the 
contact pressures, and increasing the ability of the contacts 
to remain hydrated during sliding. The high water content 
aqueous gels indicate that the optimal design direction is to 
maximize water content.
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n
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