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Polyacrylamide (PAAm) hydrogels are excellent synthetic materials for in vitro biotribology studies. Recent work
with hydrogels sliding in a Gemini contact has revealed unique friction behavior at low speed that is contrary to
the classic Stribeck curve. In these interfaces the friction coefficients areminimumat low speeds and appear to be
speed-independent. In this report,we investigate the role ofmesh size, ξ, on the low friction regime, termed ther-
mal fluctuation lubrication, and we also explore the origins of a transition from this behavior at higher speeds to
polymer relaxation lubrication. PAAm hydrogels of varying concentration were prepared and tested in a Gemini
configuration using a pin-on-disk microtribometer with an applied load of 2 mN and over a range of sliding
speeds from 0.03 mm/s to 100 mm/s. We found that increasing mesh size or decreasing polymer concentration
promotes lower friction coefficients. Many samples underwent a transition from a low friction behavior to an in-
creasing friction coefficient with increasing sliding speed that scaledwith speed to the 1/2 power. This transition
speed was found to correlate with the mesh size and relaxation time of the polymer network.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Permeable aqueous materials are ubiquitous in biology, and the
tribological study of porous materials in aqueous environments is
of great importance to the field of biotribology. In the laboratory,
hydrogels are the most common manmade porous materials used
in aqueous lubrication studies, while cartilage is the most intensely
studied and discussed natural biotribological interface. Despite, de-
cades of experimental and theoretical efforts have aimed at elucidat-
ing the lubricating mechanisms of the cartilage system [1–11], and
developing a unifying theoretical framework remains elusive. In
part this is due to the overwhelming complexity of cartilage and
also due to the challenges associated with laboratory measurements
of biological tissues. Laboratory studies with hydrogel materials in
aqueous environments can complement a large body of work with
cartilage or a much more simple system [12–14]. Hydrogels are
crosslinked networks of polymer chains that are swollen with water;
a representative flexible polymeric hydrogel network is illustrated in
Fig. 1. Hydrogels are water-permeable materials, which can be easily
al and Aerospace Engineering,
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er).
created with varying mesh size (ξ), water content, permeability, and
elastic properties [15–18].

A central theme in cartilage lubrication is that the cartilage permeabil-
ity and the shear thinning viscosity of natural synovialfluidwork together
to provide a thin film of fluid lubrication that separates the surfaces and
fully supports the applied load [3,8,11,19–24]. The microstructure of car-
tilage is nearly universally described as a complex, porous, elastic-solid,
and it is often treated as a biphasic material permeated with water [7].
The effective mesh or pore size attributed to cartilage is on the order of
2–6 nm [25]. Synthetic hydrogels are tissue-like in several ways, and the
soft, water-permeable character of hydrogels makes them popular bioma-
terials in tissue engineering applications [26,27]. Unfortunately, there is
rarely, if ever, a complete understanding of the tissue that is being mim-
icked by synthetic hydrogels (e.g. the lubrication mechanisms in cartilage).

In tissue engineering and cartilage research, synthetic hydrogels can
effectively serve a different, more fundamental purpose, in that they
offer a platform from which we can pose and explore theories of lu-
brication by leveraging the ability to control and characterize nano-
structure and carefully examine the role of nanostructure on
lubrication [28,18,29–32,17]. Mesh size (ξ) is the single parameter
that controls both the elasticity of hydrogels and the dynamics of
the constituent polymer chains [33]. All mechanical and transport
properties of hydrogels trace back to the mesh size, which is controlled
during synthesis by carefully balancing the concentrations of the
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Fig. 1. Illustration of a semi-diluteflexible polymer network,withminimal coil overlap and a persistence length on the order of nanometers. Themesh size (ξ) is approximately 10nm. This
confirms that there are fewphysical chain entanglements and crosslinking is dominated by chemical crosslinks. Occasionally, polymerization results in freely dangling, uncrosslinked ends
indicated here as chain free-ends [59].

Table 1
Constituents of eachhydrogel sample reported as percentmass-per-mass of solvent. AAm:
acrylamide monomer, MBAm: N,N′-methylenebisacrylamide crosslinker, TEMED:
tetramethylethylenediamine catalyst, APS: ammonium persulfate initiator.

Sample no. AAm MBAm TEMED APS

1 3.75 0.15 0.15 0.15
2 7.50 0.30 0.15 0.15
3 10.00 0.40 0.15 0.15
4 12.50 0.50 0.15 0.15
5 17.50 0.70 0.15 0.15
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monomers and the crosslinking molecules to one another and to water
during polymerization [34]. The mesh size is essentially the correlation
length between all pairs of molecules comprising the hydrogel net-
work, and in the case of semi-dilute hydrogels made from flexible
polymers is of the same order of magnitude as the average spacing
between the chemical crosslinks [35]. Occasionally there are physi-
cal entanglements, and there may also be unreacted dangling chains
that remain after gelation; although both are illustrated in Fig. 1,
they are not significant contributors to the physical properties of
hydrogels [36].

In this study, we directly examine the role of mesh size on the lubri-
cation mechanisms in self-mated (Gemini) hydrogel interfaces. In pre-
vious work on Gemini hydrogel friction, we found that the lubrication
curve differed dramatically from the classical engineering Stribeck
curve in several major ways [16,37]. First, at slow sliding speeds,
where the effects of hydrodynamic lubrication are negligible, Gemini
hydrogel friction is actually lowest. Even in the limits of zero sliding
speed and startup friction, static friction was remarkably found to be
lower than kinetic friction. Second, below a threshold value in speed,
this low friction coefficient behavior appears to be speed-independent,
but above the transition the friction coefficient rises with Vs 1/2.We hy-
pothesized that the low friction coefficient at low speeds and the transi-
tion in friction coefficient at high speeds may be controlled by the
polymer network mesh size, ξ, in two different ways: (1) at low speeds
through the polymer network elastic modulus, E, and (2) at high speeds
with the polymer relaxation time, τ. Both E and τ scale with polymer
mesh size raised to the inverse third power, ξ−3, and thus hydrogels
of identical chemistry but different mesh size should produce profound
changes in both the low-speed friction coefficient and the transition
speed.
2. Materials and methods

2.1. Hydrogel preparation

The Gemini hydrogel interface was created by sliding a hydrogel
probe against a flat hydrogel disk. Hydrogel probes weremade by poly-
merizing PAAm in a diamond-turned polyolefin mold to produce a
probe geometry with ~2 mm radius of curvature. Hydrogel disks were
cast in polystyrene Petri dishes to produce sheet geometry with
~60 mm diameter and N4 mm thickness thereby eliminating possible
substrate effects.

Hydrogel samples were prepared by synthesizing five different
compositions of polyacrylamide (PAAm) hydrogels as shown in
Table 1. The acrylamide monomer (AAm) was crosslinked with N,
N′-methylenebisacrylamide (MBAm) and catalyzed by a
tetramethylethylenediamide (TEMED) reductant and ammonium per-
sulfate (APS) initiator in a solvent of ultrapure water (18.2 MΩ)
[38–40]. Aliquots (10–250 g) of each constituent in solution were
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preparedwith ameasurement resolution of 1mg. The ratio ofmonomer
to crosslinking agent was held constant to minimize differences in
probe radii of curvature due to swelling. After polymerization, the sam-
ples were allowed to equilibrate in ultrapure water for ~40 h prior to
experimentation. Scanning white light interferometry was used to
determine the surface roughness (Ra) of the probes and sheets after
swelling and found to be less than 20 nm.
Fig. 2. Scattering spectra show a broadening shoulder at high q with increasing polymer
concentration. To measure the width, Γ, showing decreasing ξ with increasing polymer
concentration.
2.2. Characterization

The mechanical properties of soft, permeable, optically transparent
hydrogels are challenging to determine even with in situ characteriza-
tion. Indentationmeasurements were performed to determine the elas-
tic modulus of the PAAm hydrogel against poly(methyl methacrylate)
(PMMA) using the methods and apparatus described in Krick et al.
[41]. We revealed the area of contact by implementing particle exclu-
sionmicroscopy (PEM),wherein the PMMA countersurfacewas flooded
with a solution of monochromatic particles prior to loading a hydrogel
probe against the PMMA. The apparent area of contact was determined
by observing where particles were excluded from the hydrogel-PMMA
interface. A contact diameter of ~1 mmwas observed by PEM between
the PAAm probe and PMMA sheet under a 2 mN normal force. By this
analysis, the Gemini hydrogel interface had a contact pressure of
~3 kPa. Effective contact modulus for each of the five hydrogel samples
was calculated for Gemini interfaces from force-displacement curves
using the Johnson–Kendall–Roberts (JKR) theory as described in Pitenis
et al. The moduli ranged between 1.5–120 kPa, comparable to values
found in literature [37,42].
2.3. Swelling

The swelling behavior of PAAm gels in ultrapure water was studied
at approximately 20 °C [36,40,43]. Hydrogel samples were cast in a
polytetrafluoroethylene (PTFE) tube. After polymerization, each cylin-
drical sample was extracted and cut in 10–20 mm long sections that
were individually placed in ultrapurewater in 6mL glass vials. The sam-
ple dimensions were recorded prior to and after ~40 h of swelling.
Volume increase was calculated from the difference between the final
and initial dimensions, assuming three-dimensional isotropic swelling.
Fig. 3. (a) TheGemini hydrogel configuration consists of a hydrogel probe (4mmdiameter,
2 mm radius of curvature) mounted to a cantilever, slid against a rotating hydrogel disk.
(b) Capacitance sensors measure the deflections of the cantilever and output normal (Fn)
and friction (Ff) forces. Left: normal and friction forces for a representative cycle (1 revolu-
tion). Right: the friction force is two orders of magnitude lower than the normal force.
2.4. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) allowed us to characterize the
nanoscale structure in the PAAm samples and determine mesh size
[44].We prepared the samples by pipetting the acrylamidemixture, be-
fore polymerization, into amorphous quartz capillary tubes of 1.5 mm
diameter and 10 μm wall thickness. To enhance Z-contrast between
the polymer and solvent, the cured hydrogels were equilibrated against
an equal volume of aqueous 100 mM CsCl. The capillaries were flame-
sealed and the gels equilibrated overnight before performing SAXS
measurements. We collected SAXS data for 10 h per sample on a 2D
wire detector with 1024 × 1024 pixels. The 2D S(q) scattering spectra
were integrated along the azimuthal direction to produce 1D curves
for the entire range of compositions, from 3.75 to 17.5% PAAm, as
shown in Fig. 2. By varying composition and fitting the spectra with
Lorentzian line-shapes of the form S(q)=1 / (q2 + Γ2), we determined
the mesh size from ξ = 1/Γ. With increasing polymer content we see a
broadening shoulder corresponding to an increase in the Lorentzian
width, Γ, and a reduction in mesh size. The reported error bars come
from the 95% confidence intervals from non-linear least-squares fitting
of the data. We estimate the experimental uncertainty from counting
statistics to be approximately the same as the noise seen in the data, ap-
proximately 15%, which marginally increases uncertainty of the fitted
peak widths.
2.5. Experimental apparatus

Friction measurements were performed on a high-speed, unidirec-
tional, pin-on-disk microtribometer illustrated in Fig. 3a and described
in Pitenis et al. [37]. The PAAm hydrogel probe was molded onto a
4–40 stainless steel set screw and fastened onto a titanium double
flexure cantilever assembly with a normal stiffness of 161 μN/μm and
a lateral stiffness of 75 μN/μm. The PAAm hydrogel disk was fixed to a
piezoelectric rotary stage capable of angular speeds up to 720°/s (Physik
Instrumente M-660.55, 4 μrad positional resolution). The stroke radius

Image of Fig. 2
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was 10 mm for sliding speeds of 1–100 mm/s and 1.7 mm for
0.03–0.1 mm/s. The error in friction measurements associated with
performing unidirectional pin-on-disk experiments is 0.05% for the
10 mm stroke radius and 30% for the 1.7 mm radius following the anal-
ysis in Krick and Sawyer [45]. The hydrogel probewas brought into con-
tact with the hydrogel disk to a normal force of 2mNby a vertical coarse
positioning micrometer stage. The hydrogel probe and hydrogel disk
were fully submerged in a bath of ultrapurewater during friction exper-
iments. The normal (Fn) and friction (Ff) forces on the probe, shown in
Fig. 3b, were measured with 3 mm capacitive displacement sensors
(5 μm/V sensitivity and 20 V range) mounted axially and tangentially
to the probe, respectively. The friction coefficient, μ, was computed as
the ratio of the measured friction force to the normal force.

3. Results and discussion

Gemini hydrogel interfaces can provide exceptionally low friction
coefficients under conditions traditionally not thought to promote lu-
brication, namely, low contact pressure and low sliding speed [16,37].
In the series of experiments described here, the sampleswith the largest
mesh size (ξ = 9.4 ± 1.1 nm) exhibited the lowest measured friction
coefficients (μ ~ 0.005), and maintained this behavior over a range of
sliding speeds from Vs = 30–1000 µm/s. As shown in Fig. 4a, a number
of trends emerged, including: (1) friction coefficients decreasedwith in-
creasing mesh size, (2) friction coefficients were lowest for the slowest
sliding speeds, (3) transitions to speed-dependent friction were
Fig. 4. (a) Friction coefficient as a function of sliding speed for five different polymer concentra
speed increases. The horizontal dashed lines are fits to the friction coefficient in the speed-ind
reported as weight percent, μo, and mesh size, ξ, are tabulated in the legend. (b) Friction c
(c) Collapsing the data in (a) results in a universal curve that illustrates the transition in fricti
In the speed-dependent regime, normalized friction coefficient scales with 1/2 power.
observed to depend on mesh size, and (4) above the transition speeds,
the friction coefficient increased with increasing sliding speed. These
trends are captured by a simple scaling law, μ = μo + aVs

p, though
the transition regime could not be reached for the hydrogels with the
highest polymer concentration and lowest mesh size, as shown in
Fig. 4a.

In a hydrogel, the polymer relaxation time is given by τ = ξ3η/kBT,
where ξ is the polymer mesh size, η is the viscosity of water, kB is the
Boltzmann's constant and T is the temperature [35]. We measured
mesh size by SAXS finding that for the hydrogels studied here, this re-
laxation time varies between 5.3 × 10−4 and 0.27 μs. At the surface,
characteristic length-scales between polymer chains are roughly equal
to the mesh size ξ, and a transition in friction behavior is predicted to
occur when the relaxation time, τ, is equal to the time it takes for the
surface polymer chains to traverse one mesh size, ξ/V⁎. Solving for the
transition speed, V⁎, gives V⁎= ξ/τ or V⁎= kBT/ξ2η. We find, empirically,
that this simple scaling lawpredicts the transition speed, V⁎, for all cases
in which a transition in friction coefficient behavior is observed.

When the sliding speed, Vs, is rescaled by V⁎= kBT/ξ2η the resulting
dimensionless group is ψ = ξ2ηVs/kBT. Remarkably, when the friction
coefficient is normalized by μo, and plotted versus the dimensionless
speed parameter, all datasets collapse to a single universal curve
(Fig. 4c). The crossover from low-speed to high-speed friction behavior
can be mechanistically envisioned as a competition between thermal
fluctuations and non-Newtonian shear. At low speeds, the non-
Newtonian shear effects are negligible and thermal fluctuation
tions. Solid lines are guides that highlight the transition in friction behavior as the sliding
ependent regime, μo, for each of the five samples. Polymer concentration and crosslinker
oefficient in the speed-independent regime (μo) scales with mesh size to −1 power.
on behavior between the speed-independent and the speed-dependent friction regimes.

Image of Fig. 4
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processes likely dominate the lubrication mechanism. Conversely, at
high speeds the dominant process involves non-Newtonian mechanics
of shearing across the sliding interface and the passing frequencies of
the surface chains exceed the fluctuation frequencies. Interestingly,
the friction coefficient in the speed-independent regime, μo, and the
transition speed, V⁎, both increase with increasing polymer concentra-
tion or decreasing mesh size. Neither the friction behavior nor simple
hydrodynamic lubrication equations support a hypothesis that these
transitions are in any way related to the onset of fluid films [46]. To
our knowledge the mathematical treatment of fluid lubrication across
permeable interfaces has not been solved, but we expect that perme-
ability will reduce the fluid film thickness. We suggest that all of these
sliding experiments involve the contact across the sliding interfaces. A
plot of the friction coefficient in the speed-independent regime, μo,
versusmesh size, ξ, shows a roughly hyperbolic scaling (Fig. 4b).

The scaling of μo with ξ provides clues about the origins of mesh size
dependent friction. Hydrogels with increased polymer concentration
have a smallermesh size, so it is sensible to hypothesize that friction co-
efficient should increase linearly with the number of polymer chains ac-
cessible to direct contact at the interface, μo ~Acs, where A is contact area
and cs is polymer surface concentration — the number of polymers at
the surface per unit area. For a fixed normal load and indentation radius
of curvature, Fn =2mN and R=2mm in our experiments, the contact
area will vary depending on the hydrogel elastic modulus, E. Using the
Hertz force-indentation relation, the scaling between contact area and
elastic modulus is A ~ E−2/3. The elastic modulus of a semi-dilute hydro-
gel composed of flexible polymers scales with network mesh size like
E ~ ξ−3. The lowest-order estimate of the scaling between mesh size
and surface concentration is cs ~ ξ−2, where doubling the linear
length-scale, ξ, quadruples the characteristic area per mesh. The
resulting prediction for friction coefficient is then μo ~ ξ2ξ−2 = ξ0. A
more careful treatment following the analysis presented by de Gennes†

predicts cs ~ ξ−8/9, and μo ~ ξ 2ξ−8/9 = ξ10/9 [35]. Both predictions show
that the hydrogel modulus scales so strongly withmesh size, compared
to surface chain concentration, that the effects of contact area compen-
sate or dominate the effects of surface chain density. Neither prediction
captures our measurements of μ0 versus ξ qualitatively, suggesting that
the dominant frictional mechanism is not merely chain–chain contact.

In equilibrium, the mesh size is determined by the statistical
mechanics of chain fluctuations. Much like the Flory radius, Rf, or more
generally speaking, the RMS end-to-end distance for free chains, the
mesh size is not only a characteristic structural length-scale, but is also
approximately the amplitude of dynamic chain fluctuation [35]. Thus
polymer chains at a hydrogel surface of larger mesh size will fluctuate
with increased amplitudes. The random thermal fluctuations of poly-
mers at the Gemini interface rapidly relax shear strain generated during
sliding, and, similar to the mechanism underlying thermolubricity [47],
provide a blurred interface over which the barriers to sliding are effec-
tively reduced. The reciprocal scaling of low speed friction coefficient,
μ0, with ξ highlights the dominating effect of polymerfluctuation ampli-
tude in frictional interactions at the Gemini interface. Moreover, it is in-
teresting to note that extrapolating ourmeasurements to amesh size of
only a few Å, which would describe a solid PMMA material with mini-
mal dynamic fluctuations, gives μ0 = 0.8, consistent with dry sliding
friction.

Gemini hydrogel friction behavior both resembles and differs from
the lubrication of self-mated solvated polymer brushes [48–50,15]. Pre-
vious studies of polymer brushes measured in a surface force apparatus
(SFM) have shown that at low speeds (~450 nm/s) these materials
achieved extremely low friction coefficients (μ b 0.001) by polymer
chain fluctuations [51]. In 2011, Nomura et al. used an AFM-colloidal
† The classic treatments of semi-dilute gels of flexible polymers show that mesh size
scales with volumetric polymer concentration like ξ ~ c–3/4. The conversion between sur-
face concentration and bulk concentration, ignoring geometric factors, is cs ~ c2/3. So, in this
treatment, the mesh size scales with surface concentration as cs ~ ξ−8/9 [35].
probe technique to show a transition in friction coefficient from
μ b 0.001 at low shear rates (1–10 µm/s) to μ ~ 0.01 at higher shear
rates (103 μm s −1) between polystyrene brushes in toluene [52]. How-
ever, when the polymer brush interface is measured in a macro-
tribometer, the resulting lubrication curve resembles the classic
Stribeck curve at speeds above 1mm s−1 [53]. Furthermore, at mN nor-
mal loads, the contact pressure at the polymer brush interface is orders
of magnitude greater than the Gemini hydrogel interface, which pro-
vides an important point of distinction between the two materials [51].

The easewithwhich hydrogels are synthesized andmoldedmakes a
vast breadth of tunable parameters and physical processes accessible to
experiments, facilitating studies without the challenges that come with
measuring real tissue samples, whether performed in vivo or ex vivo.
Natural lubricating surfaces are usually made from semi-dilute net-
works of flexible anionic polymers, including proteoglycans like lubricin
or glycosaminoglycans like hyaluronic acid and mucin [54]. These net-
works may be stabilized bymultivalent cationic counterions or cationic
proteins, like Ca2+ and lysozyme, which act like ionic crosslinkers [55].
In the outer layers of cartilage, the mesh size of these networks is ap-
proximately 2–6 nm, which lies within the range of mesh sizes tested
here with PAAm gels [25]. Thus, it is intriguing that the low-speed fric-
tion coefficient of PAAm, μ0, is found to be the same as typically reported
for cartilage, between 0.01 and 0.02 [3]. If the underlyingmechanisms of
hydrogel friction shown here also apply to tissue, we predict that a tran-
sition to higher friction coefficient will occur in vivo between 10 and
100 mm/s, controlled by the polymer relaxation time. The rate that
the eyelid slides past the cornea during a blink as well as the upper
limit on sliding speeds in articulating joints falls within this range.
Considering the conformal geometries, numerical simulations suggest
that hydrodynamic lubrication should separate the surfaces above
~100 mm/s [56–58]. In the future, using hydrogels as highly controlla-
ble tissue mimics, we can explore the role of polymer charge density
and fluid viscosity in hydrogel friction to draw further connections be-
tween tissue and hydrogels. The range of sliding speedwill be increased
further as well, exploring friction at startup and searching for a high-
speed transition from polymer relaxation lubrication into hydrodynam-
ic lubrication. The continued development of new basic scaling laws re-
lating friction to polymer physics through the study of model hydrogel
systems aims to one day build a unifying framework from which we
can interpret biological lubrication.
3.1. Concluding remarks

Gemini hydrogel frictional behavior exhibits two lubrication re-
gimes within the four orders of magnitude in sliding speed explored
here. In contrast to classical lubrication regimes, here we measure the
lowest friction coefficient at the lowest sliding speeds.

We do not attribute these distinct regimes to fluid film lubrication.
Rather, we associate them with polymer fluctuation at the surface.

The transition point is consistent with a model of rapidly fluctuating
polymer chains that are experiencing repeated sliding contacts, where-
by the period between contacts is defined by the mesh size divided by
the sliding speed. Given knowledge of the polymer relaxation times,
the transition speed becomes V* = kBT/ξ2η and the transition criterion
becomes ξ2ηVs/kBT = 1.
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