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Interfacial sliding speed and contact pressure between the sub-units of particulate soft matter
assemblies can vary dramatically across systems and with dynamic conditions. By extension,
frictional interactions between particles may play a key role in their assembly, global
configuration, collective motion, and bulk material properties. For example, in tightly packed
assemblies of microgels — colloidal microspheres made of hydrogel — particle stiffness controls
the fragility of the glassy state formed by the particles. The interplay between particle
stiffness and shear stress is likely mediated by particle-particle normal forces, highlighting the
potential role of hydrogel-hydrogel friction. Here we study friction at a twinned “Gemini”
interface between hydrogels. We construct a lubrication curve that spans four orders of
magnitude in sliding speed, and find qualitatively different behaviour from traditional
lubrication of engineering material surfaces; fundamentally different types of lubrication occur
at the hydrogel Gemini interface. We also explore the role played by polymer solubility and
hydrogel-hydrogel adhesion in hydrogel friction. We find that polymer network elasticity,
mesh size, and single-chain relaxation times can describe friction at the gel-gel interface,

including a transition between lubrication regimes with varying sliding speed.

Introduction

The rheology of dense, particulate, soft matter systems like
emulsion droplets, polymer coated hard-sphere colloids, and
microgels, forms a rich landscape of strain-dependent and
frequency-dependent transitions in material properties.” > In
these soft matter systems, shear forces and normal forces at
particle-particle  interfaces  drive  the  single-particle
rearrangements and the collective motion that often underlie
this complex rheology. Locally, at the interface between
particles, the ratio of the shear force to the normal force defines
a friction coefficient, which also may exhibit strong frequency-
dependent transitions. Transitions in friction coefficient have
been explored broadly in areas focusing on the lubrication of
rigid, impermeable surfaces, like metals, plastics, and ceramics.
With engineering materials like these, the interfacial contact
between two surfaces moving at a low relative speed is
determined by surface roughness; when two opposing surfaces
are loaded against one another, the high points of the roughness
make contact. The contact stresses at these discrete and minute
points of contact are often immense; local stresses are generally
assumed to be in the plastic regime and on the order of the
material hardness.® When there is no fluid present the contact is
referred to as “dry.” Under these conditions the friction
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coefficients are typically high (4>0.2) and the surfaces
generally experience significant wear.* > However, with the
addition of fluid and motion, there is a possibility of
hydrodynamic lubrication, which, as the name implies, involves
the lubrication of the surfaces through the use of fluids in shear.
The success or failure of hydrodynamic lubrication critically
depends on whether or not the fluid flow can generate enough
pressure to completely separate the surfaces from contact (1a).
Successful hydrodynamic lubrication is determined by a
favourable balance between the film thickening parameters
(viscosity, inlet geometry, and sliding speed) and the load or
contact pressure, often described by a dimensionless parameter
called the Sommerfeld number.® Friction between two surfaces
is a dynamic process; when a fluid is present, friction
coefficients can vary by several orders of magnitude depending
on the Sommerfeld number.” For engineering materials, the
traditional way to illustrate the wide range of friction
coefficients is the Stribeck Curve — a plot of friction coefficient
versus the Sommerfeld number or versus one of its controlling
parameters. There are clear transitions in frictional behaviour,
which are well studied and descriptively named based on the
operating mechanisms of friction: dry — no fluid is present;
boundary lubrication — adsorbed fluid films form on the
surfaces reducing friction; mixed lubrication — a transition
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Fig. 1 (a) Schematic of a lubricated sliding interface with
pertinent variables shown. (b) Classical lubrication regimes
between two sliding surfaces. (c¢) Classical Stribeck curve with
the Gemini hydrogel lubrication regime identified.

between boundary lubrication and fluid film lubrication;
elastohydrodynamic lubrication (EHL) — the thinnest fluid film
the cause elastic
deformations; and hydrodynamic lubrication — a condition of

lubrication in which fluid pressures

full fluid film lubrication (1b). Fluid lubrication theory is only
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valid when the fluid films are thick enough to completely
separate the surfaces; typically, many times thicker than the
surface roughness.®'" If the same interfacial interactions occur
in soft particulate systems, this rich behaviour in the lubrication
of rigid, impermeable materials may elucidate the frictional
contributions to soft matter rheology. However, the soft matter
equivalent of the Stribeck lubrication curve has not yet been
explored (1c).

Here we investigate transitions in friction at hydrogel-
hydrogel interfaces by varying sliding speed to potentially
traverse multiple lubrication regimes, and by varying polymer
solvation to span a broad range of interfacial interaction
strengths. For strongly solvated polymer networks, we find that
the hydrogel lubrication behaviour differs qualitatively from the
traditional Stribeck curve. Our experiments span four orders of
magnitude in sliding speed, over which hydrogel-hydrogel
friction coefficients vary only by a factor of four. By contrast,
the friction coefficient of traditional engineering interfaces
passes through multiple phases of lubrication, spanning at least
three orders of magnitude of friction coefficient over the same
range of sliding speed. We find that hydrogel friction
coefficients are the lowest at slow sliding speeds, exhibiting no
equivalent of dry friction even between totally stationary
interfaces; static friction between hydrogels is less than or equal
to kinetic friction. At high sliding speeds, the friction
coefficient exhibits a transition and rises. In contrast to the
classical transition into hydrodynamic lubrication, we find that
the transition in hydrogels arises from the relaxation time of
polymer chain deformation. In collapsed, destabilized
hydrogels, friction forces exceed the strength of the polymer
networks; adhesive forces at the interfacial contact break
hemispherical hydrogel probes from their supports on our
instrument. These results suggest a relationship between
friction and the rheology of packed microgel phases; at low
frequencies friction can be treated as a constant, at high
frequencies the friction scales with the interfacial shear rate,
and at all frequencies friction is strongly dependent on polymer
solvation.

Results

To explore a large breadth of potential frictional mechanisms at
the hydrogel-hydrogel interface, we construct an instrument capable
of measuring friction over a wide range of interfacial sliding speeds,
and we employ a hydrogel with a tunable interfacial energy. Two
poly(N-isopropylacrylamide) (pNIPAM) hydrogels of identical
composition are synthesized. One hydrogel is cast as a 4.5 mm thick
disk and fixed to a rotating stage; the opposing gel is moulded as a
half-spherocylinder with a 4 mm diameter shaft and a hemispherical
tip with a 2 mm radius of curvature. The gel composition is 7.5%
NIPAM, cross-linked with 0.3% bisacrylamide. pNIPAM is a
thermosensitive gel that shrinks with increasing temperature; the
polymer chains become unstable at temperatures above their lower
critical solvation temperature (LCST), approximately 32°C.'* " To
measure friction, the hemispherical hydrogel probe is lowered onto
the hydrogel countersurface, applying a normal force, F,, of 2 mN.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) Schematic of a stationary hydrogel probe sliding against a
rotating hydrogel disk in a Gemini hydrogel configuration. (b) Left:
Normal (F),) and friction (F) forces measured by capacitance sensors
in the normal and the tangential direction, respectively, for a
representative cycle (1 rotation). Right: The friction (tangential)
force is two orders of magnitude lower than the corresponding
normal force. (c) Friction forces for a representative cycle showing
no static friction.

The hydrogel sheet is rotated beneath the probe and both the normal
force and the tangential friction force, F, are measured over time.
Sliding speeds are varied either by changing the rotation rate of the
support stage or by positioning the probe hydrogel at different radial
distances from the centre of rotation. (2a)

For highly solvated pNIPAM gels at 26°C sliding at slow
speeds, v < 5 mm s'l, F, varies by about +/-0.25 mN. This range in
F, arises from vertical variations in the surface of the hydrogel sheet
relative to the rotating support stage. From the vertical cantilever
stiffness of 155 puN/um we determine that this range of normal
forces corresponds to a vertical variation of +/-1.6pm over the
sliding circumference of 10.7 mm, or an angular misalignment of
only 0.15 mrad.

This journal is © The Royal Society of Chemistry 2014
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Friction coefficient, p, is determined by the ratio Fy/ F,. At each
sliding speed, both the normal and frictional forces are measured at a
rate of 200 Hz for 100 s, yielding 2x10* measurements of 4, which
are averaged. At slow sliding speeds, F; is about two orders of
magnitude smaller than F, yielding friction coefficients of order u
~0.01 with a standard deviation of 0.003. We observe that the
friction force at the start of rotation is always slightly lower than
during sliding, demonstrating that static friction is less than kinetic
friction at Gemini hydrogel contacts; classical friction exhibits the
exact opposite behaviour (2¢).

Friction transitions with sliding speed

Friction at the interfaces of traditional, stiff, impermeable,
engineering materials non-monotonically,
dramatically, with sliding speed. The friction coefficient for a single

varies and often
pair of materials in frictional contact can vary by more than two
orders of magnitude with less than an 5-fold change in sliding speed
when crossing though the mixed regime of lubrication. By contrast,
the friction coefficient can exhibit negligible variation with more
than 10-fold change in sliding speed in the boundary lubrication
regime, where sliding speeds are low. At the highest sliding speeds,
hydrodynamic lubrication is weakly speed-dependent and can be
controlled by the viscosity of the lubricating fluid. To explore the
possibility that friction at Gemini hydrogel interfaces pass through
multiple lubrication transitions, we measure the friction coefficient
between two pNIPAM gels at many sliding speeds, spanning a range
from 0.03 through 100 mm s as shown in Fig. 3.

In stark contrast to the traditional Stribeck curve that shows high
friction behaviour at low sliding speeds and low friction behaviour at
high sliding speeds, the Gemini-hydrogel lubrication curve exhibits
the lowest friction coefficient at slow sliding speeds, with u ~0.01.
This extremely low friction coefficient does not show any significant
variation with increasing sliding speed up to about 5 mm s'. Insight
into this rate independence is gained by considering the mechanics
of indentation in the limit of no sliding. Since the hydrogels are
permeable, flow may be driven out of the indented volume. With an
estimated mesh size of 20 nm and applied pressure in the kPa range,
the timescale for driving the indented volume of fluid through the
network is ~100 s."* ' The hemispherical hydrogel probe is in
contact with the counter-surface for much longer times than 100 s,
though the countersurface experiences contact only transiently.
With the observed interfacial contact diameter of ~1 mm, we predict
an upper limit for the speed at which a region of contact remains
under pressure for sufficient time to drive fluid flow to be 0.01 mm
s'. Thus, at sliding speeds above 0.01 mm s the dominating
deformation mode in the lower hydrogel slab is most likely shear
strain, which doesn’t involve large scale fluid transport relative to
the polymer mesh.

We consider the potential contribution of elastic deformations to
the measured friction force by estimating the shear stress under the
contact. For a hemispherical indentation, the strain is 0.2aR" =0.05,
where a = 0.5 mm is the contact radius and R =2 mm is the radius of
curvature of the hydrogel probe. The contact radius is directly
measured by microscopy. We measure the elastic shear modulus,

Soft Matter 2014, 00, 1-3 | 3



Soft Matter

1.0+
frictional forces
exceeded sample o M
p 34°C /N
strength l AN
I/ \
NTH \

0.1 N1/ \

friction coefficient

26°C

0.01 r—i

= 0.00
experimental noise floor in friction coefficient

I 0.1 1 10
sliding speed (mm/s)

T AR
0.01 100

Fig. 3 Friction coefficient plotted versus sliding speed at two
temperatures, 26°C and 34°C. Measurements performed at 26°C,
represented by black squares, exhibit a low friction coefficient of
0.01 for sliding speeds ranging from 0.03 — 5 mm s”'. At faster
sliding speeds the friction coefficient increases to ~0.045. In
measurements performed at 34°C, represented by open squares, the
friction coefficient is high and erratic; at speeds below 1 mm s™' the
frictional forces exceed the strength of the pNIPAM probe.

G’(w), in oscillatory rheology over a wide frequency range spanning
the corresponding timescales of substrate-probe interaction. In this
frequency range of 0.01-10 Hz, measured at strain amplitudes of 1,
5, and 10%, we find that G’ = 1 kPa and is frequency independent.
In the linear elastic regime, material properties like shear modulus
are independent of applied stresses, so we do not expect that G’
depends significantly on normal force. The shear stress during
sliding is the product of G’ and the strain, and the elastic shear force
during sliding is the product of the stress and the contact area. By
dividing the shear force by the normal force, F,, =2 mN, we estimate
an effective friction coefficient of 0.02. This order-of-magnitude
estimate is close to the measured friction coefficient of 0.01,
suggesting that the frequency-independent rheology of hydrogels
may contribute to the speed-independent friction coefficient at
Gemini-hydrogel interfaces. The detailed relationship between slip
forces and shear stress at the interface is necessary to understand the
underlying origins of the measured friction forces and will be
explored in future work. Since dilute gels of flexible polymers
derive their material properties from thermal fluctuations, we call
this class of friction thermal fluctuation lubrication.

The Gemini hydrogel lubrication curve differs qualitatively from
the Stribeck curve in another way: at speeds above 5 mm s, the
friction coefficient rises weakly with sliding speed, scaling like u ~
v’ This scaling can be predicted by a hydrodynamic lubrication
theory for an interface with the geometry of the hydrogels used here,
but the predicted friction coefficient is over an order of magnitude
smaller than our measurements due to the extremely low viscosity of
water. Alternatively, this speed dependence could be an artefact of
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drag forces; the frictional probe is submerged in a deep bath of water
that rotates with the lower countersurface. To explore whether these
drag forces can deflect the frictional probe, we repeat the
experiments with baths of varying depth, finding no sensitivity to the
volume of fluid in the bath at all; the same results are found when
the bath is reduced to a thin fluid film. We also considered the
contribution of viscous stresses in the gel by estimating a friction
force arising from G”(w). However, these predictions fall several
orders of magnitude below the measured forces.

Another potential mechanism of the transition in friction is the
relaxation of strained polymer chains at the contact. The relaxation
time for flexible chains in a gel is 7= &1/ kT, where &is the mesh
size, 7 is the solvent viscosity, kp is Boltzmann’s constant, and 7 is
the temperature.'® For the pNIPAM gel studied here, 7= 2 ps. If
the spatial frequency of polymer-polymer strain generation across
the sliding contact is & ~/, then the competing timescale acting
against polymer relaxations is &£ /v, where v is the sliding speed.
Thus, at the observed transition, v =5 mm s, any point of contact
moves by one mesh size in 4 ps. The agreement between these
timescales suggests that the transition in frictional behaviour is
associated with the ability of polymer thermal fluctuations to relax
local deformations before new strains are exerted by the
countersurface. We therefore call this type of frictional behaviour
polymer relaxation lubrication.

Friction transitions with temperature

Thermosensitive hydrogels like pNIPAM are growing in
popularity for applications that make use of the strong swelling/de-
swelling transition that can occur over a narrow range of temperature
or pH."” For example, slabs of pNIPAM are used as mechanical
actuators in biological applications, and condensed pNIPAM
microgel particles are used to study the colloidal glass transition with
varying temperature.'”" The destabilization of NIPAM polymers is
likely to generate large changes in interfacial interactions in cases
where multiple pNIPAM gels are in contact."’

To explore the role of polymer solvation on Gemini hydrogel
friction, the same series of experiments described above are
performed, but with the hydrogels equilibrated at 34°C, about 2°C
above the LCST of pNIPAM. We find that the pNIPAM interface at
high temperature is dramatically different from the same interface
between swollen gels at low temperatures. At the slowest sliding
speeds, friction forces are so high that the hydrogel probe is torn
apart, precluding the possibility of measuring a friction coefficient.
When measurements are possible at higher sliding speeds, exceeding
1 mm s, the coefficient of friction varies erratically, reaching levels
comparable to dry friction. These results highlight the role of
thermal fluctuations in solvated hydrogel friction. pNIPAM chains
at temperatures above the LCST are not solvated and the frictional
mechanisms associated with thermal fluctuations, discussed above,
are not acting.

To elucidate the origins of this extremely high friction
coefficient at temperatures above the LCST, and the associated
transition from low to high friction, we perform a series of force-
indentation measurements at multiple temperatures, from 26°C to
37°C. pNIPAM probes are loaded and unloaded against pNIPAM
sheets, both identical to those used in friction experiments (Fig 4).

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) Representation of hydrogel probe approaching hydrogel
sheet prior to indentation, where Z is the reference location from a
stationary point on the microtribometer, L is the length of the
undeformed cantilever flexure, and K is the normal stiffness of the
flexure. During contact, the probe indents the sheet by a normal load
F, causing a displacement d, deflecting the flexure by L-F,/K. (b)
Loading and unloading indentation curves from the lowest and
highest tested temperatures exhibit adhesion above the LCST,
indicated by the significant negative peak in normal force during
retraction. (¢) The force of adhesion, F,4, is determined from the
lowest value of the normal load during probe retraction. We observe
a transition in adhesive force at 32°C (indicated by an arrow) where
F 4, increases by an order of magnitude. The error bars represent
uncertainty in the F,; measurements due to fluctuations in the
cantilever deflection. (d) The elastic modulus also exhibits a
transition with Below the
temperature of 32°C, the modulus is relatively steady around 24 kPa;

increasing temperature. transition

above 32°C the modulus increases monotonically to 47 kPa.

The probe is loaded against the sheet at a rate of 65 pm s™' until a
normal load of 10.7 mN is reached. The probe is retracted at the
same rate, resulting in a full loading-unloading duration of about 30
seconds. An adhesion force is measured at every temperature,
determined by a negative peak in the unloading force curve. Below
the LCST, the adhesion force is approximately constant, fluctuating
around 0.05 mN. A sharp jump in adhesion occurs at the LCST,

above which the adhesion force is 1-2 mN. These results further

This journal is © The Royal Society of Chemistry 2014
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suggest that the high friction coefficient at high temperatures is due
to hydrogel-hydrogel adhesion.

We determine an effective contact modulus from the indentation
curves by employing Johnson-Kendall-Roberts (JKR) theory which
incorporates the effect of adhesion in indentation measurements.?
For each indentation the unloading contact stiffness is calculated by
fitting the slope of the unloading curve, S, at a normal load of 9 mN.
The total normal force, F,’, is calculated by adding the absolute
value of the normal load (9 mN) to the absolute value of the
maximum force of adhesion, F, = |F,|+|F |- The stiffness and the
adhesive force are used to calculate the modulus, E, given by E =
((1-n)*/2)*(S*/(3F,'R))*°, where n = 0.3 is the Poisson’s ratio of
pNIPAM, and R’ = 2 mm is the radius of curvature of the probe.
This methodology produces systematically repeatable measurements
of an effective contact modulus, but is not intended to be directly
compared to tests that directly measure shear modulus or Young’s
modulus. We find that the indentation modulus of pNIPAM gels is
constant below the LCST, with an average value of 24 kPa. At the
LCST, the modulus rises monotonically, reaching 47 kPa at 37 °C.
This trend suggests that the friction coefficient may also be
temperature-independent up to the LCST, given the role played by
the shear modulus in friction discussed above.

Discussion

Interfacial sliding speed and contact pressure between the
sub-units of particulate soft matter assemblies can vary
dramatically across systems and contexts. Thus, frictional
interactions between particles may play an essential role in their
assembly, global configuration, collective motion, and bulk
material properties. For example, the extremely low friction
between droplets in compressed emulsions allows these
systems to remain isostatic under large osmotic pressures,
facilitating the measurement of bulk compressibility and the
study of packing statistics.?! In strongly sheared systems of
buoyant acrylic particles, hydrodynamic reversibility is broken
by the onset of a dynamical phase transition in which particle
collisions drive rearrangements and long timescale diffusive
particle motion.?> ** In this case, the interaction between
particles has not been characterized, though it is hypothesized
that the surface roughness plays a role, pointing toward friction
as a key interaction. Microgels — colloidal microspheres made
of hydrogel — have facilitated explorations of the role that
particle stiffness can play in colloidal phase transitions.” ** 3
The interplay between particle stiffness and shear stress is
likely mediated by particle-particle normal forces and by the
Gemini hydrogel friction behaviour described here. In recent
work on active-matter systems, osmotic pressure is used to
drive the assembly of protein filaments into bundles, in which
the filaments slide against one another by the driving forces of
molecular motors.® The osmotic pressure generates an applied
normal force; friction forces may be associated with the
adhesive strength and on-off rates of motors, or direct-contact
friction forces associated with the surfaces of filament-pairs
sliding against one another. In all of these examples at the
frontier of soft matter research, the two fundamental forces of

Soft Matter 2014, 00, 1-3 | 5
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friction — normal and tangential forces — play a critical role in
collective dynamics and macroscopic material properties,
highlighting the broad need for tribological investigation in soft
matter.

The work described here has direct implications in
compressed microgel systems, in which a variety of behaviours
are observed at volume fractions higher than close packing.
Below the close packing volume fraction, monodisperse
microgels crystallize to maximize entropy like hard sphere
colloidal crystals, fluctuating within their unit cells.”> ¥’ At
volume fractions above close packing the microgels compress,
make intimate contacts with their neighbours, and deform at
their surfaces to fill open space. The fluctuations of compressed
microgels and the macroscopic rheological properties of
compressed microgel assemblies have been shown to depend on
both the bulk modulus and the shear modulus of the microgel
particles, highlighting the importance of normal forces, shear
forces, and consequently the friction coefficient at particle-
particle interfaces.** %%

In systems of polydisperse microgels, the particles do not
crystallize, but form colloidal glasses instead.” Remarkably, the
fragility of these soft colloidal glasses is controlled by the
stiffness of the microgel particles; stiffer particles form more
fragile glasses, and softer particles form stronger glasses. Many
different polymer chemistries have been used to study microgel
physics, and pNIPAM is frequently used. Very often the
pNIPAM microgels are copolymerized with negatively charged
groups to prevent the adhesion that we observe here with
pNIPAM above the LCST. Interestingly, in molecular glasses,
molecules that form strong bonds with one another tend to form
fragile glasses, whereas molecules that can easily break bonds
with their neighbours tend for form stronger glasses.?’ Thus, the
dramatic changes in friction coefficient and adhesion that occur

6 | Soft Matter, 2014, 00, 1-3

with temperature-dependent gel collapse, observed here,
suggest that fragility in compressed microgel systems may also
be controlled by friction. We believe that future explorations of
adhesion and friction in soft colloidal glasses may help to
further elucidate the fundamental origins of the glass transition.

Gemini hydrogel friction mirrors the lubrication of solvated
polymer brush interfaces in some ways, and differs from it in
other ways***2. Pioneering studies of polymer brushes attached
to mica surfaces and measured in a surface force apparatus
(SFA) showed that polymer brushes have extremely low kinetic
friction (n<0.001) at low sliding speeds (v~450 nm s™), and
exhibit no measurable static friction at the onset of sliding.*
Much like Gemini hydrogel friction described here, this
behaviour is attributed to polymer chain fluctuations. By
contrast, the lubrication curve of the polymer brush interface,
when measured in a macro-tribometer, resembles the classic
Stribeck curve at higher sliding speeds, above 1 mm s'.** In
both macro-tribometry and SFA measurements, the polymer
density is approximately the same as the hydrogels studied
here, so the differences between Gemini hydrogel lubrication
and polymer brush lubrication may arise from the major role of
boundary conditions imposed by the rigid surfaces onto which
polymer brushes are grafted. As brush surfaces are pressed
against one another, the polymer concentration rises
dramatically, effectively stiffening the brush and generating a
much stronger force-displacement rise than in bulk hydrogels at
the same polymer concentration. Consequently, at normal
loads in the range of mN, the contact area between brushes is
much lower than between bulk hydrogels, resulting in MPa to
GPa pressures between brushes; the bulk hydrogels studied here
are effectively semi-infinite half-spaces which allow large-
lengthscale shear strain to spread throughout the gel, resulting
in kPa pressures between contacting hydrogels. ™

We have shown that Gemini hydrogel friction has strong,
qualitative differences from classical friction at stiff,
impermeable, lubricated interfaces (Fig. 5). The connection
between Gemini hydrogel friction, polymer network stiffness,
and chain relaxation time, suggests that mesh size is a key
control parameter in the Gemini hydrogel lubrication curve.
The twinned, “Gemini” nature of the interface is essential to the
shape of this lubrication curve; moving a curved impermeable
surface against a flat hydrogel, or a curved hydrogel against a
flat impermeable surface produces friction with speed- and
time-dependence dramatically different from Gemini hydrogel
friction."

Much of the current thought on friction between soft,
permeable materials was developed through many decades of
research on cartilage.®*  Unfortunately, cartilage is an
incredibly complicated system, involving stratified layers of
fibres with varying structure, mesh size, charge density, and
material properties. This high degree of complexity makes the
problem of uncovering the fundamentals of lubrication between
soft, permeable surfaces practically intractable. Consequently,
a great number of models attempting to describe lubrication at
soft, permeable interfaces have been developed based on
measurements of cartilage friction, creating continual

This journal is © The Royal Society of Chemistry 2014
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controversy that remains unsettled. The exquisite level of
control over physical and chemical properties in synthetic
hydrogel systems facilitates the exploration of the models of
friction proposed in cartilage research. The work described here
revealing a class of lubrication qualitatively different from
classical lubrication and from hypothesized modes of friction in
cartilage highlights the need for broad exploration of friction in

highly controlled, synthetic, Gemini hydrogel interfaces.

Materials and Methods

Experimental apparatus

The apparatus used for these experiments was a high-speed,
pin-on-disk, unidirectional microtribometer. The hydrogel
probe (2 mm radius of curvature) was adhered directly to a
single flexure cantilever assembly, which had a normal stiffness
of 155 uN/um and a lateral stiffness of 74 uN/um. The probe
was loaded to 2 mN by a vertical coarse positioning micrometer
against a hydrogel countersample (~4.5 mm in thickness),
which was adhered directly to the rotary stage. The high-speed
piezoelectric rotary stage (Physik Instrumente M-660.55, 4
prad resolution) was used to rotate the hydrogel countersample,
and was capable of unidirectional angular velocities from 1 to
720 degrees per second. Two 3 mm capacitive displacement
sensors measured the displacement of the flexure due to normal
and lateral forces during contact and sliding. One was mounted
axially with respect to the hydrogel probe to measure normal
forces and the other was parallel with respect to the sliding
direction of the hydrogel probe to measure friction forces. Each
capacitance sensor had a 20 V range and a sensitivity range of 5
um/V.

Hydrogel preparation

Hydrogel samples were made by polymerizing the
following components, reported as mass-per-mass of solvent:
NIPAM monomer (7.5%), ammonium persulfate initiator
(0.6%), N,N’-Methylenebisacrylamide cross-linker (0.3%), and
tetramethylethylenediamine catalyst (0.06%) in ultrapure water
and in an oxygen-starved environment at room temperature for
2 hours. The pNIPAM probe and sheet were equilibrated in
ultrapure water for 24 hours, during which negligible swelling
or shrinking was observed.

To create the Gemini interface, a diamond-turned polyolefin
mould was used to cast the probes. Polystyrene petri dishes
were used to cast the countersamples. Hemispherical probes of
2 mm radius of curvature and disk-shaped countersamples of
~4.5 mm thickness and 30 mm radius were moulded. A 10 mm
stroke radius was selected for sliding speeds of 1 — 100 mm s™'
and a 1.7 mm stroke radius was chosen for 0.03 — 0.1 mm s
sliding speeds due to the velocity limits of the rotary stage.
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