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Kinetics of aqueous lubrication in the
hydrophilic hydrogel Gemini interface
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Abstract
The exquisite sliding interfaces in the human body share the common feature of hydrated dilute polymer mesh net-
works. These networks, especially when they constitute a sliding interface such as the pre-corneal tear film on the ocular
interface, are described by the molecular weight of the polymer chains and a characteristic size of a minimum structural
unit, the mesh size, j. In a Gemini interface where hydrophilic hydrogels are slid against each other, the aqueous lubrica-
tion behavior has been shown to be a function of sliding velocity, introducing a sliding timescale competing against the
time scales of polymer fluctuation and relaxation at the surface. In this work, we examine two recent studies and postu-
late that when the Gemini interface slips faster than the single-chain relaxation time, chains must relax, suppressing the
amplitude of the polymer chain thermal fluctuations.
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Introduction

Aqueous lubrication by hydrophilic polymeric net-
works is ubiquitous in human physiology, but the
network properties prevent traditional lubrication char-
acterization due to the low stiffness and solvation con-
ditions.1 For example, the ocular tear film is a complex
fluid drawing shear-thinning behavior from a distribu-
tion of high molecular weight, superhydrophilic
branched molecules (mucins and glycoproteins) in a
saline bath.2 The excellent lubricating behavior of the
epithelial surfaces and tear film is robust, imperceptibly
operating over 14,000 blinks per day.3 The solvated
mucins, some of which are anchored to the surfaces,
are dragged along with the eyelid wiper over the cor-
nea, and flexibility and solvated condition of the chains
is suspected to be responsible for the excellent lubricity4

(Figure 1). A dilute porcine gastric mucin solution has
been shown to lubricate a compliant polydimethyl
siloxane (PDMS) self-mated contact most efficiently in
highly acidic conditions pH=2; this was correlated to
the inability of the mucins to maintain a folded struc-
ture.6 Likewise, polymer brushes in a good solvent
maintain an extended conformation and low friction,
and the authors concluded that interfacial fluidity and

segment mobility of brush chains dominate the lubrica-
tion mechanisms;7,8 this is especially true for brush-to-
brush pairing.9

Early studies of poroelastic lubrication proposed
models of weeping lubrication of a cushion-form bear-
ing, in which applied pressures pumped fluid from a
surface, and then the fluid was entrained in a mixed
lubrication regime to provide low friction and reduce
boundary interactions.10,11 Work in this area continues
in the articular cartilage arena, where the roles of
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cartilage properties and synovial fluid have a synergistic
effect in lubricating large joints.12 For dilute polymer
networks such as the mucins of the eye, the large con-
tact areas, light loads, and fast sliding speeds cannot
exude sufficient water during the times of sliding to sub-
stantiate weeping lubrication, so other mechanisms
must dominate the lubrication behavior of dilute hydro-
gel surfaces.13 At the molecular scale, a mechanism of
hydration lubrication has been proposed and recently
explored in much more detail.14,15 In this mechanism,
the substrate surfaces are shielded by a monolayer or
more of oriented water molecules which act as the slid-
ing interface rather than the substrate, in this case mica.
The studies examined in this work also propose that
water shells are responsible for lubrication in some
sense, but differ in that the integrated friction coeffi-
cient measured over a large area (hundreds of micro-
meters) is highly affected by the ‘‘substrate,’’ in this case
very dilute polymer chains.

Dilute hydrogels in a good solvent possess high
molecular weight between crosslinks, so the energetic
component of free energy is continuously causing ther-
mal fluctuations to minimize chain–chain interactions.
The characteristic mesh size, j, that emerges is a length
at which the model of dilute polymers transitions from
thermal fluctuations to larger arrays of Pincus blobs
that can be stretched and deformed. The amplitude of
thermal fluctuations and the characteristic mesh size of
the hydrogel determine the local ability of the hydrogel
to support an applied load and maintain structure
under multiple modes of deformation (Figure 2). Under
aqueous lubricated sliding of a hydrogel surface, the

kinetics of the thermal fluctuations and larger deforma-
tions compete with the timescale of the prescribed slid-
ing motion, Vs. In this work, we examine two recent
studies in Gemini hydrogel lubrication that uncover dis-
tinct lubrication regimes with a transition related to the
kinetics of single-chain relaxations.5,16 We postulate that
high-speed sliding in a Gemini interface stretches surface
chains, damping their thermal fluctuations and leading to
higher friction.

Materials and methods

Two hydrophilic hydrogel systems of 7.5% polymer
content by mass were synthesized in order to study the

Figure 1. Ocular lubrication is provided by superhydrophilic branched mucins and mucinous glycoproteins both anchored to the
eyelid wiper and cornea and dissolved in the aqueous tear film. A model for this lubrication is that the eyelid wiper mucins are
dragged along with the eyelid wiper over the twin surface of the cornea, pushing zone of highest shear away from the cells surfaces
to the middle of the tear film.
With kind permission from Springer Science + Business Media: Tribology Letters, ‘‘Gemini Interfaces in Aqueous Lubrication with Hydrogels,’’ 2014,

Figure 1.5

Figure 2. Characteristic mesh size j of a hydrogel system
drives both the permeability k } j2 and the timescale of single-
chain polymer relaxation tr } j3.
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lubricity that emerges at the interface between two
identical twinned surfaces, a ‘‘Gemini’’ interface. Both
the polyacrylamide (PAAm) and poly(N-isopropylacry-
lamide) (pNIPAM) were crosslinked using N,N-methy-
lenebis(acrylamide) (MBAm) in the presence of
tetramethylethylenediamine (TEMED) and ammonium
persulfate (APS). Further details on the synthesis are
provided by Dunn et al.5 and Pitenis et al.16 The
Gemini interface consisted of a hemispherical hydrogel
probe of about 2mm radius and a slab of identical
material with thickness of 2–4mm. The surfaces were
interfaced by two custom microtribometers, one utiliz-
ing a reciprocating motion ideal for small sample sizes
and the other a rotary motion tribometer able to span
up to four orders of magnitude in linear sliding speed.

Reciprocation experiments were performed for three
configurations in order to assess the effect of contact
area motion (stationary, migrating, or Gemini) on the
measured friction coefficient, and lubrication behavior
was measured on the rotary microtribometer. The key
experimental scaling factor in order to compare was the
applied pressure; for all the experiments, it remained
below 2kPa,17 a small enough pressure to ensure con-
tact was Hertz-like rather than a thin film.

Results

Reciprocating experiments

The Gemini hydrogel interface exhibited distinct beha-
vior both in run-in behavior and steady-state sliding fric-
tion. When the PAAm hydrogel probe was pressed into
a flat glass countersurface to provide stationary con-
tact, it did not have time to rehydrate between recipro-
cation passes, but rather continuously experienced a
compressive load. A time constant ;160 s was observed
in order to reach a steady-state value of friction coeffi-
cient up to 30 sliding cycles (Figure 3). When the
hydrogel was switched to a slab moving under an
impermeable probe, the contact area on the hydrogel
migrated, with time in between passes to rehydrate.
The migrating contact time constant was only ;60 s,
three times faster than the stationary contact condition.
When the interface was formed from two hydrogel sur-
faces, both conditions existed simultaneously, but the
contact pressure was spread between them. The friction
force dropped to near the limit of measurement ability,
with no discernable startup behavior. Because the
hydrogel composition, applied pressure, and sliding
speed were the same, this behavior must be attributed
to the thermo-mechanical kinetics of the hydrogel at
the Gemini interface over the period of contact.

When the sliding speed was increased, migrating
contact and stationary contact were found to be
strongly speed-dependent and time-dependent, respec-
tively, but the Gemini interface did not exhibit either of
those because no change in friction coefficient was
detected (Figure 4(a)). Over the range of sliding speeds
from v=100 to 1500mm/s, lubricity of high water

content PAAm in Gemini contact is independent of the
sliding speed at speeds up to 1.1mm/s.5

Unidirectional experiments

When the experimental configuration was changed to
rotary motion, a much broader range of sliding speeds,
from v=20 to 100,000mm/s, were accessed. The
steady-state friction coefficient between the pNIPAM
probe and pNIPAM flat was measured as a function of
sliding speed, and the lubrication behavior appeared to
have two regimes: low-speed and high-speed sliding.
When the speed surpassed linear sliding speed
Vs=5mm/s, the friction coefficient departed from a
steady value of m=0.01 and increased monotonically
for subsequent increased sliding speeds, with a maxi-
mum of m=0.05 (Figure 4(b)).

Discussion

The nominal contact area of a Gemini interface is by
nature larger than that of a hydrogel sliding against a
stiffer, impermeable material due to the partitioning of
deformation. For the PAAm hydrogel probe described
by Dunn et al., the contact radius for a Gemini inter-
face was a=0.28mm, while against a flat glass plate
would be a=0.23mm according to simple sphere-on-
flat Hertz theory. This gives the Gemini interface has a
contact area of 1.5 times that of a PAAm hydrogel
against a stiff impermeable material. For conformal
contacts of soft materials such as this, the friction force

Figure 3. Friction coefficient between polyacrylamide and
sapphire in a migrating contact (squares), polyacrylamide against
borosilicate glass in a stationary contact (diamonds), and in self-
mated Gemini contact (circles). At a sliding speed of v = 100 mm/
s, migrating contact exhibited a friction coefficient of m = 0.36
after a short run-in period. Stationary contact was strongly
time-dependent, with a time constant on the order of 100 s to
reach a steady state of m = 0.24. Gemini contact showed a
nearly unmeasurable friction coefficient of m = 0.02 with no
discernable startup features.
With kind permission from Springer Science + Business Media: Tribology

Letters, ‘‘Gemini Interfaces in Aqueous Lubrication with Hydrogels,’’

2014, Figure 3.5
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is related to a shear stress, t, at the interface through
the area of contact, A, as Ff = tA. Given the hydrophi-
lic nature of the PAAm surface, one might expect that
the shear stress is a characteristic value, regardless of
the counterface sliding surface. However, at a single
sliding speed as illustrated in Figure 4(a), the friction
forces for the Gemini interface are much lower than
those for stationary or migrating contact, counter to
intuition. For the steady-state friction coefficients of
m=0.36, 0.24, and 0.02 for migrating, stationary, and
Gemini contacts, respectively, the calculated shear
stresses for the applied loads are t =870, 580, and
30Pa, respectively. For the slow sliding speed of
v=100mm/s, the shear stress in the Gemini interface is
nearly undetectable and likely causes negligible lateral
strain at the interface, further supporting the proposed
model of thermal fluctuation lubrication at sliding speeds
is much slower than the single-chain relaxation time of a
PAAm unit of mesh size j ;20 nm.

The groups investigating the regimes of hydrogel
lubrication generally agree that there is a regime during
low-speed sliding where friction coefficient is related to
the thermal temperature of the hydrogel and then a
transition to a higher-speed sliding regime where
viscous forces dominate. In recent years, Gong and col-
leagues18 have developed a repulsion–adsorption model
of the friction between charged gels, in which there are
two main contributions to the frictional stress: elastic
deformation of an adsorbing polymer chain and vis-
cous flow of solvent at the vicinity of the interface. A
characteristic velocity based on the time it takes to slide
past a single mesh vf= j/tf marks the transition
between ‘‘elastic friction’’ where a fraction of chains
within a Pincus blob of characteristic radius j approach
and adsorb to a countersurface and the well-known
‘‘hydrated layer lubrication.’’ Similarly, another recent
model builds on that work and describes the transition
in friction behavior as an ‘‘elastic-hydrodynamic transi-
tion (EHT) sliding velocity.’’ These models suggest that

Figure 4. Experiments measuring the friction coefficient as a
function of sliding speed in Gemini contact. (a) Polyacrylamide
hydrogels in Gemini contact do not show a speed dependence
at low speeds up to 2 mm/s, although the addition of a hard
countersurface such as sapphire and borosilicate glass
introduces a speed dependence and higher friction coefficient.
(b) Poly(N-isopropylacrylamide) hydrogels in Gemini contact
measured in a rotary configuration exhibited two sliding
regimes: thermal fluctuation lubrication at slower sliding speeds
and polymer relaxation lubrication at higher speeds as the surfaces
are stretched under the shear without time to recover.
(a) With kind permission from Springer Science + Business Media:

Tribology Letters, ‘‘Gemini Interfaces in Aqueous Lubrication with

Hydrogels,’’ 2014, Figure 4.5 (b) Adapted by permission of The Royal

Society of Chemistry.16

Figure 5. In dilute hydrophilic hydrogels under low shear rates, the energetic component of free energy constantly vibrates the
polymer chains to reduce chain–chain interactions. We postulate that as shear rates increase past the threshold of single-chain
relaxation times, the normal fluctuation amplitude is suppressed, as schematically shown here.

892 Proc IMechE Part H: J Engineering in Medicine 229(12)



for hydrogels sliding against a stiff impermeable coun-
tersurface, slow-speed behavior occurs at rates driven
by the stretching of polymer chains, and high-speed
behavior occurs at rates inversely proportional to
velocity.

In contrast, for the Gemini interface of neutral
PAAm hydrogels, Pitenis et al. observed that the fric-
tion coefficient was independent of sliding speed for
speeds below 5mm/s. The authors designate the slow
sliding regime as polymer fluctuation lubrication due to
the thermal fluctuations that dominate dilute hydrogel
movements in the absence of high strain, dehydration,
or other driving forces such as diffusion. Then, at
higher sliding speeds, they propose that strained chains
have the opportunity to relax along the direction of
sliding, thus designating the regime polymer relaxation
lubrication. We seek to further refine this description by
postulating that when the characteristic time of single-
chain relaxation tr is longer than the time it takes to
slide past a single characteristic mesh size tf, the chains
can no longer relax between contacting events by the
opposite hydrogel surface, and their fluctuation ampli-
tude is suppressed (Figure 5). This postulate is further
confirmed by the swift change in stiffness of ideal poly-
mer chains as their average extension approaches maxi-
mum extension, such as in the worm-like model.19

The prevailing model of lubrication for particular
soft hydrated materials such as cartilage is that of
biphasic lubrication, in which support by the solid or
gel components is enhanced by fluid load support by
pressurized fluid in the pores near the surface.20,21

Biphasic experiments and modeling rely on the mis-
match of properties that exists between the soft sample
and the probe material, which is stiff and impermeable
(metal, ceramic, bulk polymers, etc.). Fluid pressure is
increased due to the applied load, but then must seek a
dissipative path out to reduce the interstitial pressure.
The time scales of the fluid pressurization and squeeze-
out are related to the geometry and configuration of the
experiments, namely, whether the contact area is sta-
tionary or migrating with respect to the hydrated sam-
ple surface. The Gemini interface has no impermeable
component, so the driving pressures are not applied in
the same way; it is for this reason that we do not treat
these results with biphasic lubrication theory but with
polymer fluctuations and the mechanisms of polymer
relaxation in close proximity to high shear.

Conclusion

1. Biological lubrication is facilitated by dilute hydro-
philic polymer networks that slide against each
other in a Gemini interface with robust lubricity.
Both in reciprocating sliding and unidirectional
sliding of the Gemini interface at slow speeds, fric-
tion coefficient is independent of sliding speed.
Exceedingly low shear stresses ;30Pa for a PAAm

Gemini interface at 2 kPa of applied load indicate
that lateral surface strains are negligible even under
a large contact area of hundreds of micrometers
squared.

2. When the Gemini interface slips faster than the
single-chain relaxation time, chains must relax,
aligning along the sliding direction and experien-
cing suppressed fluctuation amplitude. This
reduces the ability of the polymer mesh to dissipate
friction through polymer fluctuations, which we
believe leads to increased friction coefficient at
high sliding speeds in the Gemini interface.
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