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Abstract
Discussion and hypotheses regarding the dominant dissipation mechanisms in Gemini hydrogel sliding have often impli-
cated viscous dissipation through shear rate and mesh size—essentially, if the dissipation is simply a result of viscous shear 
through a single mesh dimension at the surface, increasing viscosity, increasing sliding speed and decreasing mesh size 
will all increase the frictional shear. Based on the measurements of gel shrinking coupled with increasing viscosity with 
decreasing temperature, the expectation is that the friction will increase dramatically with decreasing temperature. Potential 
frictional dissipation mechanisms in hydrogel sliding were investigated by measuring friction coefficients over a range of 
temperature from − 20 °C (253 K) to + 20 °C (293 K). The gels were run in the Gemini configuration and were made from 
7.5 wt% polyacrylamide (PAAm) formulations swollen in water. After casting, the hydrogel solvent (water) was exchanged 
with a 40:60 dimethyl sulfoxide (DMSO)–water solution by volume, which permitted experiments to be conducted below the 
freezing point of water alone (0 °C). The hydrogels were found to shrink as the temperature decreased, and measurements 
suggest that the mesh size changed from roughly ξ = 16 nm at + 20 °C to ξ = 10 nm at − 20 °C. The viscosity of the 40:60 
DMSO–water solution was measured on a parallel plate rheometer over the range in temperature and found to increase from 
η = 1 mPa-s at + 20 °C to η = 12 mPa-s at − 20 °C. Experiments were conducted with 2-mm-radius spherical probes on flat 
sheets under reciprocating contact at a normal load of 2 mN, sliding speeds of either V = 10 µm/s or V = 1 mm/s and over a 
temperature range of − 20 °C to + 20 °C, at 5 °C increments. The entire system was allowed to equilibrate at each tempera-
ture, and the friction coefficients and associated uncertainties are reported. The friction behavior at V = 10 µm/s increased 
in proportion to the changes in viscosity and mesh size following the models, and had friction coefficients of µ = 0.01 at 
+ 20 °C that increased to µ = 0.16 at − 20 °C. The high-speed sliding experiments at V = 1 mm/s were in the soft elastohy-
drodynamic lubrication regime, and the friction coefficient increased in proportion to the ratio of the viscosity changes, 
µ = 0.01 at + 20 °C to µ = 0.09 at − 20 °C. In the high-speed experiments, there was a dramatic shift in behavior from low 
to high friction around T = − 3 °C (270 K). Following the hypotheses of thermally activated friction, plots of the natural log 
of normalized friction (ln(µ/µo)) versus 1/RT were analyzed for both data sets and give activation energies of Ea = 16 ± 2 kJ/
mol at V = 1 mm/s and Ea = 20 ± 2.5 kJ/mol at V = 10 µm/s. These activation energies are within the range of the activation 
energy of the viscosity for the DMSO–water solution, Ea = 15.9 ± 0.3 kJ/mol. Overall, these experiments clearly demonstrate 
that Gemini hydrogel friction increases with decreasing temperature and suggest that both viscosity and mesh size contribute 
to friction under direct contact sliding.
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1 Introduction

Studies on the lubricity of aqueous gels have led to a number 
of compelling hypotheses regarding the role of solvent on 
energy dissipation in these systems [1–14], Fig. 1. Recently, 
models of Gemini gel lubrication [1], thermal fluctuation 
lubrication [3, 7] (Fig. 1c) and water content in aqueous 
gels [15] have all sought a unifying hypothesis involving 
dissipation mechanisms. One compelling hypothesis is that 

 * W. Gregory Sawyer 
 wgsawyer@ufl.edu

1 Department of Mechanical and Aerospace Engineering, 
Herbert Wertheim College of Engineering, University 
of Florida, Gainesville, FL 32611, USA

2 Materials Department, University of California, Santa 
Barbara, Santa Barbara, CA 93106, USA

http://orcid.org/0000-0002-4461-7227
http://crossmark.crossref.org/dialog/?doi=10.1007/s11249-019-1229-9&domain=pdf


 Tribology Letters (2019) 67:117

1 3

117 Page 2 of 7

energy dissipation occurs through the shearing of the solvent 
across a length scale that is on the order of a single mesh 
[1, 3, 7, 15, 16] (Fig. 1a). Such models predict low friction 
coefficient and lubricity for high-water-content gels due pri-
marily to the low viscosity of water and the relatively large 
mesh size of the aqueous gels. The models, however, fail to 
accurately predict the scaling of friction with velocity across 
all regimes, and many questions remain regarding the role 
of relaxation, draining and dissipation. One of the most fre-
quently requested pairs of measurements is those that vary 
temperature and sliding velocity.

Friction measurements at discrete temperatures (below 
and above ambient conditions) introduce many experimental 
complications. First, the mechanics of soft aqueous hydro-
gels are controlled by mesh size and thermal fluctuations of 
the polymer chains [20]. As a result, the mesh size of the 
hydrogels is temperature-dependent; the mesh size decreases 
as the temperature is decreased [20]. Second, the depend-
ence of viscosity on temperature, although well studied, is 
unavoidable. For water, there is a rather narrow available 
range of temperature under atmospheric conditions (0 to 
100 °C), but the viscosity goes from about 1.8 to 0.3 mPa-s 
over the entire range [21]. Unfortunately, testing at high tem-
peratures introduces even more challenges than testing at 
low temperatures; this is particularly due to the increased 
rate of evaporation at high temperatures and challenges asso-
ciated with maintaining instrumentation at 100% relative 
humidity at elevated temperatures. (At low temperatures, the 
environment can be maintained under dry nitrogen.) Given 
the hypothesis that friction is dependent on the viscosity and 
inversely dependent on the mesh size [7, 11, 15], reducing 

temperature should have a compounded effect of increasing 
friction through changes in both parameters. A priori, it is 
unclear which parameter dominates—the mesh size or the 
viscosity.

2  Methods

Experiments to measure friction coefficient over a range of 
temperatures required some modifications to the microtri-
bometer platform [3, 7, 16, 22, 23]. In order to control the 
ambient temperature, the entire apparatus was placed inside 
a box freezer that was backfilled with nitrogen gas to prevent 
ice formation. The temperature was controlled through the 
use of a PID controller and thermocouple located near the 
sample surface; temperature was monitored and controlled to 
within 0.3 °C at each discrete temperature position. Care was 
taken to ensure that the electrical connections, the capaci-
tance probes and piezo-motions of the microtribometer 
could function appropriately under the testing conditions.

Changes were also made to the aqueous gels. In an 
effort to extend the temperature range of the gel to tem-
peratures below 0  °C, the traditional polyacrylamide 
gels (7.5 wt% acrylamide monomer and 0.3 wt% N,N′-
methylenebisacrylamide cross-linker) [3, 7, 24, 25] were 
prepared in ultrapure water and then equilibrated in a solu-
tion of 40% DMSO (dimethyl sulfoxide) and 60% water by 
volume. These DMSO–water solutions have freezing points 
below 0 °C; the 40:60 DMSO–water solution selected for 
these experiments has a freezing point of roughly − 30 °C 
[26]. The viscosity of this solution increased in an Arrhenius 

Fig. 1  Friction in Gemini gels has had a number of hypotheses 
regarding the source of dissipation. a In this manuscript, we con-
sider the possibility that the dissipation is associated with the shear 
of solvent across a hydrodynamic penetration depth into the gel that 
is on the order of the mesh size. b The mesh size control of friction 
hypothesis found that the friction increased when the kick time (mesh 
size over the sliding velocity) was shorter than the recovery time 

(polymer relaxation time, τ [17]). c The thermal fluctuation lubrica-
tion hypothesis suggested that at low sliding speeds the gel potential 
surface was effectively blurred and flat due to thermal fluctuations. 
d Hydrodynamic lubrication, either soft elastohydrodynamic lubri-
cation (EHL) or micro-EHL, suggests that the dissipation is across a 
fluid film that separates the two surfaces [18, 19]
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fashion from 1 mPa-s at 20 °C to about 12 mPa-s at − 20 °C 
as measured on a parallel plate rheometer (MCR 702 Twin-
Drive; Anton Paar, Graz Austria) with temperature control; 
these data are shown in Fig. 2b and there is no detectable 
transition behavior around 0 °C (i.e., the trends in shear 
stress are smooth and continuous). For the molded hydro-
gel samples, the average roughness was measured to be 
Ra = 20 nm. Hydrogel probes and disks were molded at room 
temperature against low-surface-energy surfaces, cyclic ole-
fin copolymer and polystyrene, respectively. Our work has 
shown that we recover the mold surface finish in the hydro-
gel components, and as such, the mold surfaces must be 
highly polished to ensure smooth hydrogel surfaces. These 
hydrogels shrink with decreasing temperature, and cylindri-
cal rods fabricated from the hydrogels were used to measure 
changes in volume and the corresponding changes in poly-
mer concentration as a function of temperature. Methods 
developed by Canal and Peppas were used to estimate the 

mesh size as a function of temperature [27]. As predicted, 
the mesh size was affected by changing the solvent from 
water to DMSO–water. At room temperature, DMSO–water 
gels were approximately 25% smaller than gels fabricated in 
water alone and this was further reduced to 50% at − 20 °C. 
The Canal and Peppas estimations of mesh size do predict 
larger values (within a factor of 2) than our previous meas-
urements using small-angle X-ray scattering (SAXS) tech-
niques, but given that SAXS was not performed for these 
experiments we have used the Canal and Peppas model to 
develop scaling relationships and examine the dependence 
on shear as a function of temperature without adjustment 
parameters or fitting.

Friction measurements were taken in the Gemini con-
figuration, over a temperature range from 20 to − 20 °C, at 
5 °C increments, at sliding speeds of 10 µm/s and 1 mm/s. 
During friction testing at each temperature interval, the gel 
disk and probe were allowed to equilibrate for 12 h prior to 

Fig. 2  a The measured viscosity of the 40:60 solution of DMSO–
water reveals a significantly increased viscosity and extended tem-
perature range (− 20  °C) over water alone (solid line). b The mesh 
size of the swollen gel in 40:60 DMSO–water solution was estimated 
by fitting swelling data to equations by [27] and was calculated to 
vary by almost a factor of 2 × over the sampled range. c Compari-

sons of the friction loops at V = 10 µm/s show a significant increase 
in friction force as temperature decreased from 20 to 0 °C and finally 
− 20  °C. d Friction coefficient versus temperature at V = 10  µm/s 
and 1  mm/s both increase significantly as temperature is decreased, 
although the 10 µm/s data increase more at the lower temperatures
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loading and sliding to ensure thermal stability of the sys-
tem and allow for equilibrium of mesh size prior to slid-
ing. The probes had an as-cast radius of curvature of 2 mm. 
The normal load was maintained at 2 mN for all experi-
ments and had variations in force of less than 10% over the 
entire test. Given that temperature changes both mesh size 
and viscosity, one strategy to isolate the effects of viscos-
ity was to perform experiments above and below Hamrock 
and Dowson’s soft elastohydrodynamic limit [18, 19], which 
was accomplished by sliding at V = 1 mm/s and V = 10 µm/s, 
respectively.

3  Results and Discussion

Given the hypothesis that thermal fluctuations are respon-
sible for the low friction of self-mated or Gemini hydrogel 
friction, it was natural to explore the dependence of friction 
on temperature. As discussed in Methods section, changes 
in temperature alter two parameters that are thought to con-
trol frictional dissipation in these gels: Decreasing tem-
perature (1) increased the viscosity of the solvent and (2) 
decreased the mesh size of the gel. The combined effect was 
expected to increase the friction coefficient with decreasing 
temperature.

Friction clearly increased as temperature decreased, 
which is consistent with the hypotheses offered and with 
previous studies of solvated aqueous gels and elastomers 
[28, 29]. The friction coefficient for experiments performed 
at V = 10 µm/s increased from µ = 0.010 to µ = 0.160 (20 °C 
to − 20 °C), and for experiments performed at V = 1 mm/s, 
friction coefficient increased from µ = 0.013 to µ = 0.094 
(20 °C to − 20 °C). While both sliding speeds showed fric-
tion coefficients that increased by nearly an order of mag-
nitude, there are some notable differences in behavior; 
namely, the low-speed experiments increased more and had 
a smoother overall trend. The higher-speed experiments had 
a very unusual transition-like behavior right around 0 °C, 
and this was not seen in any of the rheology experiments or 
in the low-speed experiments. Visual examination through 
cameras did not detect ice, although the 0 °C is certainly sus-
picious. Additionally, the background cover gas eliminated 
condensation and other environmental concerns associated 
with the capacitance measurements of force, which were 
clean, low noise and consistent.

The hypothesis of frictional dissipation in Gemini hydro-
gel sliding assumes a dissipation mechanism related to vis-
cous shear [11, 15]. This gives a functional form of friction 
related to the ratio of viscosity to velocity over the mesh size 
[15]. For the low-speed sliding experiments at V = 10 µm/s, 
the friction coefficient, µ, should increase over the high-
temperature friction coefficient, µo, as given in Eq. 1 (where 

the viscosity and mesh size at the reference temperature are 
given by ηo and ξo, respectively).

As shown in Fig. 3a, the simple analysis in Eq. 1 provides 
a reasonable fit to these data. However, for the higher-speed 
sliding experiments, the scaling (Eq. 1) greatly overpredicts 
the friction trend. The 1 mm/s sliding speed was selected 
because Hamrock and Dowson’s soft EHL analysis predicts 
that the surfaces should be separated by a fluid film [18, 
19]. If the full soft EHL analysis is developed, the scaling 
of friction versus temperature is essentially flat in these 
experiments (Fig. 3b); less than an 8% increase in friction 
coefficient is predicted for these experiments over the entire 
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Fig. 3  a Sliding at V = 10  µm/s reveals a strong increase in friction 
with decreasing temperature and scales like viscosity over mesh size. 
b Sliding at V = 1 mm/s shows an increase in friction coefficient that 
approximates a dependence on viscosity, but also appears to have a 
transition at about 270  K with friction coefficients above 270  K all 
below µ = 0.02
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range. The dependence of friction in soft EHL on viscosity 
and mesh size is given in Eq. 2.

As shown earlier, the viscosity increases over the temper-
ature range, which would be expected to increase film thick-
ness and frictional shear, but the modulus also increases, 
and this reduces contact area and the resulting frictional 
forces. It is interesting that the scaling of these two param-
eters almost completely negates one another and the fric-
tion is not predicted to change with temperature. Figure 3b 
reveals that the friction coefficients do appear flat over the 
first half of the experiment and then suddenly increase. Over 
the entire data set, the data appear to follow in rough propor-
tion to the increasing viscosity with decreasing temperature. 
However, there appears to be a dramatic change in friction 
coefficient around T = 270 K. This is not observed in the 
viscosity measurements (Fig. 2a) or the swelling and mesh 
size measurements (Fig. 2b), and no unusual behaviors of 
the 40:60 DMSO–water solution have been observed. The 
similarity in the friction coefficients between the low- and 
high-speed sliding around T = 270 K may be due to a change 
in the lubrication mechanisms. If during the shrinking of 
the gel, the surfaces roughen or buckle to an extent that the 
surface roughness now exceeds the fluid film thickness, the 
transition may simply be between fluid lubrication and direct 
contact.

Looking closely at the low-speed sliding experiments, 
there is a hint of a transition in the friction coefficient at 
T = 270 K as well (Fig. 3a). A compelling hypothesis for 
a phase change in the gel or solvent has not emerged, 
although changes in hydrogen bonding have been discussed 
and recently reported to influence lubricity [30]. It is also 
tempting to speculate about a transition point behavior in 
these gels, and one potentially useful experiment would be to 
perform dynamic mechanical analysis (DMA) over a similar 
range of temperatures and look for changes in the viscoelas-
tic behavior in these gels.

Given the small mesh size of these gels, we modeled 
the chains as a “snake-in-the-box” essentially randomly 
folding the chains along their contour length to look for 
the free space between the chains. It is akin to a Flory-type 
analysis, where the PAAm chains are assigned a set thick-
ness along the contour length. For these cross-linked gels, 
our estimate of contour length is 180 nm for each mesh 
(the box), and over the changes in mesh size with tempera-
ture, it is estimated that the available distance between 
chains decreases from 20 Å at 20 °C to 8 Å at − 20 °C. 
The effective molecular diameter of DMSO in solution 
has been estimated to be on the order of 5 Å and there-
fore may be obstructing chain mobility at the lowest tem-
peratures (separation between chains is estimated to be in 
the order of 10 Å at 270 K). DMSO–water solutions with 
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polyacrylamide gels have not been extensively studied, and 
the subtle shift in behavior at 270 K may be related to a 
viscoelastic shift, a phase transition or theta temperature 
of this gel and solution.

A fluid film thickness beyond the gel roughness is pre-
dicted for all sliding conditions at V = 1 mm/s. Hamrock 
and Dowson’s soft EHL analysis predicts that the film 
thicknesses increase from about 200 to 400 nm over the 
range of these experiments [18, 19, 25]. The soft EHL 
analysis is consistent with the measured friction coeffi-
cients at high-temperature sliding but will not predict the 
level of friction forces recorded at the lower temperatures. 
Unfortunately, an unmeasured contributor to these forces 
is the drag force of the submerged probe in the solution, 
and this may further explain the strong linear scaling with 
viscosity of these measurements. The drag forces, how-
ever, are negligible at the much lower sliding speed of 
V = 10 µm/s, and the film thickness are never predicted 
to exceed 20 nm—below the combined roughness. These 
experiments at V = 10 µm/s are assumed to be in contact, 
and the acting dissipation mechanisms are at the surface 
or in the very near surface region (i.e., on the order of 
the mesh size). Measurements of the surface mesh size 
of these gels are highly desired and would provide useful 
insight into the mechanics of dissipation in these gels. For 
these experiments, this is a significant unknown param-
eter. However, gel probes and disks are cast and prepared 
against low-surface-energy mold surfaces (polyolefin and 
polystyrene sheets, respectively), and the same gels are 
used in all experiments.

As a final intriguing model, given the Arrhenius nature 
of viscosity, and following hypotheses of thermally acti-
vated friction [31–33], we created plots of the natural log 
of normalized friction (ln(µ/µo)) versus 1/RT and analyzed 
this for both data sets. The resulting activation energies 
were Ea = 16 ± 2 kJ/mol at V = 1 mm/s and Ea = 20 ± 2.5 kJ/
mol at V = 10 µm/s. The activation energy analysis at 
V = 1 mm/s actually recovers the activation energy for the 
viscosity of the DMSO–water solution, Ea = 15.9 ± 0.3 kJ/
mol. It is hard to say what is exactly activated in this pro-
cess. Given the expected heterogeneities in the surface 
mesh size, and the distributions of contact over the nomi-
nal contact area, perhaps the local rearrangements of the 
chains after breaking contact are the driver. The activation 
energy is slightly increased for the low-speed sliding, and 
one additional thought is that the effective viscosity within 
a mesh may be increased due to intermolecular interac-
tions with the polymer. Additionally, as the polymer fluc-
tuations decrease with decreasing temperature, the effec-
tive viscosity and dissipation mechanisms may become 
more sensitive to the polymer chain confinement as the 
mobility of DMSO may be further restricted due to the 
reduced mesh size.
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4  Concluding Remarks

(1) The mesh size of hydrogels decreased with decreas-
ing temperature and is estimated to have changed from 
roughly ξ = 16 nm at + 20 °C to ξ = 10 nm at − 20 °C.

(2) For Gemini sliding experiments under contact at 
V = 10 µm/s, the friction coefficients increased in pro-
portion to the changes in viscosity and mesh size going 
from µ = 0.01 at + 20 °C to µ = 0.16 at − 20 °C. The 
increase in friction was attributed to an increasing vis-
cosity and decreasing mesh size with decreasing tem-
perature.

(3) For hydrogels sliding under soft elastohydrody-
namic lubrication at V = 1 mm/s, the friction coeffi-
cients appeared to have an abrupt change in behavior 
around T = 270 K, although the experiments generally 
increased in proportion to the ratio of the viscosity 
changes from µ = 0.01 at + 20 °C to µ = 0.09 at − 20 °C.

(4) Activation energies were measured following the 
analysis of thermally activated friction and gave 
Ea = 20 ± 2.5 kJ/mol at V = 10 µm/s and Ea = 16 ± 2 kJ/
mol at V = 1 mm/s, which indicate the importance of 
viscosity on friction. These DMSO–water solution has 
a viscosity dependence on temperature with a charac-
teristic activation energy of Ea = 15.9 ± 0.3 kJ/mol.

(5) These experiments clearly demonstrate that Gemini 
hydrogel friction increases with decreasing temperature 
and suggest that both viscosity and mesh size contrib-
ute to friction under direct contact sliding.
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