Tribology Letters (2018) 66:96
https://doi.org/10.1007/511249-018-1045-7

ORIGINAL PAPER

@ CrossMark

Insight into the Viscous and Adhesive Contributions to Hydrogel
Friction

Tooba Shoaib'2 - Rosa M. Espinosa-Marzal’

Received: 14 March 2018 / Accepted: 19 June 2018 / Published online: 29 June 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Investigation of the mechanisms underlying hydrogel lubrication is pivotal in understanding the complexity of biolubrica-
tion. In this work, the frictional characteristics of poly(acrylamide) hydrogels with varying composition have been studied
over a wide range of sliding velocities and normal loads by colloidal probe lateral force microscopy. The results show that
the friction force between the hydrogel and the colloid increases with velocity at sliding velocities above a transition value
(V*), while the friction force at slower sliding velocities depends on the composition, and it can either increase or decrease
with velocity. Based on the viscoelastic behavior of hydrogels, we model hydrogel friction as the combination of viscous
dissipation and the energy dissipated through the rupture of the transient adhesive bridges across the interface. The model
parameters depend on relaxation characteristics of the confined polymer network at the interface and on the (bulk) viscoelastic
behavior of the hydrogel and are sensitive to the compressive stress. We observe a collapse of the experimental data (at dif-
ferent loads and velocities and for hydrogels with different compositions) in a non-monotonic master curve with a minimum
friction force at the transition velocity. Furthermore, a simple relation for the transition velocity V* is derived from theory,
thereby demonstrating the competing effect of both the adhesive and the viscous contributions to friction, which helps to
reconcile discrepancies between previous studies of hydrogel friction.

Keywords Hydrogels - Soft matter lubrication - Lateral force microscopy - Friction

1 Introduction

Tribosystems found in nature, including the respiratory and
gastrointestinal tracts, the oral cavity, and the eye, are pre-
dominantly lubricated by mucous gel layers; they operate
efficiently with a water-based lubricant and are characterized
by low coefficients of friction and wear rates [1-6]. Mucous
typically consists of networks of proteins and polysaccha-
rides that encompass a large amount of water and respond
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to external normal and shear forces, so as to protect the
underlying tissues from incurring any damage [7]. Because
of their semblance to these mucous layers, hydrogels often
serve as model systems to understand biolubrication. Hydro-
gels are biphasic materials composed of a polymer network
and large amounts of water, which renders them soft, viscoe-
lastic—reflecting the intrinsic viscoelasticity of the polymer
network—and poroelastic, as a result of the flow of the inter-
stitial fluid. Further, their biocompatibility makes hydrogels
very promising as biomaterials for targeted medical applica-
tions, which has increased the interest in investigating hydro-
gel’s frictional characteristics [3—6].

Numerous studies have experimentally explored the load
and speed dependence of the frictional response of hydrogels
and have showed often a deviation from Amonton’s law. The
reported effects of the load on friction are disparate, ranging
from an increase of friction with load [8], a load-independ-
ent friction force [9], and even a decrease in friction with
increase in load [10, 11], perhaps as a result of the increase
in surface conformity. Regarding the influence of the veloc-
ity, friction coefficients of poly(vinyl alcohol) hydrogels
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against a hard and impermeable counter-surface decreased
with the sliding velocity [8, 11, 12], while an opposite trend
was observed for poly(N-isopropylacrylamide) [10]. The
different trends of friction with velocity were attributed to
the slow dynamics of the polymer. For instance, for poly(N-
isopropylacrylamide) hydrogels, long contact times (slow
sliding) enable the polymers to disentangle in response to
the applied shear, while with increasing velocities, there is
no sufficient time for disentanglement to occur and stretch-
ing and rupture of the adhesive bonds across the interface
occur, thereby causing an increase in the dissipated energy.
The poroelastic response of hydrogels has been also associ-
ated to velocity-dependent changes in hydrogel friction more
recently [13].

Comprehensive experiments by Gong et al. have helped to
reconcile the seemingly contradictory velocity dependence
of the frictional response, since they demonstrated the non-
monotonic trend of the friction force, first increasing (i.e.,
velocity-strengthening) and then decreasing (i.e., velocity-
weakening) with sliding velocity [14—17]. Furthermore, it
was reported that, after a minimum was achieved at a so-
called critical velocity V,, friction increased with velocity,
which was associated to elastohydrodynamic lubrication
[15]. Below the critical velocity V,, hydrogel friction was
described in the context of Schallamach’s model for rub-
ber friction [18]. Here, the adhesive friction is originated
by the interplay between formation and rupture of adhesive
and reversible molecular bonds across the interface, being
both thermally activated processes, yet affected by the shear
force. According to this model, friction results from the
energy dissipated when these bonds are broken. The fluctua-
tion length (&) and relaxation times for polymer attachment
and detachment were used to describe the adhesive compo-
nent of friction [14]. The so-called adsorption—desorption
model used scaling arguments to define the critical velocity,
V. = kzT /n&?, based on the relaxation characteristics of the
free (unconfined) polymer [15, 19], T being the temperature,
kg the Boltzman constant, and # the viscosity of the solvent.
This model is powerful in qualitatively describing many
reported experimental results. For example, friction can be
modulated by varying the adhesion to the counter-surface,
which can be increased through the collapse of the gels in a
poor solvent [10, 20], via a greater crosslinking degree [19,
21-23] or through changes of the monomer chemical com-
position [12]. Nevertheless, the quantitative comparison of
the model to experimental results has been very limited [14],
and recent works have emphasized the lack of quantitative
agreement, including the deviation from the predicted criti-
cal velocity, V, [24-26].

Several studies have attributed the increase in hydrogel fric-
tion with sliding velocity (above V) to hydrodynamic lubrica-
tion, thereby presuming the absence of contact between the
counter-surfaces, and thus, assuming that hydrogel lubrication
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is provided by a thin film of aqueous solution [8, 11, 12, 27,
28]. The assumption of fluid-film lubrication has been, how-
ever, challenged by others [24-26]. For instance, the irregular
stick—slip friction force observed in our recent work [29] pro-
vided a clear evidence for the absence of a continuous aqueous
film at the sliding hydrogel-silica interface. Indeed, as for other
viscoelastic materials, like rubbers [30], one should expect
that the ability to dissipate shear forces via internal damping
should contribute to hydrogel friction. While a few works have
recognized the relevance of the viscoelastic contribution to
friction [31], the pioneering work by Baumberger is notewor-
thy [24, 32]. Here, the increase in friction with sliding velocity
was proposed to result from the shear thinning of a hydro-
gel layer, and an agreement between experiment and model
was observed at small contact stresses. Inspired by the scal-
ing relation between microstructure and viscoelastic behavior
of hydrogels, the viscous frictional dissipation was described
using scaling arguments of the Gaussian (i.e., unconfined) pol-
ymer. This work also confirmed the time-dependence (aging)
of the static friction via hold-slide-hold experiments, which
was associated to the increase of the adhesive bonding strength
with contact time. This observation was consistent with the
often-observed velocity-weakening friction in experiments
[14—17] and it was attributed to adhesive friction.

Although appreciable consensus exists behind the pecu-
liar dependencies of hydrogel friction on load and velocity,
a prediction of the behavior based on hydrogel microstruc-
ture and underlying mechanisms is still not possible, which
emphasizes the gap in the fundamental knowledge. The pre-
sent work emphasizes that friction results from the interplay
of viscous and adhesive frictional dissipation. We present
friction-force measurements as a function of the sliding
velocity spanning four orders of magnitude and over a wide
range of applied loads for three hydrogels, which enables
us to quantitatively evaluate the mechanisms underlying the
frictional response. The fit of the viscous—adhesive model
to the experimental results provides the bulk and interfacial
properties that dictate friction. Importantly, it is shown that
the confinement imposed by the counter-surface not contem-
plated in the previously proposed scaling approaches affects
the relaxation characteristics of the polymer network at all
sliding velocities, and thereby, the frictional behavior of
hydrogels. Furthermore, the experimental data collapse in
a master curve through appropriate scaling of friction and
sliding velocity based on the key material properties that
dictate friction.

2 Materials and Methods

Polyacrylamide (PAAm) hydrogels with three different
compositions were prepared by mixing varying concentra-
tions of acrylamide (monomer), bis-acrylamide (crosslinker)
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and DI water following the protocol in Reference [33]. The
hydrogels are referred here as 4, 6, and 12% hydrogels for
concentrations of the acrylamide monomer of 4.4, 6.4, and
12.4 wt%, respectively. The weight percentages of monomer,
crosslinker, and water are given in Table S1. The detailed
protocol of the silane treatment of coverslips (to render them
hydrophilic and well grafted to the hydrogel) and of the glass
slides (to render them hydrophobic) is described in our pre-
vious work [29]. Solutions of monomer, crosslinker, and
water were degassed for 15 min and polymerized via the
addition of an initiator (ammonium persulfate) and an accel-
erator (tetramethylethylenediamine), each at a concentration
of 1/100 of the total volume. 800 pul of precursor solution
was pipetted on the hydrophobic glass slide and sandwiched
between the glass slide and the hydrophilic coverslip to yield
a hydrogel thickness (H) of ~2 mm. After 30 min of gela-
tion, the coverslip with the hydrogel was removed from the
hydrophobic glass slide, rinsed with DI water, and then
stored in DI water at 4 °C for 1 day. All chemicals were
purchased from Sigma Aldrich (USA).

Indentation and friction-force measurements were con-
ducted with an atomic force microscope (Nanowizard
Ultra, JPK Instruments, Germany). Silica beads with two
diameters, 20 um (Duke Scientific, Thermo Scientific, CA,
USA) and 5 um (Microspheres-Nanospheres, USA), were
attached to the end of tipless cantilevers (nominal spring
constant=0.4 N/m, CSC37-No Al/tipless, Mikromash,
USA) using an epoxy glue (JB-Weld, Sulphur Springs, TX,
USA). Before attaching the colloids, the normal stiffness of
the cantilevers was determined by the thermal noise method
and the lateral stiffness was obtained by means of the wall
calibration method [34]. The AFM cantilevers were cleaned
in an ethanol bath followed by UV ozone for 30 min just
before the AFM experiment. RMS roughness of each silica
colloid within the area of contact with the hydrogel was
determined via reverse imaging using a clean test grating
(MikroMasch, Spain) and was smaller than 5 nm.

Indentation tests were conducted on each hydrogel sample
prior to the friction-force measurements. The measurements
were conducted at an approach/retraction velocity of 2 um/s.
The JKR model was used to determine simultaneously the
elastic modulus and the surface energy of the hydrogels.
Using a computation software (Wolfram Mathematica ver-
sion 11.0.0.0), the unloading curves were fit to

a? F
h=h+—+
¢ 3R 2aE*
3 3R 2 1 (1)
a = (4E*) F+3znyR+ (67ryRF + (3zyR) )2

F being the indentation force, / the indentation depth, 5,
the contact point, R the colloid radius, a the contact radius,

y the surface energy, and E* the contact modulus. Inertia and
hydrodynamic forces were estimated to be negligible at the
selected conditions. The contact modulus is defined by
1/E" = (1 =02 )/Eg + (1 = 02)/Egy, where E is the elastic

modulus and v the Poisson’s ratio of the hydrogel
(0ge = 0.45) and silica colloid (vg = 0.168 and E;;="72.2
GPa [35]), respectively.

To ensure elastic response, the fits were limited to inden-
tation depths smaller than & ~ 0.35 ym. This results in a/R
and h/H ratios of less than 0.3 and 0.1, respectively, and
hence, the assumption of small deformation and negligible
substrate effects that is required for the use of the JKR model
holds well [36]. Nevertheless, the elastic modulus remained
unmodified when fitting the entire indentation curve in the
range of selected loads (< 50 nN).

Friction-force measurements were performed at varying
normal loads in the range of 5-50 nN with sliding veloci-
ties spanning over four orders of magnitude in the range of
0.5-500 pm/s. The sliding distance was selected to be 29 um
(i.e., larger than the colloid radii, 2.5 and 10 pum, respec-
tively) to ensure sliding of the colloids on the hydrogels
[37], which was confirmed through the inspection of the
lateral force. At least 8 lateral force loops at each load were
measured by recording the lateral deflection of the cantilever
tip in the forward (trace) and reverse (retrace) directions.
The friction force was calculated by averaging over the half
width of the trace and retrace scans in each loop.

3 Experimental Results

A prominent hysteresis was measured between loading and
unloading indentation curves with large work of adhesion
on unloading (not shown). The elastic modulus and the sur-
face energy of the hydrogels were obtained by using the
JKR model to fit the unloading indentation curves. Figure 1a
shows results for selected 4, 6, and 12% hydrogel samples,
for which average elastic moduli were found to be 2.3 +0.9,
6.8+0.9, and 18.6 + 3.1 kPa, respectively. These values are
in good agreement with previously reported elastic moduli
of polyacrylamide hydrogels with similar composition [38,
39]. As shown in Fig. 1b, the surface energy is largest for
the 6% hydrogels, which indicates that the combination of a
higher polymer concentration (compared to the 4% hydro-
gels) and a smaller crosslinker concentration (compared to
12% hydrogels) favors the adhesion to the colloid surface.
The smaller crosslinker concentration is expected to enhance
the mobility of the polymer network thereby enabling the
matrix to conform better to the colloid. Although the trends
of elastic modulus and surface energy were consistent across
the synthesized samples with the same polymer concentra-
tion, the values varied, and hence, they were determined
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Fig. 1 a Elastic modulus and b surface energy (y) of representative
4, 6, and 12% hydrogels obtained by fitting the JKR model to the
indentation (unloading) curves. The box diagrams show the mean
(middle line), average (cross), 25 and 75% quartiles, outliers if pre-
sent (circles) and standard deviation of the elastic modulus and the

for each single sample where friction was measured. The
corresponding values of the elastic moduli are given in the
following diagrams.

Figure 2a—c shows representative friction-force meas-
urements for 4, 6, and 12% hydrogels as a function of the
velocity and at different normal loads (see color legend in
Fig. 2a). A different velocity dependence of the friction
force is observed as a function of the polymer concentra-
tion; note that results for different hydrogels are shown in
the Supplementary Information (SI, Fig. S1) to illustrate
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surface energy. The Hertzian contact mechanics model was also fit to
the loading force-indentation curves, which led to elastic moduli in
good agreement with those obtained using the JKR model. Colloid
radius = 20 um. Indentation rate = 2 pm/s. Spring constant = 0.5 N/m

the variability across hydrogels synthesized following the
same protocol. Friction decreases with sliding velocity for
4%-PAAm hydrogels, while it increases with sliding veloc-
ity for 12% hydrogels, thereby exhibiting clear velocity-
weakening (i.e., decrease in friction with increasing veloc-
ity) and strengthening frictional responses (i.e., increase in
friction with increasing velocity), respectively. In the case of
6%-PAAm hydrogels, a transition from a velocity-weaken-
ing to a velocity-strengthening behavior was often observed
(Fig. 2b). It is to be noted that the increase of friction with
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Fig.2 Friction force as a function of the sliding velocity for a 4%
(circles), b 6% (triangles), and ¢ 12% (diamonds) PAAm hydrogels
at following normal loads: 5 (light blue), 10 (dark blue), 15 (light
green), 20 (dark green), 30 (yellow), 40 (fuchsia), and 50 (red) nN.
The elastic moduli of the three hydrogels are a 1.8+0.9, b 9.9+0.2,
and ¢ 12.9+ 1.3 kPa, respectively. At least 4 loops were used to cal-
culate the friction force. There is a quantitative agreement between
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consecutive loops, which is reflected in the small error bars (often
smaller than the symbol size and therefore not visible), indicating
that the hydrogel deformation is reversible, i.e., the hydrogel fully
recovers during the measurement of each loop. The black lines give
the calculated friction force according to the viscous—adhesive model
(Egs. 2-5). Colloid diameter=20 um. Spring constant=0.4 N/m.
Note the different scales on the Y-axis of (¢). (Color figure online)
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applied normal load is not always obvious (see e.g., Fig. 2b,
under applied loads of 30 and 40 nN), which is mainly attrib-
uted to the concurrent influence of load and velocity on the
friction force.

While 4 and 12% hydrogels show a consistent behavior
across samples, the behavior of 6% hydrogels showed cer-
tain variability, i.e., different trends of the friction force were
observed as a function of the velocity (see Fig. S1b). Such
variable response of 6% hydrogels is attributed to the tran-
sitional nature of their frictional characteristics, reflected in
the prominent minimum in friction at an intermediate veloc-
ity (Fig. 2b). Friction-force measurements across different 6%
hydrogel samples demonstrated that a lower elastic modulus
leads to a more prominent velocity-weakening regime, which
is consistent with the frictional characteristics of the 4%-hydro-
gels (see e.g., Fig. S1b for ~5 kPa). Nevertheless, the results
shown in Fig. 2b are more representative of 6% hydrogels.

Friction was also measured with 5-um colloids and rep-
resentative experimental results are shown in Fig. 3. Here, a
minimum in the friction force is reproducibly observed for
the three hydrogels, i.e., a transition from a velocity-weaken-
ing to a velocity-strengthening frictional response. Although
the loads applied with 5- and 20-um colloids were the same,
the use of a smaller colloid results in higher contact stresses
at the same applied loads, and thereby, it leads to a more
prominent squeeze-out of the interstitial water, as justified
later (see calculated contact stresses in Table S2 in the SI).

Figure 4 shows representative measurements of the lateral
force as a function of the sliding distance. Only 10 um of
the total sliding distance (29 um) are shown here to illus-
trate the lateral force at the turning point, when the veloc-
ity of the cantilever changes from zero to 1 um/s at a con-
stant load of 40 nN. For the three selected hydrogels, there
is an initial increase of the lateral force over a distance of

8
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12:3. for 29 ym
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1 S . liding
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_." N f;f‘f‘vw"
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Fig.4 Lateral force as a function of the sliding distance for three
selected hydrogels with elastic moduli of 1.8 (0.1) (blue, 4% hydro-
gel), 4.9 (0.2) (green, 6% hydrogel), and 12.9 (1.3) kPa (red, 12%
hydrogel), respectively, at the sliding velocity of 1 pm/s and a load of
40 nN. Only the initial 10 um of the total stroke length are shown to
illustrate the stick period (full arrow) versus sliding (dashed arrow).
Colloid diameter: 20 um. (Color figure online)

~2 um, before the force decreases and achieves a plateau.
The recorded height of the cantilever demonstrates that this
change in the lateral deflection of the cantilever is not origi-
nated by the surface topography, which excludes pile-up of
the hydrogel. Instead, the increase in the lateral deflection
arises from static friction between the hydrogel and the col-
loid. On applying a tangential force, the near-surface region
of the hydrogel deforms more than the bulk, and when the
energy stored overcomes the work of adhesion, the colloid
starts sliding. Similar results were observed under other
conditions, with more or less pronounced increase in lateral
force (stick) depending on load and polymer concentration.
Since the sliding distance was selected to be much larger
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Friction (nN)
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Fig.3 Friction force as a function of the sliding velocity for a 4%
(circles), b 6% (triangles), and ¢ 12% (diamonds) PAAm hydrogels
at following normal loads: 5 (light blue), 10 (dark blue), 15 (light
green), 20 (dark green), 30 (yellow), 40 (fuchsia), and 50 (red)
nN. The elastic moduli of the three hydrogels are a 2.34+0.3 b

0.5 5 50 500

V (um/s) V (um/s)

149+0.9, and ¢ 17.5+0.5 kPa. At least 4 loops were used to cal-
culate the friction force. The black lines give the calculated friction
force according to the viscous—adhesive model (Egs. 2-5). Colloid
diameter=>5 pm. Spring constant=0.36 N/m. (Color figure online)
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than the stick length, and the friction force (i.e., the half
loop width) was only calculated during the sliding period,
the experimental results in Figs. 2 and 3 and S1 only reflect
the steady-state kinetic friction.

4 Model for Viscous and Adhesive Hydrogel
Friction

The proposed model to quantify hydrogel friction considers
the superposition of an adhesive and a viscous friction force.
The adhesive contribution to friction is based on the theory
originally developed by Schallamach for rubber friction [30,
40], which can be applied to any adhesive sheared interface
bridged together by reversible, adhesive bonds. The present
model, however, differs from previous approaches because
it considers the effect of load on polymer relaxation; there-
fore, we refrain from using simplified scaling arguments,
which neglect this phenomenon. The viscous contribution
to friction originates from the deformation of a near-surface
hydrogel region of um-thickness, which is shown to exhibit
shear-thinning behavior.

The colloid interacts with the hydrogel through a num-
ber (N) of transient adhesive bonds (so-called bridges or
junctions [41]), which determine the adhesive contact area
Ay =N - A, each junction of area A. These junctions form
and are stretched in the lateral direction until the polymer
detaches from the colloid and relaxes to its equilibrium state,
while other junctions form simultaneously in an incoherent
manner. Each junction is characterized by thermal activa-
tion energies of formation AE; and rupture AE,; detach-
ment occurs either by thermal excitation or by an external
shear force. The mean time of bond rupture depends on AE,
according to 7, ~ T*exp(AEr /kT), and it is reduced by the
applied lateral force, 7, = ryexp(—(f - I,)/kT), where f is
the lateral force acting on each junction and /, is a shear-
activated length of molecular dimensions [40]. The rupture
of bonds can also happen when a critical deformation of the
junction or yield length (/%) is reached [41]. The transient
bonds reform after a characteristic mean time according to
7 ~ 7"exp(AE;/kT). The fluctuation time of the polymer,
7", can be larger than under unconfined conditions due to
the confinement imposed by the counter-surface [42] and to
large deformations [43], thereby differing from predictions
according to Gaussian elasticity, % ~ n&3 /kg T [44].

The adhesive friction force F 4, is thus given by the elastic
force of each junction f multiplied by the number of junctions
in adhesive state N. According to Reference [41], an analyti-
cal expression can be derived to describe the adhesive friction
in the context of Schallamach’s model, if it is assumed that
the lateral force does not decrease the energy barrier for bond
rupture. As justified in the SI, this approximation (z, = 7).
is acceptable for hydrogels because the lateral force is very
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small. The simplified expression for the adhesive component
of friction (see the derivation in the SI) is given by

AGV: AGVt
Fon=Nf =N T = bd
I I
~ AbGVTO (l (1 + Vz, ) xp ( VTo)) (2)
d 1 —exp (—l—)
Vg

G being the shear modulus, d the thickness of the junction,
Vt/d the strain of the adhesive bridge, and ¢ the time elapsed
since the zero-state stress, which considers the probability of
formation and rupture of junctions. The adhesive contact area,
Ay, is estimated as Ay = Ayt,/(t, + 75), Ay being the contact
area during sliding, and ¢, the mean life time of the adhesive
junctions, #;, = 7,(1 — exp(—I* / V1)), which accounts for the
probability of a junction to stay in an adhesive state. Thus, the
adhesive friction force depends on G, d and on microscopic
characteristics of the polymer network at the contact, I*, 7, and
7. Equation (2) predicts that friction increases with velocity
at low sliding velocities owing to the increasing elongation of
each junction with speed (Vr), while the rupture of the adhe-
sive bonds is increasingly promoted with greater velocities but
at a lesser rate so that the friction force increases with velocity,
approximately in a logarithmic fashion. At high velocities, as
only a few bonds can form simultaneously, friction is mainly
dictated by the rate of bond formation, 1/z;, thereby yielding
a velocity-weakening mechanism for the friction force. The
competition between bond rupture and formation leads to a
peak or a plateau of the friction force over an intermediate
velocity range. Figure S2 in the SI illustrates the influence of
various parameters on F, .

The failure of this theory to predict sliding friction of rub-
bers at very slow velocities was recognized by Schallamach
[18]. The adhesive friction did not tend to zero by decreasing
the velocity as expected from Eq. (2), but instead, a quasi-
velocity independent friction value (F;) was observed in
experiments [30], which was associated to static friction [18,
45]. Indeed, the hydrogel-glass interfacial strength has been
also observed to age (increase) logarithmically with contact
time, which was attributed to the slow increasing number of
adhesive bonds with time [24]. As shown in Fig. 4, static fric-
tion is also present at the hydrogel—colloid interface, which
suggests that a (quasi)-velocity independent term (F)) might
be needed to describe hydrogel friction at slow sliding veloci-
ties more precisely.

Inspired by previous attempts to describe the friction force
of contacts lubricated by polymer melts [46], we propose to
model the viscous component of friction as a viscous force
assuming a Couette flow of a hydrogel film with an effective
VISCOSItY #]o4:

16 Vv 2R
Fas~ A5 log () ©)
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where 6 is the thickness of the sheared film. Equation (3)
is strictly valid for a sphere-plane geometry with R > 6,
while the most common relation, F;; ~ Ay#.;V /6 is only
valid for plane—plane geometries. The effective viscosity
N 1S described according to 7. ~ 757" = ny(V/6)", which
accounts for Newtonian (n = 1) and non-Newtonian behav-
ior (n # 1) of the hydrogel film.

At applied pressures smaller than the osmotic pressure
of the hydrogel [47] (IT), a time-dependent response arises
from the rearrangements of the polymer network [47]. If
the applied pressure is, however, larger than II, the solvent
is squeezed out and the poroelastic response of the hydro-
gel influences the time-dependent contact area [48, 49]. The
contact stress in our experiments (Table S2) may be larger
than the osmotic pressure, as described later, and hence, we
cannot exclude that fluid drainage happens. The migrating
contact area Ay (the subindex V indicates a sliding contact)
thus differs from the static contact area (A, where the sub-
index 0 indicates the contact at a sliding velocity V=0, i.e.,
upon indentation) at the same applied load as a result of the
time-dependent deformation. In the limit of small deforma-
tions [50, 51], the sliding contact radius ay, can be roughly
approximated as

20y 26 (1 —exp(=1'y/Tpy))

2
as, ~ Réy = a-— = a; — - .
v V08, T 08 (1 —exp(—1y/Tpy))

7p being the relaxation time of the hydrogel (due to fluid
drainage and/or to rearrangements of the polymer network)
with an effective diffusivity D (zpy ~ a3, /D and tpy ~ a3 /D,
assuming D to be the same for the static and migrat-
ing contact areas) and ¢ the contact time (7, = §,/5, and
t,, = ay/V). The indentation depths, 6 and &, are described
according to a Kelvin-Voigt model, which has been shown
to be appropriate for polyacrylamide hydrogels [52]. The
linearization of this expression yields

, Ré,

’
2 2 tv/TPV
0

Va,

v 0 ff)/TPo

a =a

And after rearranging, the velocity-dependent contact
radius ay and area Ay, are approximated as

. 13
a(z) ooR
vy @)

Ay = 7[(61%/ + 53,)

Figure S3 illustrates the significant change of the con-
tact area as a function of velocity and load according to
Eq. (4). It should be noted that Eq. (4) is only valid in the
limit of small deformations (R >> 6) and after linearization
of the indentation depth (6, and d;), and hence, deviations

of our experimental results from the model are obviously
expected. A precise estimation of the sliding contact area
would require solving a contact mechanics problem coupled
with flow mechanics using appropriate finite element mod-
eling for large deformations and additional consideration of
the viscoelasticity of the polymer network, which is out of
the scope of this work.

The total friction force results from the addition of the
adhesive and viscous contributions and the static friction:

F=F0+Fadh+Fvis‘ (5)
4.1 Fitting Procedure

The JKR model was used to calculate the static contact
radius @, and the indentation depth &, as a function of the
normal load using the elastic modulus and surface energy of
the hydrogels, and Eq. (4) was applied to roughly estimate
the sliding contact radius ay, and the contact area Ay, as a
function of the sliding velocity. Equations (2), (3), and (5)
were then fit to the experimental results using I*, 7, F), 7¢,
1o and n as fitting parameters. The fits shown in Figs. 2 and
3 were accomplished under the assumption that both the
thickness of the sheared hydrogel film 6 in Eq. (3) and of
the junction d in Eq. (2) are equal to the indentation depth
oy, and hence, a function of load and sliding velocity. It is
noteworthy that the thickness of the sheared hydrogel film
6 was assumed to be equal to the mesh size previously [24].
However, this assumption did not lead to good results here.
The origin for this discrepancy could rely on the greater
contact stress and hydrogel deformation in this work, but an
accurate comparison to Reference [24] is not possible since
the stress at the sliding contact is unknown.

An iterative method using a non-linear solver in MAT-
LAB was used to find the best fitting parameters, which
required the assumption of appropriate initial values. The
fluctuation time of the unconfined polymer, % = n&? /ky T
(2.3, 1.2, and 0.24 ps for 4, 6, and 12% hydrogels with &
equal to 21, 17, and 10 nm, respectively; see SI) gives the
lower bound for 7, and z;, where 7, > 7;. Furthermore, it was
found that 7, and 7; influence the increase and the decrease
of the adhesive friction with velocity, respectively, while
the value of friction at the plateau was strongly sensitive to
I*. The initial guess for the stretched length of the polymer
bridges before rupture, [*, was assumed to be the mesh size
of the polymer network, . The fit was facilitated by not-
ing that the onset of the velocity-weakening regime is given
by V., ~ I*/7;. A peak in friction was sometimes observed
under small applied loads (Fig. 2a), which implies 7, = 7;.
The onset velocity V., and the peak, when measured, helped
to determine the appropriate range of relaxation times. The
initial guess for the viscosity was 1 mPas and Newtonian
behavior (n=0); these parameters only affected friction at
the highest sliding velocities. Due to the large number of
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fitting parameters, convergence was not always achieved in
Matlab and the fits were then facilitated by manually testing
some parameters.

The black lines in Figs. 2a—c and 3a—c show the calcu-
lated friction force according to our viscous—adhesive fric-
tion model. The fits to the model let us recognize that the
behavior of the 12% hydrogel is intrinsically different. This
is illustrated in Fig. 5a, which shows representative results
for the three hydrogels under an applied load of 40 nN.
While 4 and 6% hydrogels exhibit a velocity-weakening
adhesive friction (at low sliding velocity), an increase in
friction with velocity was reproducibly observed for 12%
hydrogels or the same range of sliding velocities. Such
increase in friction with velocity cannot be justified by a
viscous force with plausible parameters. Instead, the precise
logarithmic dependence of friction on velocity (see yellow
line in Fig. 5a) suggests the adhesive (elastic) origin of fric-
tion in this regime [41]. It should be noted that the distinct
behavior of the 12%-hydrogels vanishes when higher com-
pressive stresses are applied with a smaller colloid (Fig. 5b).
A comparison between osmotic pressure (IT ~ kg T/&3, i.e.,
IT ~ 416, 804, and 3340 Pa for 4, 6, and 12% hydrogels,
respectively) and contact stress supports that fluid drainage
might be hindered during the friction-force measurements
on 12% hydrogels with the 20-um colloid, while the much
higher compressive stress applied with the 5-um colloid pro-
motes fluid drainage under all investigated conditions. This
comparison supports that poroelastic fluid drainage contrib-
utes to the observed velocity-weakening frictional behavior.
However, the simplified model (Eq. (4)) does not allow a
precise evaluation of the poroelastic contribution.

5 Discussion
5.1 Evaluation of the Fitting Parameters

Figure 6a—c shows box diagrams with the fitting param-
eters for experiments conducted with the 20-um colloid.
The characteristic time of polymer attachment to the col-
loid (7;) was reliably determined only for the hydrogels
that clearly exhibited a velocity-weakening adhesive fric-
tion at slow sliding velocity. Since this behavior was much
less prominent for 12% hydrogels, only a few curves were
analyzed in this case. The decrease in z; (i.e. shorter time
for bond re-formation) with increase in polymer concentra-
tion is evident in Fig. 6a, and it indicates that polymer—col-
loid interactions become more favorable with increase in
the polymer concentration. The obtained values for z; are
at least two orders of magnitude larger than the fluctua-
tion times of the free polymers (7% ~ n&* /kT). The large
variation of z; for the 4% hydrogels is originated by the
remarkable effect of the load. Here, it is likely that the
more pronounced drainage of the fluid with increasing load
favors polymer attachment, which causes 7; to decrease by
two orders of magnitude and to become of the same order
of magnitude as that of 6% hydrogels (~2.1072 s). In the
limit of high polymer concentration, one could expect 7;
to become so small that the velocity-weakening regime
would vanish. This is consistent with the results for 12%
hydrogels. In this case, the time of polymer detachment
from the colloid 7, dictates the friction force, thereby
yielding a quasi-logarithmic dependence of friction on
velocity (Fig. 3a). Under these conditions, 7 is ~ 3(0.8) X

a 20 ym 7,=3.105s ‘l b 5um
I*=5nm P4
=0 e ....446"'"“;"'”"\; =3 7,=0.001s
z ¢ec o) z l*f 10 nm AN
£ £ 9 = .
6 7;=0.002's 5 e, Q- R OOGEIR X@M
‘; . * ; o®
£ ® ‘1.40 o 2 7;=0.005 s
'Aﬁ 8::--6 J'=10nm

g A ' T S

;=0 00A% £/=005 5 CO....... Qagreees>© 00
0.5 I*=5nm 0.5 ['=65 nm

0.5 5 50 500 0.5 5 50 500

Fig.5 Comparison of the measured and calculated friction force as
a function of the velocity at a normal load of 40 nN for 4% (blue cir-
cles), 6% (green triangles), and 12% (red diamonds) hydrogels. The
measurements were conducted with a the 20-um colloid (full sym-
bols) and b the 5-um colloid (empty symbols). The time required
for polymer attachment to the colloid 7; and the yield length of the

@ Springer

V (um/s)

polymer strands /* are shown in the diagram. The effective viscosity
was modeled according to 7,4 = no(V/(SV)_O'3, with #, = 0.01, 0.08,
and 0.36 Pas/(1/s)""% with the 20-ym colloid and 5, = 0.2, 1.8, and
0.4 Pas/(1/s)™%3 with the 5-um colloid for 4, 6, and 12% hydrogels,
respectively. The dashed lines show the fit of the viscous—adhesive
friction model to the experimental results. (Color figure online)
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Fig.6 Box diagrams for a, d characteristic time for polymer attach-
ment, 7;, b, e yield length, /¥, and c, f viscosity parameter, #,, for 4%
(blue), 6% (green), and 12% hydrogels (red) with n ~—0.3 (shear-
thinning behavior), except for 12% hydrogels, where n increased to
zero, with a—c¢ 20-um and d—f 5-um colloid. The legend in the center
shows the corresponding average elastic moduli of the selected
hydrogels. The arrow indicates how the fitting parameter changes

10~* s with a small effect of the load. Under all conditions,
it is necessary to consider a velocity-independent term,
F,, to fit the model to the experimental results, which is
discussed in detail later.

At the highest velocities (above the minimum in friction),
the viscous dissipation dictates the measured friction force.
A non-Newtonian shear-thinning behavior reproduces very
well the experimental results using an exponent for the effec-
tive viscosity n ranging between — 0.3 and —0.35 across all
experimental conditions. We emphasize that the use of an
effective viscosity is a well-established approximation to
account for the viscous dissipation of a viscoelastic mate-
rial under shear loading [46]. Friction measurements were
also conducted with the same colloid on a glass surface in
water, for comparison. Figure S4 shows that the dependence
of friction with sliding velocity transitions from logarithmic
to linear at ~50 um/s. The linear increase in friction with
velocity is attributed to full-fluid film lubrication, where the
fluid (water) exhibits a Newtonian behavior, as expected.
These reference measurements support that the frictional
response at high sliding velocity shown in Figs. 2 and 3
reflects the shear-thinning behavior of the hydrogel. As
shown in Fig. 6c, 7, increases with polymer concentration
and with load; the latter is consistent with the squeeze-out

with an increase in load. The fitting parameter F;, is shown in Fig. 8c
and d. Assuming that the fluctuation time of the polymer 7* is given
by the fluctuation time of the unconfined polymer, 7% ~ 7€ /kg, the
activation energies for bond formation AE; can be roughly estimated,
yielding 4.6(0.5)kT, 3.7(0.3)kT , and 2.8(0.2)kT for 4, 6, and 12%
hydrogels, respectively

of the fluid and a more solid-like behavior of the hydrogel
under shear loading. Figure 6d—f shows similar trends of the
fitting parameters for the experiments conducted with the
5-um colloid. However, the viscosity parameter #, is about
an order of magnitude higher and z; is significantly smaller
than in Fig. 6a and c, respectively. Both trends may be justi-
fied by the larger applied pressures with this colloid, and
therefore, more significant fluid drainage and higher polymer
concentrations within the contact region.

Figure 6b displays an obvious decrease in the yield length
I* with increase in polymer concentration. The average
values (I*~ 50, 10, and 5 nm for 4, 6, and 12% hydrogels,
respectively) correlate well with the mesh size of the hydro-
gels. Nevertheless, it is worth mentioning that [* represents
the deformation of a junction with length d (I* /d~ strain).
Since d was assumed to equal the indentation length, the val-
ues of [* might be influenced by this assumption. Our future
work will be dedicated to understand better this relation.

We note that although the adhesion energy does not
appear as an explicit parameter in this model, it is accounted
for in the values of 7; and 7, (characteristic time for bond
formation and bond life times) and in the mesh size. Longer
bond life times (longest for 4% hydrogels), and smaller
relaxation times for re-attachment and mesh size (smallest
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for 12% hydrogels) promote adhesion, which is consistent
with the maximum in adhesion energy of the 6% hydrogels
(Fig. 1b).

5.2 Collapse of the Friction-Velocity Curves
into a Master Curve

An inspection of the results in Figs. 2, 3, and S1 shows a
transition velocity V* into a regime where friction is mainly
dominated by viscous dissipation. At this transition veloc-
ity, a minimum in friction (F.,;,) is achieved under most of
the conditions (except for 12% hydrogels with the 20-um
colloid). Following the practice in our previous work [29],
Fig. 7a represents the normalized friction force as a func-
tion of the normalized velocity: the Y-axis gives the ratio
between the friction force and the minimum friction value
Fin» While the X-axis shows the ratio between the sliding
velocity and the corresponding transition velocity, V*. The
different colors correspond to the different applied loads
with the 20-pm colloid and the different symbols (circles
and triangles) are used to distinguish the hydrogel composi-
tion (4 and 6% hydrogels). Except for the 12% hydrogels
(not shown), which exhibit a velocity-strengthening adhe-
sive friction at slow velocities (Fig. 2c), a good collapse
of the normalized friction force is observed. In Fig. 7b, the
normalized friction force as a function of the normalized
velocity measured with both colloids (with diameters of 5
and 20 um) is shown together, confirming the good collapse
of all the data, also for the 12% hydrogels with the 5-um
colloid. This indicates that the minimum in friction given
by F,,;, and V* encompasses both the effects of the compres-
sive stress, and hydrogel microstructure, if friction is mainly
dictated by a (velocity-weakening) adhesive component and

25

a 20um colloid

4% and 6% hydrogels m~0.5 |

1
Adhesive <:| Viscous
friction friction
0.5
0.001 0.01 0.1 1 10 100
VIV*

Fig.7 Normalized friction force (F/F,;,) as a function of the nor-
malized velocity (V/V*) for 4% (circles), 6% (triangles), and 12%

(diamonds) hydrogels measured a with a 20-um colloid and b with

@ Springer

the concurrent (velocity-strengthening) viscous dissipation.
As illustrated in Fig. 7a and b, we find F/F,,;, ~ (V/V*)"
for most experimental conditions. The exponent m depends
on the origin of energy dissipation, thereby changing from
m ~ — 0.10 (adhesive friction) to m ~ 0.3 (viscous friction).
These exponents are neither sensitive to the contact stress
nor to the hydrogel microstructure. As illustrated in Fig. 7,
there is a deviation from the proposed power-law for some
experiments (~5-10 nN, m ~ 0.5), which suggests a different
molecular mechanism underlying lubrication. We note that
Gemini hydrogel interfaces also yield m ~ 0.5 [25, 53]. Since
this happens at the lowest loads in our experiments, it might
be associated with the lack of confinement of the polymer
under small loads, but this still requires further investigation.

5.3 Reconciling Previous Models for Hydrogel
Friction

In previous works [15, 25, 53], the minimum in friction was
related to a critical velocity V, ~ &/7% ~ kT /né&?, at which
the fluctuation time of the unconfined polymer z" equals the
interaction time of the polymer in the sliding contact which
is reminiscent of the Deborah number [54]. Other works
on polymer friction have, however, proposed that models
focused on the relaxation of free polymer chains are not
adequate when the polymer is in a confined state [55], as
we expect for the hydrogel—colloid interface to some extent,
especially when the fluid is drained. In fact, our previous
work [29] demonstrated that the experimentally determined
V* was orders of magnitude smaller than V.. This is not sur-
prising, since the physical concept of the transition velocity
V*significantly differs from V. To theoretically demonstrate
this, we simplify the viscous—adhesive model assuming a

2.5

b 5um and 20pm colloid
4%, 6% and 12% hydrogels

' ' Meé /_‘ s ‘
Adhesive <:| B\ﬁ Viscous
friction friction
0.5
0.001 0.01 0.1 1 10 100

VIv*

20-um (full symbols) and 5-um (empty symbols) colloids. The black
lines give F/F,;, ~ (V/V*)", with m ~ —0.1 for the velocity-weak-
ening friction regime and m ~ + 0.3 to + 0.5 for the viscous regime
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plane—plane geometry and friction only resulting from a
velocity-weakening adhesive friction and viscous dissipa-
tion, since these two terms are responsible for the observed
minimum in friction in our experiments. Under small defor-
mations (a3, ~ R85, and Ay ~ za3) and assuming 7; ~ 7,
Egs. 2-5 can be simplified as follows:

GI' Ay I Ay
Fro——\(14+— ) +ngV—+F
2 by < VTf) et oy ‘

R +n.4VrR + F

T¢

where #; ~ 17, V" to account for a non-Newtonian behav-
ior; note that the effective viscosity is described here as a
function of the velocity and not of the shear strain rate, as in
Eq. (3), in order to obtain a simple analytical expression for
the derivative of the friction force F. This function achieves
a minimum (dF/dV = 0) at the transition velocity V":

0.5
2G ) forn = 0
Tty

@)

at which the viscous contribution to friction equals the
adhesive contribution. Equation (7) only gives a simplified
estimation of V*, and hence, we refrain to quantitatively
compare it to our experimental values. Nevertheless, it
proves that the transition velocity V" encompasses the bulk
viscoelastic behavior of the hydrogel by means of G, 5, and
n, as well as the relaxation characteristics of the polymer
network that determine the interfacial adhesive bonds (I*
and ;). We emphasize that the transition velocity V" arises
from the interplay of adhesive and viscous friction, while
the critical velocity V, (in previous works) only refers to the
relaxation behavior of the polymer network. This suggests
that the viscous dissipation hinders V, to be experimentally
attained.

Figure 8a, b shows the experimentally determined tran-
sition velocity V" for the three hydrogels. Equation (7) can
qualitatively explain the convoluted influence of hydrogel
viscoelasticity, interfacial properties, and stress on V*:
hydrogels with higher polymer concentration and crosslink-
ing degree have both a higher shear modulus and effective
viscosity, and shorter relaxation length [* and time 7;. As
shown in Fig. 6, the viscosity and relaxation times were
found to change with load in an opposite fashion, which
is then reflected in the complex variation of V* with load.
When using the 20-um colloid (Fig. 8), the viscosity
increase with load seems to predominantly affect 6% hydro-
gels, thereby causing V" to decrease with an increase in load;
while in 4% hydrogels, the decrease of the relaxation time
with load seems more relevant, especially at high loads,
since V" increases with an increase in load. When using

Gl’  \* :
Vi ———— forn>0,andV =1
2(1 + n)zyn,

the 5-um colloid, i.e., at higher contact stresses and more
pronounced squeeze-out of water, the change in viscosity
with load seems to dictate the variation of V* for 4 and 6%
hydrogels, while the effect of the relaxation time appears
more prominent for the 12% hydrogels, perhaps because it
is so small. Figure 8b suggests that, at the highest contact
stresses, the transition into viscous dissipation is delayed for
hydrogels with higher polymer concentration and crosslink-
ing degree (smaller mesh size).

Combining Eqs. (6) and (7), the minimum in friction is
given by F, ;. = Fy + ['nR\/Gny/27; for n =0; a similar
expression is obtained for shear thinning that we do not show
here for simplicity. A collapse of the normalized friction
(F/F ., versus normalized velocity (V/V*) is only possible

if the static friction is given by

. [c
Fy = k' 2Ry [ 1 ®)

27,
and therefore, F,;, = (k+ 1) F;, k being a constant. This
has been obtained in the limit of small deformations,
Ay /6y ~ mR, and assuming 7; ~ 7, a plane—plane geometry
and Newtonian behavior. Although deviations from these
expressions are obviously expected for the experimentally
investigated hydrogels, Fig. 8c and d confirm the correla-
tion between F|, (fitting parameter) and F,;, (minimum
friction force) in experiments, implying that the minimum
friction force is limited by F,. Nevertheless, this relation
still requires more systematic studies. Importantly, F,, is
similar for 4 and 6% hydrogels, which seems to result from
the balance between adhesive and viscous friction (viscous
friction is greater for 6% hydrogels than for 4% hydrogels,
while the opposite is observed for the adhesive friction) but
F i 1s much greater for 12% hydrogels. In summary, there is
a complex interplay between hydrogel’s microstructure and
adhesive and viscous frictional dissipation.

5.4 Implications

The discussed results indicate that efficient hydrogel lubri-
cation is dictated by the convolution of bulk and interfacial
properties and it depends on the loading conditions. Despite
the simplicity of the proposed model, it enables to corre-
late the hydrogel’s microstructure to the frictional response
through physically based parameters, and it helps to predict
the hydrogel’s frictional response under different loading
conditions in the absence of wear.

Furthermore, the described model can inspire design
strategies that afford control of the velocity-weakening fric-
tional response. For instance, a less crosslinked surface layer
supported by a more crosslinked (stiffer) hydrogel appears
as a design approach to increase V" according to Eq. (7),
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symbols) and static friction Fy(empty symbols) as a function of load
for 4, 6, and 12% hydrogels, measured with the a—c 20-um colloid
and b-d 5-um colloid for the experiments shown in Figs. 2 and 3.
The transition velocity V* for 12% hydrogels with the 20-um colloid

and therefore, to shift the viscous dissipation to higher slid-
ing velocities. As a matter of fact, biological systems that
are characterized by very low coefficients of friction exhibit
graded microstructures. Mucins, which are gel-forming, high
molecular weight glycosylated proteins, are present in the
inner most layer of the tear film on the surface of the cor-
nea to provide protection, hydration, and lubrication during
regular eye functions [56, 57]. Similarly, glycoproteins with
bottle-brush structures adsorb on the surface of (poroelas-
tic) cartilage and help to reduce friction [58, 59]. Synthetic
approaches have already proved the efficiency of this rela-
tion. For instance, the surface functionalization of PDMS
[60] and (pHEMA) hydrogels [26] with polymer brushes
and entangled polymer networks have shown a decrease in
friction coefficient by orders of magnitude while retaining
the structural integrity of the system. Along the same lines,
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has been also depicted (red squares with stars in a), even if a mini-
mum was not attained at V" in this case. Estimated V, = kT /né&?
yields 9.3, 14, 41 mm/s for 4, 6, and 12% hydrogels with & equal to
21, 17, and 10 nm, respectively

contact lenses exhibit a graded microstructure with surface
layers that have a lower elastic modulus and higher water
contents compared to the core material [5].

Interestingly, our experimental results (Fig. 7) show a
prominent plateau around the friction minimum (instead of
a sharp minimum), perhaps arising from the shear-thinning
behavior of the hydrogels. The focus of our ongoing work
is to provide a better understanding of the viscous energy
dissipation by scrutinizing the nanorheological response of
the hydrogel’s near-surface region. New design strategies of
hydrogel-based materials with a high load-bearing capacity,
along with high lubricity via the control of the viscous dis-
sipation (for instance, through the extension of this plateau
over a wider range of sliding velocities), could emerge from
our current and future research.
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6 Conclusions

This work has shown a non-monotonic frictional behavior
for PAAm hydrogels with three different compositions that
were scrutinized in the light of a viscous—adhesive friction
model. The model accounts for the formation of thermally
activated transient (adhesive) bonds between the polymer
and the counter-surface and the shear-thinning rheology
of the hydrogel. In contrast to previous models for hydro-
gel friction, the proposed approach accounts for the effect
of contact stresses on the fluctuation characteristics of the
polymer network. Using this model, we obtain a theoreti-
cal, yet simplified, expression for V*, which defines the
transition from adhesive to viscous dissipation. The tran-
sition velocity accounts for the hydrogel’s viscoelasticity
by means of two parameters, i.e., G and 7, as well as for
the relaxation (length and time) characteristics of the pol-
ymer at the interface. The transition velocity, V*, and the
minimum in friction, F,;,, encompass the influence of the
microstructure and of the load on friction, and they help to
define a master curve F/F,;, ~ (V/V*y". The exponent m
considers the mechanism of energy dissipation for most of
the experimental conditions: m = — 0.1 for the energy dis-
sipated in breaking the adhesive bonds across the interface,
thereby yielding a velocity-weakening (adhesive) friction
force and m = 0.3 for viscous dissipation, which leads to an
increase in friction with sliding velocity above V*. A devia-
tion from this behavior is observed in our experiments with
12% hydrogels, which can exhibit a velocity-strengthening
(adhesive) friction force, thereby emphasizing the relevance
of the poroelastic behavior of hydrogels in their frictional
behavior. Our work shows a complex interrelation between
hydrogel’s microstructure and the mechanisms underlying
hydrogel lubrication and highlights the associated challenges
in the design of soft systems with extremely low friction.
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