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Hydrogels display extremely complex frictional behavior with surprisingly slippery surfaces. We measure the
sliding behavior of hydrogels submerged in water using a custom-made tribotool. Samples with an imposed
surface roughness give two distinct frictional regimes. Friction coefficients in the first regime change with as-
perity sizes and Young's moduli. Under increased normal force, a second frictional regime emerges likely due to
smoothening of asperities. Friction coefficients in the second regime remain constant across length scales of

roughness and appear to be material specific. The hydrogel polymer network also directly influences the surface
topography, and with that, the frictional behavior of hydrogels. We highlight the tribological importance of
surface roughness at different length scales, which provides potential to engineer functional frictional behavior.

1. Introduction

Hydrogels are chemically or physically cross-linked water absorbing
networks of polymers. Hydrogels can be easily modified and thus ap-
plied in many contexts such as bio-materials [1-3] and novel food
systems [4-6], as their network formation is sensitive to easily acces-
sible tuning parameters such as polymer type, polymer concentration,
pH and temperature. The large range of tunable material properties
including porosity, hardness and water holding ability make hydrogels
a material of choice for many applications. One significant feature of
hydrogels is they can be very slippery [7-9]. Despite this promise, there
is a general lack of fundamental understanding of the interfacial dy-
namics during sliding of specifically hydrogels and soft materials in
general [10-12], even against ideally flat substrates [13-15]. The
variety of potential applications makes understanding the emergence of
friction between two hydrogel surfaces of pressing interest. More
broadly, to illuminate the origin of the complex frictional behavior
displayed by soft and porous solids, hydrogels are very suitable can-
didates to test various tribological hypotheses, precisely because their
material properties such as gel strength, porosity, elasticity and surface
roughness can be easily monitored and adapted.

Simple dry sliding friction between two non-porous solid materials
is usually well described by Amontons-Coulombs’ laws of friction [16].
The implied proportionality of Fr and W does not always hold and
appears not sufficient to capture the frictional behavior of more
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complex systems, specifically lubricated friction between two soft so-
lids. Mechanisms observed in hydrogel friction include attraction and
repulsion between interacting surfaces, non-uniform fluid film forma-
tions and normal force dependencies [11,17,18]. Using hydrogels and
glass substrates with varying degrees of roughness, clear differences in
frictional behavior have been found for smooth and rough solid surfaces
as smooth surfaces gave lower friction coefficients [19]. Previous work
has shown that material friction depends also on the Young's modulus
of the material [20]. Friction between soft materials is thus dependent
on (bulk) contact mechanics at the hydrogel interface, but also depends
on direct interactions between the two surfaces [21,22]. It is not in-
tuitive how to apply or modify the framework used to describe dry
solids to hydrogels: first, they are porous deformable solids that consist
mainly of water, a lubricating fluid which could be expelled under
applied loads. Second, hydrogels are soft solids and under high normal
loads will thus deform substantially. [23,24]. This in turn affects the
shape of the contacting surfaces and with that the contact area and
pressure [13,18]. Additional dissipation mechanisms such as water re-
lease or even hydrogel network rearrangements or breakdown may
then arise, which can add to the effective friction coefficient. In light of
all the possible dissipation mechanisms that can occur, the robustness
of low frictional sliding of hydrogels may seem especially surprising.
Nevertheless, the slipperiness of hydrogels has been observed when
paired with different materials from glass to textile [19,25-27]. The low
friction dynamics remain when friction between two hydrogels in so
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called “Gemini” contacts are studied [17,18,28]. One may naively think
that Gemini contacts are relatively simple systems, yet also here friction
depends on bulk and interface characteristics. For example, increasing
the hydrogel mesh size by increasing the polymer concentration leads
to lower friction coefficients [28]. With this same Gemini system,
normal force dependence was observed: a decrease in friction coeffi-
cient was found with an increasing normal force, which scaled with
u o« Fy'/3 [18]. In a different study, with two cellulose hydrogel disks in
contact, it was found that a fluid trap is created in the center of the
hydrogel-hydrogel contact. As such, the lubricating fluids present
strongly influenced the contact area and the frictional behavior of the
hydrogels in contact [17].

Among all the complexity in the frictional dynamics in soft lu-
bricated hydrogel contacts, we find that roughness is a surprisingly
simple, yet dominant contributor to friction on soft hydrogel substrates
across length scales. We measure friction dynamics between two fully
submerged, water-lubricated hydrogels in a custom-3D-printed tri-
bology set-up. The ability to tune surface roughness enables us to show
that surface roughness is responsible for a normal force dependence of
u, specifically the creation of two distinct frictional regimes.
Additionally we show that higher friction coefficients are associated
with rougher substrates, even with two highly elastic surfaces. We use
molding techniques and a variety of polymer properties to create hy-
drogels with different roughness, ranging from extremely smooth to
randomly rough. We use the natural surface structure of seemingly
“flat” substrates to extend the range of surface structures we can probe
to length-scales ranging from microns to millimeters. By 3D printing
patterned molds, we even create regular surface patterns, and we ex-
ploit the tunability of hydrogels to check for the role of the Young's
modulus. For all substrates explored we find that surface roughness
enhances friction but only up to a certain level of normal forces, which
we hypothesize to indicate the maximum load needed for asperity
flattening. Consistent with this picture is that for samples that naturally
have no asperities, we find the typical ultra-low friction dynamics, and
no normal force dependence. Our results indicate that surface rough-
ness can be relevant for materials that may appear to be flat and pro-
vides a route towards the rational control over frictional dynamics.

2. Materials and methods

Samples of 10, 15 and 20 wt% gelatin were made by slowly adding
gelatin powder (gelatin from porcine skin, Type A, Sigma-Aldrich) to
water at room temperature. The mixture was stirred vigorously, heated
to 60 °C and left to stir for at least 30 min, until a clear solution was
obtained. Agar powder (Agar-Agar, Caldic ingredients) and water were
mixed at room temperature and subsequently microwaved for approxi-
mately 30 s to obtain a clear 3wt% agar solution. Polyacrylamide
(PAAm) polymer solutions were made by mixing 20 wt% of acrylamide
(Sigma-Aldrich) with 1wt% N,N’-methylenebis(acrylamide) (Sigma-
Aldrich), in water and slowly heating the mixture while stirring, allowing
the powders to fully dissolve. The polyacrylamide mixture was then
cooled down to room temperature, after which 0.05 wt% of the initiator,
ammonium persulfate (Bio-Rad), was added. Then, 0.05wt% of cross-
linker N,N,N’,N’-tetramethyl ethylenediamine (TEMED, Sigma-Aldrich)
was added to the aqueous mixture for chemical cross-links to form. The
gelatin, agar and PAAm solutions were then poured into respective molds
to prepare hydrogel probes and substrates used as tribopairs.

2.1. Hydrogel tribopair preparation

The (bio)polymer solutions were poured into a Petri dish with an
inner diameter of 86 mm to obtain flat hydrogel substrates. Sample
height was approximately 1.5 mm , similar to that of the Petri dish. For
the hemispherical probe, a custom-made silicone rubber mold was used
(Moldstar TM 20 T, Smooth-On, Inc). After the molds were filled with
the hydrogel solutions, samples were left overnight to allow the
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gelation process to complete. The samples remained on a level table top
at room temperature during the first stages of hardening to ensure a
smooth and level surface.

To chemically cross-link gelatin hydrogels, hardened samples were
submersed in a 5wt% glutaraldehyde solution (Sigma-Aldrich). The
cross-linking process was assumed to be completed when the near
colorless sample changed into a uniformly brownish orange hydrogel.
Residual glutaraldehyde was removed by first rinsing the hydrogels
with water and then immersing the samples overnight in a container
with a large amount of water which was placed on a mechanical shaker.

Coated abrasives were used to create irregularities on the surface of
the hydrogel disks. Grit labels of the sandpapers used were P2500
(Starcke USA), P400, P180, P120 and P80 (3 M), representing an
average particle diameter of 8.4, 35, 82, 125 and 201 pum respectively.
The particles on a sandpaper surface can however vary greatly in dia-
meter, height, shape and distribution on the surface. Negative molds of
the sandpaper were made using Moldstar TM 20 T (Smooth-On, Inc).
The gelatin solution was poured onto the molds and gel formation was
allowed. The hygrogels were subsequently cross-linked with glutar-
aldehyde as described previously. After solidification, the substrate and
probe were inserted in the custom-made tribotool geometry.

2.2. Stiffness of hydrogels

We use the Youngs modulus to quantify the ability of the hydrogel
to withstand elastic deformation when subjected to a stress. The
Young's modulus (E) of all hydrogels was measured using samples made
in a Petri dish with a diameter of 35 mm with a height of around 7 mm.
These compression tests are non-destructive, allowing the materials to
elastically return to their original shape. Elastic behavior is also ex-
pected during our frictional measurements at relatively low normal
forces (below 1 N).

Samples were compressed using a 75 mm diameter cone-plate with a
1° angle indentor on a rheometer (MCR 501, Anton Paar) at a compression
rate of 50 um/s. During compression the force was measured as a function
of deformation. Using the sample area and height, this was transformed
into a stress - strain curve. This stress-strain curve typically displays non-
linear behavior at small deformation for hydrogels [2] in part due to
natural sample height variation. At a strain of approximately 5% the ob-
tained stress-strain curve becomes linear and the corresponding slope was
used to calculate the Young's moduli of the hydrogels.

2.3. Cryogenic temperature scanning electron microscopy (cryo-SEM)

The hydrogel surfaces were visualized using cryo-SEM (FEI Magellan
400). The samples were frozen by plunge freezing using liquid nitrogen
to keep them in their natural hydrated state. Due to rapid freezing, water
forms amorphous ice that does not damage the material structure like
crystalline ice would. The frozen samples were fractured by striking the
sample with a metal rod similar to the method reported by Kim & co-
workers [29]. This allows for viewing of not only the surface, but also
exposes parts of the internal (bulk) structures. Distinctly different in-
ternal and surface characteristics could be distinguished for each che-
mically distinct sample using this technique.

2.4. X-ray tomography (XRT)

For 3D imaging, XRT, a non-invasive imaging technique, was used
to image surfaces with asperities from 50 to 400 um. A Phoenix
v|tome|x m (General Electric, Germany) tomographer was used for this
purpose. Hydrogel samples were cut into pieces of several millimetres
and inserted into an Eppendorf tube. The tube was kept closed to avoid
dehydration of the hydrogel samples during measurements. Hydrogel
samples were scanned over a rotation of 360° and analyzed using Avizo
software for image reconstruction and visualization post processing.
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Fig. 1. Cross-sectional illustration of the gel-on-gel tribotool. The hemispherical
probe is inserted into the holder and is moved alongside the hydrogel substrate
using the rheometer axis. The distance between the rheometer shaft and the
center of the probe is 3 cm . The diameter of the hemispherical probe is 2 cm .

2.5. Frictional measurements

The gel-on-gel tribotool used in our measurements (Fig. 1) was made
using a 3D printer (Stratasys Objet30, Scholar, RGD240 plastic) and the
geometry is also described more briefly elsewhere [30]. The upper part
of our custom-made tribotool consists of an arm (3 cm ) with a cavity, for
insertion of the hemispherical hydrogel probe. This component was in-
stalled on a rheometer (MCR 501, Anton Paar). The rheometer is able to
rotate the arm and move the arm vertically. The lower component of the
tribotool is a cylindrical holder for a flat, disk-shaped hydrogel substrate.
The hydrogel disk was fastened in the container using a ring-shaped
clamp to avoid movement of the hydrogel substrate during measure-
ments. This container was filled with water covering both the substrate
and the upper part of the arm. The hydrogel probe attached to the arm
was rotated at preset angular velocities between 0.005 and 0.1 revolu-
tions per second (rps) corresponding to sliding velocities of 1-20 mm/s .
Measurements started after the value of the normal force was reset to
zero on the rheometer and the zero gap was set as a reference distance
between the probe and the substrate. The initial point of contact between
the hydrogels was determined by constructing a force - distance curve.
The slightest increase in normal force was taken as the first contact point.
From the torque (M) measured by the rheometer we calculate the friction
force as Fr = M/R (R = 0.03m).

Frictional measurements were performed with alternating “rota-
tional” and “indenting” intervals. The first measurement interval con-
sists of rotation of the probe without the probe and substrate being in
contact, while the probe is completely submerged in water. This mea-
surement provides the background signal to correct for the torque
needed to move the arm at a given angular velocity in the fluid inside
the measuring cup. After this step, the probe is brought into contact
with the substrate as part of the the first indentation interval. During
subsequent rotational intervals the probe is rotated over the substrate at
a fixed mean vertical indentation depth, leading to friction between the
probe and the substrate. During rotation, a small range of normal force
variations was measured at every mean indentation position, due to the
naturally occurring height variation of the surface of the hydrogel
substrate. After each rotational interval, the vertical position was in-
creased and mean normal force increased to measure friction coeffi-
cients at normal forces well below 1 N. All measurements are highly
reproducible from day to day and from probe to probe. Also, no signs of
wear were observed even after repeated use of hemispherical probes
and substrates. These alternating rotating and indenting intervals give
us a large data set of coupled normal force (Fy) and torque (M) values at
a constant preset angular velocity. With these values the dimensionless
friction coefficient (u) is determined. We verify that our custom trib-
ometer gives the expected behavior for two dry sliding contacts (Fr =
uFy). The friction between a rough glass marble (Intertoys, The
Netherlands) as a probe against both a commercial grade laser cut ac-
rylic glass disk and a polystyrene foam surface as substrates was mea-
sured to validate our method (Fig. 2). For these dry solids the friction
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Fig. 2. Friction force - normal force curve of friction between a glass probe and
polystyrene foam and between a glass probe and acrylic glass as measured with
our custom-made tribotool. We observe the expected Amontons-Coulombic
behavior in this context (solid lines).

force scales linearly with the normal force as is expected from Amon-
tons-Coulomb frictional laws.

3. Results and discussion

To show the relevance of surface roughness in frictional studies, we
designed randomly patterned rough hydrogel surfaces by molding
substrate hydrogel surfaces in a mold created with sandpaper.
Sandpaper comes in ranges of roughness types varying in particle
height, diameter, shape and distribution which allows for a systematic
variation of the hydrogel roughness (Fig. 4). Grit sizes used here are
8.4, 35, 82, 125 and 201 pm. We measure friction using probes and
substrates made of physically cross-linked gelatin (uGel) and chemi-
cally treated irreversibly cross-linked gelatin (xGel). Chemically cross-
linking the gelatin samples gives a five-fold increase of the Young's
Modulus from about 0.1 MPa to 0.5 MPa. To study the effect of normal
force on the friction coefficient of gelatin hydrogels we measure the
friction force at increasing vertical displacements. This leads to normal
forces up to at least 0.3N for each sample as measured by the rhe-
ometer. The exact indentation depth corresponding to a specific range
of normal forces depends on the mechanical properties of the materials
in contact. Even though substrate and probe vary in shape and thick-
ness, them having the same modulus suggests that we can make the
approximation that the deformation is equally shared among substrate
and the smooth hemispherical probe (radius 7, = 2 cm). The deforma-
tion, &p, of both the substrate and the probe is then 300 um. Hertzian
contact analysis then gives the contact radius r, = \/ﬁ to be ap-
proximately 1.7 mm and thus a contactarea of 9 mm? . A normal force
of 0.3 N divided over this contact area gives a mean pressure of about
0.03 MPa for the gelatin surfaces in contact. The curves constructed
display overlapping data of five different experimental intervals each
measured at a different range of normal forces (Fig. 3).

We immediately observe a decrease in slope with increasing normal
force in our hydrogels submerged in water. The change in slope in Fig. 3
indicates a drop in friction coefficient with increasing normal forces,
leading to the emergence of two distinct frictional regimes. Each of the
regimes has a defined friction coefficient. This behavior is not in ac-
cordance with classical frictional laws, as friction in dry solid materials
is expected to be normal force independent [16]. Changes in friction
coefficient with increasing loads have however been reported for soft
materials including gellan, polyvinyl alcohol (PVA) and poly(2-acryla-
mido-2-methylpropanesulfonic acid) (PAMPS) hydrogels on glass sur-
faces [7,21,31]. More recently this has also been found for hydrogel-
hydrogel contacts [18]. The uniqueness in our results is found in the
clear transition from and distinction between two frictional regimes.

The first regime (,) in Fig. 3 predominately contains relatively low
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Fig. 3. Raw friction data of untreated, physically cross-linked gelatin (uGel)
and chemically cross-linked gelatin (xGel) at 0.1 rps . Surfaces are patterned
using sandpaper (grit size 8.4 um). The dashed line indicates the beginning of
the second frictional regime.

normal forces from O up to 0.15 N as caused by the applied indenta-
tions. The second regime (u,), after the kink, contains intervals with
deeper indentations and as a result larger asperity deformations and
higher normal forces. The slope of the lines represents the friction
coefficient and is only moderately affected by changes in the selected
starting and ending point of each regime. Selecting several different
transition points in close proximity to the kink resulted in a maximum
error in friction coefficient around 10%.

The expression of the two regimes can be attributed to the de-
formable nature of the hydrogels. Applying a normal load on soft sur-
faces leads to deformation or even flattening of the elastic surface as-
perities, as was already conjectured long ago [32,33]. More recently,
this deformation was also shown for two hydrogels in contact [18]. We
confirm this picture through a systematic variation of the stiffness and
the surface roughness of the hydrogels.

3.1. Friction on substrates with an imposed random surface roughness

To study the influence of material stiffness on the sudden decrease
in friction coefficient found, we use surfaces made of both chemically
and physically cross-linked hydrogels with polymer concentrations
ranging from 10% to 20%. Young's moduli ranged from 0.1 to 0.8 MPa.

8.4 um (P2500)

125 pm (P120)

35 um (P400)
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We systematically vary the roughness of the hydrogels using sandpaper
with different grit sizes (or average particle sizes). The asperities on the
sandpaper used to make negative molds, range from very fine, densely
packed grains with a grit size of 8.4 um (P2500) to coarse grains with a
grit size of 201 um (P80) with large spaces between the grains and a
larger size distribution of the particles. The hydrogel disks were cast on
negative molds of the sandpaper to obtain surfaces with the same
roughness as the sandpaper as shown in Fig. 4. We then studied the
effect of stiffness as well as surface topography of hydrogels on the
friction coefficient for samples with the same polymeric constituents.

With the expanded range of surface roughnesses and hydrogel
moduli, we confirm the same picture: the friction coefficient is reduced
with increasing normal force. The slopes in the friction force - normal
force curves are used to calculate the dimensionless friction coefficient
(1) using p = Fp/Fy. The frictional values found for our artificially
rough gelatin samples range from pu = 0.05 to 0.45. These values are
much lower than friction coefficients typically found for dry solids
[34,35] while the upper limit, p = 0.45 is rather high compared to
values typically reported for hydrogel-hydrogel friction using poly-
acrylamide or poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(PAMPS) [11,18]. For gelatin substrates paired with glass, friction
coefficients between 0.08 and 0.25 have been reported [36] however,
the higher friction coefficients in our samples are found in the first
regime and are likely caused by the imposed roughness on our hydrogel
surfaces. The friction coefficients in the first regime (u,) and in the
second regime (u,) for the different asperity sizes and gelatin con-
centrations have been summarized in Fig. 5.

We observe that the gelatin concentration has a systematic role:
gelatin tribopairs made using lower concentrations of gelatin give lower
frictional values for both xGel and uGel (Figs. 5 and 6). The Young's
moduli measured for uGel were 0.1 and 0.13 MPa for the 15% and 20%
gelatin, respectively. The Young's moduli for xGel with 10% gelatin was
0.35 MPa while 15% xGel has a modulus of 0.5 MPa and the highest
modulus was found for 20% xGel with 0.8 MPa. The friction coefficients
in both regimes show a logarithmic increase with the Young's modulus
in both regimes. This increase is found for the smallest, most con-
centrated asperities (grit size 8.4 um) up to the largest, more scattered
asperities (201 um). This difference in friction coefficient can be caused
by the size of the asperities (contact area) as well as the distribution of
the asperities on the surface (interlocking events). The friction

82 um (P180)

Small dense asperities

/NN

Large wide spread asperities

201 um (P80)

Fig. 4. Microscopy images of gelatin hydrogel surfaces patterned using sandpaper together with the ISO/FEPA grit size label of the sandpaper used for molding the
hydrogels. The small asperities are more closely packed and have a more uniform particle size than the large asperities.
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Fig. 5. Friction coefficients for 10%, 15% and 20% chemically cross-linked gelatin (a). The grit size refers to the average size of the grains on the sandpaper as stated
by the manufacturer. The friction coefficients in the low load regime (i) are shown on the left and the friction coefficient in the second regime (u,) on the right for
both hydrogels. Measurements were performed at 0.1 rps = 20 mm/s. The friction coefficients in both regimes are shown seperately for each sample as well (b).

coefficient in the second regime appears independent of the grit size,
and depends mainly on material stiffness. This second regime seems to
be a lower limit for the friction coefficient attainable with these phy-
sically and chemically cross-linked gelatin hydrogels.

Across different polymer concentrations and Young's moduli we find
a recurring trend as a function of grit size: surfaces with fine, closely
packed asperities display higher friction coefficients than large aspe-
rities that are widely distributed. The stiff samples appear to be more
sensitive to changes in roughness, especially below grit sizes of 100 pm.
This thus tells us that the friction coefficient in the first regime is a
result of both the asperity size and/or distribution and the Young's
Modulus of the material. At low normal forces, the asperities on a rough
soft surface can act as obstacles, requiring more force to move the
surfaces along one another. Small asperities are expected to have more
contact points and perhaps even a larger contact area than larger as-
perities which would explain the higher friction coefficients. The
hemispherical probe also has a natural roughness scale on the order of a
couple micrometers. If asperities of materials in contact are within the

Hq
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o a e
put 0.2
g 1
L01ta- 4
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0

107 1a°
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same size range, interlocking may occur. This in turn increases the
friction between the materials [37].

As the Young's modulus of the samples increases (from left to right
in Fig. 5b) the overall decrease in friction coefficient from yu, to u, (Au)
becomes larger. Reducing the polymer concentration decreases the
stiffness of the material which makes it easier to deform asperities
leading to lower friction coefficients in the second regime (Figs. 5, 6
and 7). As the deformability decreases, the stiff asperities play an in-
creasingly large role in hindering the probe from moving forward, re-
sulting in high friction coefficients. Alternatively, in the low normal
force regime, the asperity flattening is incomplete and probably fluc-
tuating in time, adding a dissipation that disappears at higher normal
load, where flattening effects are stronger. This effect is most pro-
nounced at high asperity densities and small grit sizes (e.g. 8.4 um) and
may be related to the number of asperities per unit surface area.

Above 100 um interlocking events vanish as the asperities are likely
too large to interlock with the surface of the hemispherical probe. In the
second regime we see that the friction coefficient approaches the same

K,

05
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=04 £ 201 um
.0
O
= 0.3
[0
3
202 i
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201 o '
[ 'S ]
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107 i
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Fig. 6. The increase of the friction coefficients u, and u, as a function of Young's modulus for grit sizes 8.4 and 201 um. Hydrogels used here are 10%, 15% and 20%
chemically cross-linked gelatin and 15% and 20% physically cross-linked gelatin at sliding velocities of 0.1 rps = 20 mm/s .
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coefficients u,, p, and Au (a). The y-axis shows the Young's moduli of the materials used and the x-axis shows the used grit sizes. Schematic representation of
asperities elastically deformed as a result of an increased applied load is seen in (b). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

value for each sample regardless of the roughness. This indicates that
the friction coefficient in the second regime is a material property. In
this low friction regime, the asperities are likely permanently flattened
by the applied load (Fig. 7b) and only other dissipative dynamics
(bonding/debonding, polymer entanglement, etc.) remain.

3.2. Friction on substrates with a systematic surface roughness

As the sandpaper surfaces are patterned randomly, the asperities vary
not only in size, but also in location and distribution on the surface. To
evaluate our suggested asperity-flattening mechanism, we compare reg-
ularly patterned uGel and xGel surfaces at 15% gelatin content. We
specifically designed and 3D printed molds with desired asperity sizes.
The distance and height of the asperities are kept constant while the
diameter of the asperities is varied. The surface pillars were designed to
have a height of 200 um and a distance of 500 um between the centres,
so both surfaces were decorated with 4 pillars per mm? . We designed
molds with two different asperity diameters; 50 pm and 400 pum. (Fig. 8).

For 15% uGel and xGel with regularly patterned surfaces again we
find a second frictional regime. xGel samples show higher friction than
uGel samples (Fig. 8). Asperities with a diameter of 50 ym give u,
= 0.26 and u; = 0.11 for xGel and uGel respectively, well within the
range of the randomly patterned surfaces. Values in the second regime,
H,, approach values found for both the natural and the sandpaper
patterned surfaces; 0.16 (xGel) and 0.07 (uGel) (see previous sections),
which is yet more evidence for the friction coefficient in the second
regime to be a material specific constant.

However, for the uGel samples with larger, 400 pym pillars y, is found
to be 0.17, larger than previously found for uGel (u, = 0.07). For the
sandpaper samples we also found the decrease in friction to be smaller for
hydrogels with low moduli. This relatively small decrease in friction is
likely related to the deformability of the probe and the soft pillars. Within
this limit of material stiffness and asperity size, the force applied is most
likely not enough to deform the relatively large 400 pum pillars. As the
dimensions of each asperity are now known, the compression AL of each
individual pillar can be approximated by means of the simple relationship
AL = FyL/AE, where AL is the deformation calculated from the normal
force Fy, the initial length L, the area of the asperity A and the Youngs

K1 M, Ap
xGel 50 microns 0.26 0.18 0.08
xGel 400 microns 0.32 0.19 0.13
uGel 50 microns 0.11 0.05 0.06
uGel 400 microns 0.22 0.17 0.05

xGel 400 microns

xGel 50 microns

Fig. 8. Friction coefficients for patterned xGel and uGel surfaces. X-ray tomo-
graphy (XRT) images of xGel with asperities of 50 um and asperities of 400 pm
in diameter. The asperity height and distance was kept constant at 200 pm and
500 pm, respectively.

modulus E respectively. We immediately see that the deformation for the
pillars of 400 pm diameter is about 60 times smaller compared to the 50
um pillars due to the difference in aspect ratio. While the 50 pm pillars can
be flattened to large extent, the 400 um wide pillars experience limited
compression. It appears that the regularity of the surface patterning plays
an important role: irregularly patterned surfaces have a wide distribution
of asperity heights. This leads to the normal force applied being distributed
over the few asperities sticking out at every compression level. In contrast,
the regular pillar height of the patterned rough substrate imposes that at
all times, the normal force applied will be distributed over many pillars. By
creating large and evenly sized pillars, the ability to flatten the asperities
has been restrained, leading to a limited decrease in friction. Patterning
the hydrogels in a controlled manner is thus an efficient way to tune the
friction coefficient and its sensitivity to changes in normal force.
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3.3. Friction on substrates with a natural surface roughness

In what way does friction of samples with an imposed surface
roughness resemble the behavior of hydrogel surfaces generated in
smooth molds? It has been found that gellan, polyvinyl alcohol (PVA)
and poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) cast on
smooth surfaces all show different frictional behaviour when sliding
against glass substrates [7,21,31]. This is commonly evaluated in terms
of molecular interactions between the hydrogel-glass interface. How-
ever, in previous sections we have seen how important the role of
surface roughness is. This makes it interesting to consider the role of the
surface roughness and how the chemical composition of a hydrogel
affects its surface structure.

We use four hydrogels with varying network structures: physically
cross-linked gelatin (uGel), chemically cross-linked gelatin (xGel), agar
and polyacrylamide (PAAm). Gelatin is known to form a triple helical
structure while agar forms double helices [38,39]. PAAm, a synthetic
polymer, forms short and rigid cross-links due to the presence of bisa-
crylamide chains that cross-link the longer polymer strands [40]. Due to
the differences in network formation and polymer concentration, we
obtain gels with different moduli. Physically cross-linked gelatin pro-
vides the lowest modulus (0.1 MPa), followed by agar (0.2 MPa), and
PAAm (0.5 MPa) and chemically cross-linked gelatin (0.5 MPa).

It turns out that the chemical structure of the gel affects not only the
bulk properties of the hydrogels, but also their surface properties. To
differentiate between the different degrees of naturally occurring surface
roughness, we performed cryo-SEM imaging on the hydrogel surfaces
(Fig. 9). The top surfaces of the hydrogels, on which we also perform
tribological test (see below), are seen above the dashed lines; the internal
gel structures are visible below the line. In addition, we show the sche-
matic network structure that is typically expected for these hydrogels.

The PAAm hydrogel (Fig. 9a) with short and linear chemical cross-
links has the smoothest surface according to our cryo-SEM results. The
lack of structure in the assembling molecules gives the gel a tightly
bound structure resulting in a flat surface. Agar (Fig. 9b) and gelatin
hydrogels show a rougher surface (Fig. 9c and d). This relatively rough
surface may be caused by coil-like helical structures that build up the
hydrogels [38,39]. The covalent chemical cross-links formed by glu-
taraldehyde transform the wavy gelatin surface (c) into a rather bumpy
landscape (d). The chemical cross-linker irreversibly brings polymer
chains closer together leading to a stiffer network which apparently has
a higher degree of roughness.

By varying the polymer constituents and the interactions between
them, we have obtained four hydrogels with distinct bulk and surface
properties. Fig. 10 shows the results of the lubricated friction between
physically cross-linked or untreated gelatin (uGel), chemically cross-
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linked gelatin (xGel), agar and polyacrylamide (PAAm) tribopairs in
water. The values of the friction coefficients in both frictional regimes
(1, and p,) and the difference between the two regimes (Au) together
with the Young's moduli (E) of the hydrogels are also shown here. Each
hydrogel has a distinct friction coefficient that can be related to the
degrees of roughness observed in the cryo-SEM images (Fig. 9).

The frictional behavior of these diverse samples further demonstrate
that the normal force dependency is a robust property of hydrogel
friction. Interestingly, the decrease in friction is absent in dry, solid
friction experiments and extremely low for lubricated PAAm friction.
This is likely because the asperities in dry solids are too stiff to be de-
formed at the normal forces used here. The PAAm surface is clearly
smoother than that of the remaining hydrogels, with no irregularities to
be deformed in a second regime.

The different hydrogels submerged in water give low friction coef-
ficients in a range from 0.008 to 0.31. In the second regime, xGel shows
the highest friction coefficient followed by uGel and agar. PAAm has
the lowest friction coefficient in this regime. Samples made of xGel and
PAAm have similar Young's moduli (0.5 MPa), yet we see large differ-
ences in the friction coefficients of these two hydrogels (Fig. 10). The
low friction coefficient found for PAAm in the first regime can be re-
lated to the smooth surface as observed by cryo-SEM (Fig. 9): there are
no asperities to flatten and the molecular structure of PAAm apparently
does not give rise to other dissipative mechanisms, producing a dis-
sipation during sliding that is only borderline detectable in our setup.
The hydrogels with a more pronounced surface roughness all show two
regimes of friction and always higher friction coefficients than PAAm.
As seen in previous sections, hydrogel-hydrogel tribology indeed de-
pends on a combined effect of bulk and surface properties.

3.4. The role of viscous or polymeric lubrication

Physical mechanisms that are commonly discussed in hydrogel
friction include the presence of a fluid layer [19], gel relaxation [9,28],
poroelastic effects [17,41], and surface adhesion [26]. These mechan-
isms are potentially also involved in the decrease of friction we find in
our hydrogels. As our measurements are carried out in water, we do not
expect adhesion between the hydrogels to be of large influence. A thin
film of water being squeezed out of the hydrogel is not expected to
significantly further decrease the friction, as measurements are carried
out in large amounts of water and a fluid layer is already present [7]. In
addition, the asperities of rough gels would expel more water than flat
gels under an applied load as the asperities undergo a large compres-
sion [19]. This would lead to a larger decrease in friction for rough gels,
which we do not observe in our measurements.

We look further into the drop in friction coefficient by performing

Fig. 9. Cryo-SEM images of the surface and internal
structures of PAAm (a), agar (b), uGel (c) and xGel
(d) on the left with the proposed schematic polymer
network structure shown on the right. Microscope
images were obtained using scanning electron mi-
croscopy with a magnification of 8000 times at
cryogenic temperatures. North of the dashed line
represents the surface. Below the dashed line the
internal structure of the hydrogels can be seen.
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Friction Force

0 0.1 0.2 0.3
Normal Force (N)
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Gel Type p, M, Ap E (MPa)
xGel 0.31 0.16 0.15 0.5
uGel 0.27 0.07 0.20 0.1
Agar 0.15 0.08 0.07 0.2
PAAM 0.01 0.008 0.002 0.5

Fig. 10. Friction curves of untreated, physically cross-linked gelatin (uGel), chemically cross-linked gelatin (xGel), agar and polyacrylamide (PAAm) tribopairs at 0.1
rps. We find two normal force dependent friction coefficients (1; and u,) for all hydrogels. The calculated friction coefficients and the Young's modulus of each

sample are shown in the table on the right.

measurements with longer duration and lower sliding velocities, to
determine whether time or velocity dependent effects are at play in
hydrogel-hydrogel friction. For this purpose we selected xGel, as this
chemically cross-linked material is stable over a long period of time
with respect to swelling. Since the cross-linking is performed in a water-
bath with glutaraldehyde and the gel is then immediately submerged
and stored in water, maximum swelling is already attained. The results
in Table 1 show that the friction between two cross-linked gelatin hy-
drogels are time and velocity independent within the available velocity
range of our equipment. Friction coefficients y, and u, for xGel re-
mained constant within the measuring range of 0.005-0.1 rps. The rate
and time independence found for xGel indicates that the decrease in
friction is indeed not caused by adhesion or fluid film formations at the
interface as these are rate-dependent phenomena. We also do not ob-
serve any significant wear effects in these soft materials. Frictional
measurements performed on the same substrate and probe pairs con-
sistently yielded reproducible results over several weeks.

Time-dependent effects such as fluid migrating to the interface,
relaxation phenomena, or serum release, do not seem to be the main
driving forces behind the normal force dependence found for hydrogels.
Another effect leading to a decrease in friction in hydrogels might be
the loosening or dissolving of polymers within the hydrogel network
[7,31]. A viscous layer could be formed on the hydrogel interface which
promotes a decrease in friction. In chemically cross-linked substrates
this effect would be less profound as the polymers are covalently bound.
However, we do find a large drop in friction coefficient in our chemi-
cally cross-linked xGel, eliminating loosening of polymer layers as the
main cause for the normal force dependence. Repeating a full cycle of
measurements with the same samples yields highly reproducible re-
sults. Loosening or dissolving polymer chains in a permanent manner is
thus an unlikely source of reduced friction in the second regime.

3.5. Discussion

With the combined results of the imposed regular, irregular and
naturally rough surfaces it is clear that elastic deformation of the sur-
face asperities plays a key role in the observed drop in friction

Table 1

Friction coefficients for xGel at 0.1, 0.05, 0.001 and 0.005 rps in the low-load
(#,) and the high-load (u,) regime. The measurements at different velocities
were carried out with the same hydrogel probe and substrate.

Angular velocity (rps) M1 H2

0.1 0.31 0.16
0.05 0.33 0.16
0.01 0.28 0.14
0.005 0.28 0.15

coefficient. This is concretely observed by making direct comparisons:
we find that for materials with the same stiffness (xGel and PAAm) the
difference in their surface roughness leads to a large difference in
friction coefficients in both regimes. When comparing two relatively
rough materials (xGel and uGel), our results demonstrate that the
stiffness plays an increasingly large role. The appearance of a second
frictional regime at high normal forces thus appears to be a function of
the stiffness and surface roughness (imposed or induced by the poly-
meric nature or the hydrogel) regardless of the length scale of the as-
perities. Further parameters contributing to the friction coefficients of
hydrogels include the difference in chemical make-up along with the
mesh sizes and network structures for each of the samples.

We can further elucidate the asperity flattening hypothesis by esti-
mating the asperity deformation at a normal force Fy of 0.2N and
maximum probe displacement of 400 um. The contact area is then
approximately 6 mm? as estimated using Hertz theory. The hardest gel
surface (xGel) has asperities with a radius of roughly r, = 1.5 pm as
estimated from Fig. 9. The number of asperities with which the probe is
in contact is then approximately 2 x 10° if we assume all asperities are
hemispherical in shape and completely cover the surface. Every as-
perity thus experiences a contact force of ~1 X 1077 N. To estimate the
deformation of a single naturally occurring asperity, we assume that
every single substrate asperity equally exerts 1 X 10~7 N on the probe,
which due to the separation of length scales can be considered a flat
plane. We would like to again highlight that this is an underestimation:
due to the irregularity of the surface, the applied normal load is most
likely not evenly distributed over all contacts, but instead focused on
only a few asperities. We then estimate the deformation of an asperity
under such load again with Hertz theory, F, = %Erj/ 283/ to be 8,/1,~0.1.
In this limit the deformation predicted by Hertz theory is already ten
percent of the asperity radius. This is in fact independent of 7,: the re-
lative deformation of an asperity is 8,/1, = 4;2]@' This supports our
hypothesis that deformation of asperities plays a significant role, even
for the stiffest gels used. The less stiff gels are easier to deform or flatten
and therefore give an even larger drop in the friction coefficient in the
second regime. This estimation gives a clear suggestion of the physical
mechanisms behind the asperity flattening. However, it does not in-
clude the height of the asperities which can not be estimated from the
cryo-SEM images. The spatial variability of the pressure in the Hertz
solution, a possible deviation from incompressibility and deformation
coupling between asperities have been omitted from the estimation for
simplicity. Recently it was found in “Gemini” hydrogel pairs, that an
increase in normal force leads to a decrease in friction in the speed
independent regime [18]. Hertzian contact mechanical behavior was
observed for these hydrogels and the contact area, friction coefficient
and normal force were found to be directly related to one another (u
Fx'/?). As we have shown here, Hertzian behavior alone would not
suffice to accurately describe the two distinct regimes observed in
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hydrogel friction with our rough substrates.
4. Conclusions

Friction on soft substrates is influenced by many factors including
surface properties such as roughness, and bulk properties such as the
elasticity. We measure friction on a range of patterned hydrogels with
different chemical compositions using a customized tribotool. The
frictional dynamics observed are strongly normal force dependent in
our soft lubricated contacts. When increasing the normal force, a drop
in friction coefficient is found, defining two distinct frictional regimes.
The first frictional regime is sensitive to the nature and the length scale
of the asperities (synthetic or naturally occurring) on the hydrogel
surface. The friction coefficient in the second regime appears to be a
material property. For samples made of the same polymeric materials,
we find that lower Young's moduli lead to lower friction in both regimes
regardless of the surface roughness. The decrease in friction coefficient
is likely to be induced by the deformation of the soft surface asperities
leading to a smoother surface. In the second regime, dissipative dy-
namics are determined by other bulk or surface properties.

The experimental tribology method described here enables to ex-
plore the complexity behind lubricated hydrogel-hydrogel friction over
a wide range of material types, surface characteristics and lubricants. It
is evident from our results that both hydrogel material properties and
the topography of the surface are of importance when rationally de-
signing surfaces with specific frictional properties. Our observations
clarified the role of substrate hardness and surface asperities even in
seemingly smooth surfaces. The regularly patterned hydrogel surfaces
that we introduced point towards hydrogels as being perfect candidates
for different applications when low friction coefficients and easily ac-
cessible control parameters are desired. These patterned materials can
ultimately be used for applications such as biomedical devices or food
materials with specific textural features.
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