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Hydrogels can be easily modified to have a particular surface roughness. This modularity in hydrogels is an
important feature, as roughness affects friction. Here, we systematically vary the surface morphology by sepa
rately altering the height, diameter and distance between surface asperities shaped as cylindrical pillars. Using a
custom- made 3D-printed tribometer, we show that slender pillars conjure a higher friction coefficient, which we
attribute to their bending and hence larger exposed contact area. In contrast, we measure low friction coefficients
when the small diameter of asperities or their sparse presence on the surfaces reduces the total effective sliding
contact area. We investigate two surface patterns with different spatial symmetry and demonstrate that the
mechanisms behind probe-pillar friction depend on the spatial location of the pillars on the surface with respect
to the sliding path. Our findings provide a path towards optimization of frictional properties of soft hydrogel
surfaces.

1. Introduction
The investigation of hydrogel friction is of great importance in part
due to the possibility to emulate frictional processes related to the
human body. Hydrogels are suitable for a large range of applications in
the field of biomedical engineering, soft robotics and food science. Using
hydrogels as surface materials, tribologists have been able to mimic the
friction related to cartilage, [1,2] skin, [3,4] and the oral surfaces in the
mouth. [5] There are several advantages relevant to biomimetic appli
cations when using hydrogels: Hydrogels are biocompatible and biode
gradable and their viscoelastic properties as well as their surface
properties can be readily modified. The challenge in studying hydrogel
friction is that hydrogels often do not follow classic frictional laws, such
as Amontons-Coulombs laws, that dictate that the friction coefficient is
unaffected by changes in the contact area. [6,7–13] Instead, most
hydrogels do provide contact area-dependent frictional behavior.
This difference in frictional behavior between hard sliding surfaces
and soft sliding sur- faces makes hydrogel friction complex to fully grasp.
This complexity is partly due to the fact that hydrogels consist of a
crosslinked polymer network that exhibits complex behavior as a result
of various parameters. For example, the high water binding ability of
certain polymers provides a hydrated state of polymer brushes on the

hydrogel surface. These polymer brushes form a flexible and lubricious
“barrier” between the two opposing surfaces which can lead to friction
coefficients of as low as 10− 3. [14–16] It has been shown that the friction
behavior of these polymer brushes depends on the polymer length, [17]
sliding veloc- ity, [17] polymer brush density [18] and load. [19] The
polymers present at the surface thus act as efficient lubrication en
hancers by decreasing the effective contact between the surfaces while
remaining hydrated. Another method to control the effective contact
area is by means of asperities on the surface. Nano or micro-sized as
perities present on the surface of hydro- gels have been shown to
strongly influence the specific frictional response observed. [13,20–22]
The frictional behavior is often load-dependent, as these surface asper
ities deform under a certain applied load, which changes the specific
contact area. In particular cases, also the adhesion between the surfaces
in contact is affected. [23,24] The specific roughness of the surface thus
has a large effect on the frictional response. Rationally designing the
hydrogel surface structure, therefore, provides opportunities to tune the
frictional behavior, which can be used to create materials with
tailor-made properties and specific engineering applications.
Such recent findings have indicated that the contact area between
the surfaces is mainly responsible for the friction coefficient. Although a
large number of studies relate the friction coefficient of hydrogel-
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hydrogel systems to the contact area, limited studies discuss the direct
impact of the specific characteristics of the surface asperities (rough
ness). In many studies relating the roughness of a hydrogel surface to its
frictional properties, the morphology of the surface is changed using
sandblasting, [13] molded against materials with different degrees of
roughness, [18] or surfaces are rubbed against sandpaper. [25,26] In
such cases, the surface rough- ness is often described as the average
roughness (Ra) based on the peaks and valleys.
Using rough hydrogels obtained by means of sandblasting (Ra
0.04–21 µm) against flat glass substrates, Yashima et al., displayed that
the frictional stress tends to increase with increasing roughness at low
velocities, in the contact or boundary regime. [13] The increase in
friction was attributed to differences in wetting and water drainage
between smooth and rough surfaces leading to different actual contact
areas. The contact area also appeared to be the main contributor to the
friction coefficient in the study published by Tominaga et al., who per
formed a study in which smooth hydrogels were slid against rough (Ra
20, 80, 100 and 1000 nm) glass surfaces submerged in water. This study
showed that for Ra values below 100 nm, the friction coefficient
increased with the surface roughness at low velocities due to the in
crease in the contact area between the two surfaces. This effect of the
contact area was further highlighted in a study using polyvinyl alcohol
(PVA) hydrogels against several sliding surfaces including metals, glass
and plastics. [27] This study showed that the friction coefficient of a
rough surface is higher than that of a smooth surface due to increased
surface area. The effect of contact area was also suggested in a study by
Simic and co-workers. [28] How surface roughness influences the fric
tion coefficient of hydrogels was also presented in our previous work
where rough sandpaper was used to provide hydrogel surfaces with
asper- ities ranging from 8 to 200 µm. [22] We showed that a small grit
size (small, dense asperities) generated higher friction coefficients than
a large grit size (large, sparse asperities).
All these studies strongly indicate that a smaller contact area gen
erates lower friction co- efficients for hydrogels. However, in most (or
all) of these studies, the surface morphology was randomly rough, as the
methodologies used, such as sandpaper molding or sandblasting, do not
provide a morphology with defined asperity dimensions. While rough
ness remains challenging to specify satisfactorily, [29] it still remains
unclear which easily tunable rough- ness parameters (e.g. asperity
height, diameter, spacing between asperities) has the largest impact on
hydrogel-hydrogel friction. More knowledge of the relationship between
specific aspects of the hydrogel surface structure and the friction coef
ficient is essential to designing hydrogel surfaces with specific frictional
properties and applications.
One of the few studies that controlled one of the dimensions showed
that in the case of polydimethylsiloxane (PDMS), the friction coefficient
increased slightly with increasing as- perity height and increasing
asperity number under lubricated conditions. [30] However, these
conclusions were based on a comparison using only three different
sliding surfaces which gives limited insight into the most important
roughness parameters. In a more recent study using PDMS surfaces, it
was shown that the friction coefficient increases with increasing pil- lar
density. [31] Unfortunately, the effect of changing pillar height and
diameter was discussed to a limited extent. The aforementioned studies
do indicate that the individual roughness parameters play an important
role in the friction behavior of soft materials.
In the present work, we aim to uncover the influence of different
individual roughness pa-rameters on the friction coefficient of two
hydrogels in contact, by changing the roughness parameters separately.
To achieve our main objective, we cover the hydrogel surface with
micro-asperities in the form of well-defined cylindrical pillars that have
a variable height, diameter and spatial distribution. We display how
pillar height, diameter and pillar distance influence the friction coeffi
cient of soft hydrogels. To this extent, we specifically focus on the
boundary (contact) regime where surface roughness is expected to have
the largest effect.

Additionally, we vary the type of surface pattern formed by the pil
lars on the surface by using a square lattice and a star-type or radial
pattern. Here, we use the term “surface morphology” when discussing
the properties of the asperities on the surface (height, diam- eter, dis
tance). The different structures formed by the collective pillars on the
surface are referred to as the “pattern” on the surface. As the focus of the
current study is purely on the effect of the hydrogel morphology and
pattern, we keep other parameters that may influence hydrogel friction
constant, including material hardness, velocity and normal force. [13,
32–34].
To measure the friction coefficients of these hydrogels in contact, we
use a custom-made 3D-printed tribometer [22,35] specifically designed
to measure the friction coefficient between hydrogel surfaces. This de
vice slides a hemi-spherical probe against a disk-shaped substrate. This
type of contact between a hemisphere and a flat substrate can be
considered similar to the motion of a fingertip or a tongue against a
flat/patterned surface.
Using the 3D printed tribometer, we present a systematic exploration
of the effect of the surface morphology and surface patterning on the
friction coefficient. For the patterned hy- drogels in contact, asperity
height, diameter and spacing all influence the friction coefficient in a
unique manner, which can be contributed to three main factors. Firstly,
we discuss the effect of the flexibility of the pillars (aspect ratio) due to a
change in pillar height. Secondly, the effect of the contact area between
the probe and the surface pillars is discussed by chang-ing pillar diam
eter and distance. Lastly, we show that the effective contact area is not
only driven by the presence of pillars on the surface, but also by their
ability to keep the probe from contacting the surface base. The results
presented show that low friction coefficients are obtained when the
contact area (diameter and spacing), the bending ability of the pillars
(height) and the contact between the probe and the flat hydrogel base
are limited.
The work presented here is thus of importance to the field of
hydrogel tribology as it highlights:
1. The importance of surface roughness in hydrogel-hydrogel friction
2. The effect of the individual roughness parameters (height, diameter,
spacing on the friction coefficient)
3. The effect of specific surface design e.g. square lattice or radial
pattern on the friction coefficient
4. Methods to tailor a hydrogel surface to specific (bio) tribological
needs (high or low friction)
We aim to present a systematic study of textured biotribological
surfaces. However, as the height, diameter and density of the pillars used
here are similar to the height, diameter and density of the tongue
papillae, [36] the results presented here may be used as a reference for
oral lubrication. Additionally, the asperity sizes used here also show
resemblance to several recently developed biomimetic robotic grippers
where friction control is often of high importance., [37,38].
2. Experimental section
2.1. Hydrogel tribopair preparation
Hydrogel probes and substrates were made using 15 wt% porcine
skin gelatin (Sigma-Aldrich) according to a method presented in our
previous work. [22] In short, we used 3D-printed molds to make nega
tive rubber molds (Moldstar 20 T, Smooth-On). The gelatin solution was
poured into negative rubber molds to obtain hydrogel surfaces with
similar surface asperities as the 3D-printed samples. The method used is
shown schematically in Fig. 1. Using X-ray tomography, we have pre
viously shown that we can successfully obtain pillars as small as 50 µm
of the desired (3D designed) asperity size on a hydrogel surface with this
patterning method. [22].
After samples were stiffened by cooling the gels down at 4 ◦ C and
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Fig. 1. Top: method to obtain patterned gelatin surfaces; see text for details. Bottom: Resulting physically crosslinked hydrogel surface (prior to chemical crosslinking). A mi- croscopy image of the top of the pillars and a regular photograph are shown as an example. The black line spacing on the ruler is 1 mm.

gently removed from the mold with a spatula, we obtained hydrogels
with varying surface structures. The surface structures include pillars
varying in height, diameter, spacing and pattern type. Solidified samples
were chemically cross-linked using a 10 times diluted solution of
glutaraldehyde (50% in water, Sigma-Aldrich) as a cross-linking agent.
The disk-shaped samples were 86 mm in diameter and 10 mm in height.
The hemi-spherical hydrogel probe was 20 mm in diameter.

normal forces. With this selection of gap sizes we ensure that normal
forces up until at least 0.2 N are obtained as that is the maximum normal
force used for the data presented here. This cut-off normal force is
determined by the normal force at which we observe a transition to
another frictional regime, which is assumed to be related to the flat
tening of the naturally occurring asperities on the hydrogel surface. [22]
Friction coefficients are obtained by performing two rotations each. This
is repeated at five different gap sizes to obtain a range of normal forces
as previously mentioned. The same experiment is carried out with two
different tribopairs (e.g. two different probes and substrates with the
same roughness). The mean values and the standard deviations (error
bars) we report are thus based on a total of 20 rotational measurements,
with 10 rotations using each of the tribopairs. All measurement points
reflect the average value and standard deviation. When the error bars
are not visible, the standard deviation is very low and smaller than the
symbol size. After each measurement, the clamps (Fig. 2) are removed
and the hydrogel disk is removed from the measuring container. The
hemispherical probe is ejected from the measuring arm by blowing
compressed air into a specifically designed hole (approx. 500 µm in
diameter) in the measuring arm above the probe.

2.2. Frictional measurements using a gel-on-gel tribometer
To measure the friction coefficient, a customized gel-on-gel rheotribometer (Fig. 2) was used. Technical details on this device were
described in previously published work. [22] The hemi-spherical probe
is inserted into the 30 mm long arm, attached to a rheometer (Anton
Paar MCR 501) which we used to measure hydrogel-hydrogel friction in
a gap-controlled manner. In gap control, we move the hemispherical
probe at a fixed height with respect to the center of the substrate support
surface. Due to small experimental misalignments and variations in the
thickness of the substrate itself, the distance between the hemispherical
probe and the substrate will depend on the rotation angle.
The tribological measurements were carried out at speeds of 0.005
revolutions per second (rps) or a frequency of 0.005 Hz, which corre
sponds to 1 mm/s. We use five different gap sizes to obtain a range of

Fig. 2. Schematic cross-sectional view of the gel-on-gel tribometer. The probe diameter is 2 cm; substrate disks have a diameter of 86 cm. The rheometer records the
normal force (FN) and the torque (τ). The measuring container has a height (z) of 10 cm. Measurements are performed under fully submerged conditions at ambient
temperature.
3

R.E.D. Rudge et al.

Tribology International 174 (2022) 107694

2.3. Processing the tribological data

Table 1
An overview of the different asperity parameters for the patterned substrates
used in this study. We describe the patterned surfaces in terms of asperity height,
diameter (width), center-to-center distance and edge-to-edge distance.

Due to the irregular surface of the hydrogels, the obtained data has a
strong angular dis- placement dependence that affects the slope in an FF
vs FN plot (Fig. 3a). These data points display a certain degree of noise
due to the naturally occurring height differences on the hydrogel sur
face. To obtain the smoothened data in Fig. 3b, We group the data ob
tained in Fig. 3 into 50 sections (bins) based on the normal force range.
This gives a better overview of the obtained data. We verified that using
this moving average smoothing gave only minor changes in the torque
and normal forces. This can be seen when comparing the results in
Fig. 3a to Fig. 3b.
The normal force and torque values obtained, were used to calculate
friction coefficients as µ = FF /FN and FF = τ /R with FF the friction force
and τ the torque and R, the arm length, of 3 cm. The friction coefficient
was calculated from the slope of the linear FF vs FN plots (Fig. 3c). We use
this 3D-printed gel-on-gel tribometer to measure the friction coefficient
of patterned hydrogels with different asperity sizes. The ranges in height
(H), diameter (D) and distance or space between the pillar centres (S)
used, are shown in Table 1.

Height
Series
Diameter
Series
Distance
Series

Radial
pattern

3. Results and discussion
In this study, we measured the friction coefficient for a smooth hemispherical hydrogel probe sliding against a hydrogel substrate. The
hydrogel substrate was designed to have cylindrical pillars on the sur
face to alter the surface roughness.
To investigate how the surface roughness affects the friction coeffi
cient of two hydrogels in contact, we use micron-sized pillars with
controlled height (H), diameter (D) and distance or spacing (S) between
the center of the pillars. The cylindrical surface pillars have a flat top and
are ordered on a square lattice unless specified otherwise. A schematic
representation of the probe, the substrate, the pillars on the substrate as
well as the relevant parameters (H, D and S) are represented in Fig. 4.

Height

Diameter
(µm)

Distance (centerto-center, µm)

Distance (edgeto-edge, µm)

250
500
1000
1500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

500
500
500
500
250
500
750
900
500
500
500
500
500
500
500
500
500
500

1000
1000
1000
1000
1000
1000
1000
1000
555
600
750
1000
1500
2000
1700
3500
16,000
310,000

500
500
500
500
750
500
250
100
55
100
250
500
1000
1500
1200
3000
15,500
30,500

Fig. 4. A schematic view of the hydrogel probe and substrate interaction. The
height, diameter and (center-to-center) spacing of the pillars are represented
conceptually.

3.1. Asperity height: flexible beams as barriers

heights, the increase in friction coefficients is likely due to other factors
than the actual surface area. An increase in friction coefficient with
pillar height was also found using soft polymer surfaces with nanopatterned asperities [39] and micro-patterned asperities. [30].
In a soft substrate tribology experiment, it is in general rather chal
lenging to disentangle the role of asperity or substrate deformation on
the ratio of shear and normal stresses. This is the case because one
cannot independently control (or even measure) the relevant.
variables such as probe and substrate deformation and effective gap
size. We can, however, hypothesize a mechanism for the enhancement of

Using a custom-made gel-on-gel tribometer, [22] we first investigate
the effect of pillar height on the friction coefficient. We find that the
presence of short pillars (250 µm) on the hydrogel surface leads to
similar friction coefficients as found for a smooth, unpatterned (u)
gelatin surface (µu = 0.31, µH250 = 0.32).
With taller pillars (500, 1000 and 1500 µm in height) present on the
surface, we find an increase in friction coefficient, which reaches a
maximum of almost 0.5 for pillars that are 1500 µm in height as shown
in Fig. 5. As the top surface area of the pillars is the same for all pillar

Fig. 3. a) Raw torque and normal force signals measured during rotation. The different colors show different intervals. b) The same torque and normal force values as
shown in (a) after smoothing the data. c) Friction force against normal force, from which the friction coefficient is determined.
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3.2. Asperity diameter: the effect of contact area
To study the effect of contact area on the friction coefficient of two
hydrogels in contact, we vary the diameter, D, from 500 µm to a lower
value of 250 µm and higher values of 1000 and 1500 µm.
By varying the pillar diameter while keeping S constant, we inves
tigate both the effect of deformation (due to differences in aspect ratio)
and the effect of the contact area. In these experiments, we keep the
height and interpillar distance constant at 500 µm and 1000 µm,
respectively. As shown in Fig. 7, we find that increasing the D increases
the friction coefficient. The increase is small, but given the small error
bar on all data of about ± 5% and the overall increase of about + 30%,
we conclude there is a significant effect. The values obtained for di
ameters of 500 µm and larger are all higher than values obtained for a
flat, unpatterned gelatin substrate (µf = 0.31).
The increase in friction coefficient observed when we increase the
pillar diameter, is likely caused by the increased contact area from
0.05 mm2 for the narrower pillars to 0.64 mm2 for the widest pillars. A
13-fold increase in contact area thus gives an increase in friction coef
ficient from 0.27 to 0.36. Such an increase with contact area is similar to
trends seen for dry, solid surfaces [44] and for soft surfaces. [45].
However, the range of friction coefficients obtained by increasing the
diameter is relatively small, and the friction coefficient does not reach
values over 0.36. The increase in friction observed when increasing the
pillar diameter is lower than the ones observed in Fig. 5, which shows
the effect of pillar height. This indicates that effective contact area alone
is perhaps not enough to explain the relatively high friction coefficient
observed when increasing the pillar height. This would confirm our
hypothesis that bending events also contribute to the high friction co
efficients observed here.
When we increase the pillar diameter, we also strongly decrease the
ability of a pillar to bend, as δ scales with D4. The maximum degree of
deflection of a pillar with a diameter of 250 µm is then 16 times larger
than that of a pillar with a diameter of 500 µm. While varying D, we find
that the asperities with the larger deflection give lower friction, as
opposed to the trend observed with the H variation. The much slender
bending pillars apparently do not contribute as much to an increase in
contact area: their smaller radius results in a smaller contact area, even
when strongly bent. We suggest that pillar bending changes friction and
that the bending-related effect is diameter dependent: large pillar di
ameters increase the contact area to great extent and give an increase in
friction as observed in Fig. 5, while slender pillars create a much lower
effective surface area while bending, and therefore have limited influ
ence on the friction coefficient. In addition, the force required to bend
wider pillars is also larger than for slender pillars, which may also

Fig. 5. Friction coefficients of hydrogel-hydrogel friction with patterned sub
strates at 1 mm/s. Pillar height variation is 250–1500 µm. The blue dashed line
represents the average friction coefficient of an unpatterned gelatin hydrogel.

friction for taller pillars. The relatively high friction coefficients for tall
pillars may be due to the forces associated with the bending of the pil
lars. The bending ability of the pillars depends on the aspect ratio
(width:height) of the pillars. As the width of the pillars is the same
(500 µm), short pillars thus bend less than tall pillars under the same
shear force. The extent to which the pillars can bend by the sliding or
friction force (FF) of the probe can be estimated by Euler Bernoulli
bending theories, which describe how the height (H), diameter (D) and
second moment of area (I) of a beam influence the maximum deflection
(δ): assuming one beam end fixed and one end free, δ = FF H3/3EI with E
the Young’s modulus and I = πD4/4 (schematically shown in Fig. 6).
[40–42] Beam bending is non-linearly dependent on H and D and hence
the quantitative accuracy of our statements is limited. The potential
mechanisms behind elastic beam bending in the case of soft hydrogel
friction was recently thoroughly described by Peng et al. [43] Note that
the complete treatment of the problem requires considering the third
dimension including sideways bending of a pillar touching the hemi
spherical probe off-center. Additionally, the elastic deformation of the
hemispherical probe also affects the beam-probe interaction. A precise
calculation of soft pillar bending is thus complex, and not within the
scope of our work. We can, however, make a simple estimation of the
order of magnitude of bending to gain insight in the bending probability
of the pillars of different heights. For the small H500 pillars, the deflec
tion is estimated to be of the order of 20 µm. Pillars that are three times
larger in height (e.g. H1500 compared to H500) would show a 30-fold
increase in deflection δ at the same applied force. The much larger
deflection of the tallest pillars makes that the side of the pillars also
comes in direct contact with the probe, and the increased contact area
may also increase the friction coefficient. This, together with the
increased energy required to bend the taller pillars (that is not entirely
recovered upon its return to unbent shape) would explain the higher
friction coefficients for H1500 compared to H500.

Fig. 6. A schematic depiction of the pillar bending mechanism as caused by the
contacting probe. The parameters used to estimate the deflection angle δ of the
pillar are indicated.

Fig. 7. Friction coefficients of patterned surfaces with surface pillars varying in
diameter from 250 µm to 900 µm. The blue line represents the friction coeffi
cient of an unpatterned gelatin surface.
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influence the friction coefficient. For the largest diameter used here, on
average a decrease in the friction coefficient is observed. As the diameter
increases, the edge-to-edge distance decreases and the pillar edges are
closer to one another. At small enough distances the pillars will be in full
contact and the hydrogel will eventually become ’unpatterned’ again.
This explains why the friction coefficient of the sample with pillars of the
largest diameter decreases and approaches that of the unpatterned
hydrogel.

coefficient, as bending would lead to more probe resistance and higher
friction forces due to contact area enhancement, as described above. The
results indicate that even for higher loads per pillar (easier bending) in
the case of larger pillar distance, friction coefficients are still lower than
for lower loads per pillar. This confirms that in this case, changes in
contact area influence the friction coefficient more than bending events.
3.4. Friction coefficient and contact area
The results obtained using hydrogel surfaces with asperities varying
in diameter and inter- pillar spacing suggest that the frictional behavior
of soft hydrogels is mostly determined by the net contact area of the
surface pillars. In previous sections, we schematically depicted the upper
surface of the hydrogel pillars as a flat surface. It should be noted,
however, that even the visually flat hydrogel surface does consist of
microscale asperities (< 2 µm). [22] The microscale asperities on the
hydrogel substrate (top of the pillars) and on the hydrogel probe, are in
the same order of magnitude, and as such, asperity interlocking may
occur. This interlocking mechanism is expected to play a larger role
when the contact area is larger and is known to cause an increase in the
friction coefficient, as the motion of the probe is hindered. [48,49].
In the current section, we examine the influence of interlocking as
perities that is often observed with an increase in the contact area and
how this influences the friction coefficient We compare the previously
discussed data of hydrogel surfaces with varying asperity diameter and
spacing (Figs. 7 and 8, respectively). These surfaces have the same range
of contact areas, but a different surface morphology, due to a different
number of pillars per mm2, and the comparison is shown in Fig. 9. These
sets are the samples varying in pillar diameter, D, (blue squares) and
varying in space between the pillars, S, (black circles).
In Fig. 9, we observe that the friction coefficient increases with
contact area for both the space (S) and diameter (D) series. However, the
data from the D variation experiment show higher friction coefficients
(0.25–0.4) than the samples varying in spacing, S (0.2–0.35) for the
same range of contact areas (Fig. 9). Friction coefficients are therefore
not only determined by contact area. The total number of asperities
appears to be relevant as well: reducing the total surface area by
increasing the space between the asperities and keeping the pillar
diameter constant, is more effective in reducing µ than a reduction in
pillar diameter, while keeping the number of pillars constant. DegrandiContraires et al., experimentally investigated the effect of pillar density
and contact area on the friction force. The authors found that the friction
force increases with increasing diameter. For an eight-fold increase in
the diameter (from 1 µm to 8 µm), the friction force increases from a
minimum of 50 µN to 10 mN while the pillar spacing was shown to have

3.3. Pillar density: contact area and number of physical barriers
We can also change the contact area by changing the pillar-to-pillar
(center-to-center) dis- tance S at constant D and H values. We do so by
placing the pillars further away from one another while keeping the
same contact area per pillar, decreasing the pillar density. The space
between the centers of the pillars ranged from 555 to 2000 µm. The
smallest spacing used here thus gives a distance of 55 µm between the
edges of the pillars. This small distance is close to the smallest size our
printer can provide, which means the distance may be larger or the
pillars may actually be fully in contact. This is why we also use a surface
with a 600 µm distance between the pillars as a more reliable sample.
The largest distance used here is similar to the estimated diameter of the
contact area between the probe and a (flat) sub- strate (1.7 mm). Pillar
height and width were both kept constant at 500 µm. The number of
pillars ranged from 0.2 pillars/mm2 for the pillars with the largest dis
tance between the pillars to 3.25 pillars/mm2 for the patterned surfaces
with the smallest distance between the pillars. We find that larger
spacing of the pillars (lower contact area and lower pillar density) gives
lower friction coefficients (Fig. 8). This is opposite to what was observed
by Taylor et al., [31] using PDMS surfaces likely due to the strong
adhesion between PDMS surfaces, [46] which is absent for (fully sub
merged) hydrogel surfaces. [47].
In the case of smaller interpillar distance and thus high pillar den
sities and large contact areas, high friction coefficients are found, in
agreement with the results shown in Fig. 7. As already discussed, sam
ples with high pillar density and thus larger contact areas, give similar
friction coefficients as the native gelatin surfaces without pillars with
values around 0.31, which is likely due to similarities in the total contact
area.
It has to be noted that due to the changing number of pillars, also the
shear load distri- bution per pillar changes. The pillars on the surfaces
with a low pillar density will have to sustain a higher load per pillar
which increases the likelihood of pillar bending.
This bending could have an additional effect on the friction

Fig. 9. Friction coefficients of hydrogel-hydrogel friction with patterned sub
strates as function of the contact area of the surface asperities. Substrates are
decorated with pillars either differing in pillar diameter, D, or in space, S, be
tween the pillars.

Fig. 8. Friction coefficients of patterned surfaces varying in center-to-center
distance be- tween the pillars from 555 µm to 2000 µm. The blue dashed line
indicates the friction coefficient for unpatterned or flat gelatin.
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constantly in contact with pillars for the patterns where the distance
between the pillars is smaller than 4.9 mm. The probe is then not able to
be inserted between two pillars and would not contact the substrate base
(e.g. the flat substrate) between the pillars. The effect of the pillar
spacing is displayed in Fig. 11. A smaller distance between the pillars
than 4.9 mm corresponds with a higher contact area and a lower probe
insertion. A larger distance than 4.9 mm corresponds to a lower contact
area with the pillars, but a larger contact area with the base between the
pillars. The overall friction coefficient thus appears to be a sum of the
total contact area of the asperities (CA) and the contact area of the base
(CB). The contact area of the base is related to the effective asperity
height (HE). When the probe is unable to contact the substrate base
(insertion of probe < HE), the contribution of CB is thus negligible. The
hydrogel with 3.6 mm between the lines of pillars has a smaller contact
area and fewer pillar contact points, but also a larger probe insertion.
When the probe insertion is larger than HE. and additional contact with
the base, i.e. CB, is created. The larger insertion thus leads to higher
friction coefficients. For the samples with a larger distance between the
lines of pillars (e.g. 17 and 31 mm), the insertions is much larger than
HE, and CB becomes larger. This probe-base contact increases the fric
tion coefficient.
The distance between the pillars, the contact area and probe inser
tion are all directly related to one another. In previous sections, we
found an increase in the friction coefficient with increasing contact area.
For these radial patterns, it is most likely that the increase in friction
coefficient with decreasing contact area is caused by an additional
contact due to probe insertion.
An important aspect is thus the direct contact of the hemi-spherical
probe contact area here, which is of the order of 1–2 mm. When the
pillar spacing is 1.7 mm, the probe remains in contact with pillars while
essentially sliding directly from pillar to pillar without touching the
substrate base (the unpatterned space between pillars). This results in
the low frictional values measured for densely packed pillars compared
to pillars with larger distances between them. At larger distances be
tween pillars of the star pattern, when there are fewer rows of pillars, the
probe starts to contact the substrate base more frequently than it touches
pillars, and more probe-base contact is obtained. In addition, the probe
also needs to “climb” over the height of an entire pillar and a larger
effective height exists.
The friction coefficients measured for these star patterned surfaces
approach the friction coefficient for the unpatterned hydrogel (blue
dashed line in Fig. 11). This highlights the effect of the substrate con
tacting the hydrogel base for a lower number of pillars, as this closely
resembles the measurements on unpatterned substrates. Lower friction
coefficients for patterned hydrogels are thus found for a minimum

almost no effect on the friction force when PDMS-acrylic (adhesive)
surfaces are used. This is vastly different from the results presented here
for (non-adhesive) hydrogels where both the diameter and spacing
appear to have a similar effect on the friction coefficient. [50] Similar
trends were observed the difference in frictional behavior between
hydrogels and elastomers and the of systematically probing the fric
tional behavior of hydrogels in terms of surface roughness importance
by Taylor et al., where the friction coefficient increased with the pillar
density. [31] This again highlights Thus far, we have identified the
following parameters to contribute to the friction coefficient in our
patterned hydrogels: (I) pillar bending, which affects the net contact
area and requires additional forces, (II) the total contact area and (III)
the number of (micro-)asperities acting as physical barriers.
3.5. Star patterned substrates:contact area and effective pillar height
The reduction of µ with larger spacing cannot go on monotonically
with increasing S: at some point the pillars are spaced so far apart that
the contact area of the hemi-spherical probe (probe diameter 2 cm) at a
given normal force is small enough to fit in between two pillars entirely.
This geometric configuration would increase the friction coefficient due
to increased probe-pillar contact. To test this limit, we designed
patterned surfaces, for which the probe travels over a smaller number of
pillars, and even over one row of pillars at a time. With individual pillarprobe interaction becoming relevant, we need to guarantee that the
probe approaches all the pillars from the same angle. To achieve this, we
designed surfaces with a radial, star-like pattern. This star pattern en
sures that the probe will slide over the symmetrically placed pillars
periodically and with the same collision course (e.g. the angle at which
the probe approaches and collides with the pillar) for every row of pil
lars the probe traverses. An image of the 3D designs used to print the
molds for the stars-shaped pattern is shown in Fig. 10.
The pillars are placed in lines that originate in the center of the
substrate, with specific (angular) distances between each line. The dis
tance between each line at the contact region (3 cm from the center of
the probe) is 1.7, 3.5, 16 or 31 mm, which corresponds to 72, 36, 8 and 4
lines of pillars, respectively. We keep both the diameter and the height of
the pillars constant at 500 µm and the radial distance between the pillars
placed on one line is 1 mm. Also here, the top of the pillar is flat. For
these radial patterns, we find that the friction coefficient decreases with
the number of pillars; a decrease in the friction coefficient is thus related
to an increasing pillar-probe contact area. This is a striking opposite to
what we have seen in the previous section, where we saw an increase in
friction coefficient with an increased contact area for the square patterned surfaces (Fig. 8). To create a better understanding of the effect of
the contact area and the pillar size, we compare the pillar distance (the
variable used here) to the contact area between the probe and the sur
face. To estimate the contact area, Hertzian deformation laws are used as
we previously discussed for hydrogels in contact. [22] As the hydrogels
used here have a modulus of 0.5 MPa and a maximum force of 0.2 N was
applied, we estimate the diameter of the contact area to be 4.9 mm.
At a contact diameter of 4.9 mm, the probe is thus expected to be

Fig. 10. 3D designs of the star-shaped patterns. Hydrogel substrates were made
with 4, 8, 36 and 72 rows of pillars on the surface with distances of 31, 16, 3.5
and 1.7 mm, respectively. The distance between the pillars within the rows
remained constant at 1 mm. The arrow indicates the direction of the motion of
the probe.

Fig. 11. Frictional behavior of hydrogel substrates pattered with a radial
pattern as a function of the distance between the lines of pillars. Dashed line
indicates the frictional value for unpatterned gelatin-gelatin friction.
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number of pillars, which depends on the size of the probe, and the height
of the pillars. Additionally, it should be noted that the substrate pattern
is organized such that the hemi-spherical probe always moves orthog
onally over a row of pillars. For the square pillar pattern, the pillar-probe
interaction is much more path-specific. The effective reduction of fric
tion of already four radial lines of pillars may point towards the rele
vance of a collision course on the friction coefficient.

contributes to the total friction coefficient. Our observations strongly
suggest that the high values measured for 4 lines of pillars are due to a
larger net height of the physical barrier, i.e from the base to the top of
the pillar that the probe needs to overcome when sliding over the row of
pillars, as the probe insertion becomes larger for fewer pillars. Several
studies, including a study by Zhang and co-workers using atomic force
microscopy and a colloidal probe, indeed showed that such “collision”
events between the probe and the surface pillars are responsible for the
high friction [51,52] and, as also seen here, while contact with multiple
pillars at the same time led to low friction. During such a collision event,
when the probe transitions from base contact to contacting a pillar, an
increase in the contact area occurs as the probe now contacts both the
substrate base and the pillar side. Currently, however, it is not entirely
obvious how the bending of an elastic pillar can contribute to dissipa
tion. Even for sliding on corrugated atomic lattices, it is challenging to
identify such dissipation mechanisms. [53] One pillar-induced dissipa
tion mechanism can be via the sudden detachment of a bent pillar from
the moving probe; this is likely an abrupt process in which the bending
energy stored in the pillar is lost via viscoelastic damping effects that
only occur at large strain rates. Nevertheless the results we show here
provide an initial display of how the average friction coefficient of a
specific sample, is composed of the friction coefficients of every single
asperity.

3.6. Single pillar friction coefficient
For our patterned hydrogel surfaces we find that a larger effective
height of a pillar (e.g. from the base over an entire pillar rather than
sliding from pillar top to pillar top), the higher overall friction coeffi
cient is measured. We observed this using both the tall pillars and short
pillars where tall pillars gave higher friction coefficients than short
pillars and the star pattern discussed in the previous section. To better
understand the effect of the friction coefficient at specific locations on
the substrate, for example during probe-pillar contact or during probebase contact, we plot the friction coefficient during an entire measure
ment as a function of the deflection angle.
For all of the samples, we see distinct peaks in the friction coefficient
during the rotation. (Fig. 12) The progression of this graph displays an
increasing number of sharp peaks as the number of rows (barriers) in
creases. For the 72-row substrate, the sampling of the torque and normal
force signal by the rheometer becomes too slow to distinguish individual
peaks. Additionally, as our measurements are gap controlled, the probe
is not always in contact with the surface due to natural height variations
on the hydrogel surface. We see this in Fig. 12 as the torque occasionally
drops to values of zero, indicating little or no contact between the probe
and the substrate.
It can be seen that the maximum friction coefficients of the hydrogel
surface with 72 lines of pillars are lower than the peaks of the pattern
with 4 lines. This shows how the friction coefficient of individual pillars

3.7. A matter of morphology
With the results presented here, we have seen low friction co
efficients when the distance between substrate pillar-shaped asperities is
large and the contact area between the pillars and the probe is low,
providing that the probe does not touch the hydrogel base. We find high
friction coefficients when the number of pillars is high leading to large
contact areas (Fig. 8). The effect of such moderate contact areas
compared to larger contact areas was recently described by Zhou et al.,

Fig. 12. The friction coefficient as a function of deflection angle for the star-pattern with 4, 8, 36 and 72 lines of pillars during one full rotation of the probe alongside
the substrate. The peaks in the graphs indicate that the probe is sliding over a pillar. The results shown here are obtained by performing two rotations on the same
hydrogel pairs. As the rotations occur in the same position on the hydrogel substrate, the values for both rotations overlap.
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in a “frictional model” where asperity interlocking and surface defor
mation were described as the main factors contributing to an increase in
hydrogel friction. [54] For our hydrogels, we also find higher friction
coefficients when the number of pillars is too low. This was observed for
the star-shaped pattern with four rows of pillars in Fig. 11. The increase
in friction can be attributed to probe-base contact due to a large distance
between the pillars, as well as collisions between the side of the probe
and the side of the pillar prior to “climbing” over the pillars.
We summarize these findings in Fig. 13 where we have combined the
results of Fig. 8 and Fig. 11 and we have added a schematic represen
tation of the various types of contact described here. In this figure, we
see that an optimum (low) friction coefficient exists when the pillars are
at sufficient distance to create moderate contact areas while avoiding
base contact.
In Fig. 13, we also observe that low friction coefficients are expected
when the effective pillar height is low enough to keep the influence of
bending events limited, and when the number of pillars acting as
physical barriers is relatively small. These results demonstrate the
impact of the surface morphology (asperity height, distance, and
diameter) on the frictional properties of soft materials. Limited contact
between the probe and substrate, and a low number of pillars acting as
physical barriers as well as limited insertion of the probe between the
asperities seem crucial to obtaining low friction coefficients.
Based on the systematic study presented here we can thus differen
tiate between three ways in which asperities influence the friction co
efficient. (I) An optimum (low friction coefficient) is found when the
number of pillars (contact area) is low, while still maintaining constant
contact between the probe and the pillar thus preventing probe-base
contact. (II) The friction coefficient increases when the contact area is
high. This is either due to a large pillar diameter, small interpillar dis
tance or due to enhanced contact with the side of the pillar, caused by
bending of the pillars.
(III) The friction coefficient also increases when the distance between
the pillars is too large and the probe is able to enter the space between
the pillars. The probe may then contact the base and has to climb over
the entire pillar, leading to a large effective asperity height as was

previously shown in Fig. 13. To obtain the interpretation presented here,
we neglect any pillar-pillar interactions that may occur, [55,56] for
example through the substrate deformation during pillar bending or
compression while the substrate is in contact with the probe.
Our results support several recent publications which describe the
importance of surface morphology on various types of hydrogel surfaces.
[57] These surfaces include tunable acry- lamide surfaces where
micellar-like surface structures and lamellar structures were studied
[58].
snake skin inspired surfaces [59], and hydrogel surfaces with varying
height or thickness. [60].
In the case of the micellar and lamellar structures [58], also distinct
frictional regimes were observed. Specifically, the lamellar structures,
having periodic ridges, showed a periodic variation in their friction
coefficient, visible as a sudden increase and decrease in the friction
coefficient. This can be compared to the sudden increase in the friction
coefficient observed for the radial-patterned hydrogel surfaces pre
sented in the current work. Such a difference in friction coefficient was
also observed when two different types of “snake skin” patterns were
compared. It was found that patterned surfaces can decrease the friction
coefficient up to 4 times compared to smooth surfaces. [58] For the skin
surfaces it was found that a sur- face consisting of microlenses generated
lower friction coefficients than a surface patterned using a template. As
the roughness of the two surfaces differed in terms of asperity height,
diameter, spacing as well as surface pattern, they did not relate the
difference in friction coefficient to specific roughness parameters
Although these studies highlighted the relevance of surfaces character
istics, they did not discuss the effect of individual roughness parameters.
This further emphasizes the importance of obtaining an enhanced un
derstanding of the role of specific surface roughness parameters on the
friction coefficient as presented here.
4. Conclusions
The impact of the surface morphology (height, diameter and inter
pillar distance) and the overall spatial patterning (square lattice or

Fig. 13. Results of the hydrogels with a square pattern and star pattern combined, together with a schematic view of the proposed frictional mechanisms. The friction
coefficient is displayed as a function of the distance between the (rows of) pillars. The data shown here originate from Figs. 8 and 11. We show the friction coefficient
of an unpatterned gelatin gel by means of a blue dashed line.
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radial pattern)on hydrogel-hydrogel friction was investigated. We
measured the friction coefficient using a custom-made 3D-printed tri
bome- ter. By decoupling the effect of the roughness parameters height,
diameter and spacing, the mechanisms behind changes in the friction
coefficients are uncovered.
It can be concluded that the roughness parameters influence
hydrogel-hydrogel friction in the following manner:
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1. The friction coefficient of patterned hydrogels increases with probepillar contact area (diameter and spacing) and effective pillar height.
2. High friction coefficients are measured when the probe is able to
contact the hydrogel base (large spacing)
3. High friction coefficients are measured when the probe needs to
overcome a large phys- ical barrier by climbing over a pillar while
colliding with the side or top of the pillar (large spacing).
4. The friction coefficient decreases when probe insertion between the
pillars and thus the effective pillar height are low.
5. The lowest friction coefficients are found when the contact area is
limited and the probe can slide directly from one asperity to another
without contacting the hydrogel base between the pillars.
We thus identified contact area, effective pillar height and probebase contact as the main contributors to high friction coefficients in
soft patterned hydrogels. The findings presented here can be used to
either avoid sensitivity to surface structure when such is undesirable, or
to design pillared soft surfaces with controlled frictional behavior that
have applications in medical implants, biomimetic robots and food
materials.
Future work could further explore the effect of the bending and
compression of the elastic surface pillars both theoretically and experi
mentally. Additionally, efforts towards visualizing hydrogel-hydrogel
friction and specifically pillar bending or pillar contact areas are
important research areas in this field. Importantly, the surface designs
presented here related to low or high friction can be used in an applied
setting to achieve specific frictional needs such as gripping (high fric
tion) or low-resistance sliding (low friction).
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