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ABSTRACT: The applications of hydrogels in tissue engineering
as implants have rapidly grown in the last decade. However, the
tribological properties of hydrogels under physiologically relevant
conditions, especially those of textured hydrogels, have remained
largely unknown due to the complexity of their mechanical and
chemical properties. In this study, we experimentally investigated
the tribological properties of micopored poly(2-hydroxyethyl
methacrylate) (pHEMA) with the lateral pore dimensions varied
compared to untextured pHEMA, the most commonly used
hydrogel in ophthalmology, under physiologically relevant
conditions. The pHEMA specimens were slid against a smooth
glass curve under varying loads (6−60 mN, leading to an average
contact pressure of 10−21 kPa) and sliding speeds (1−10 mm/s) in phosphate-buffered saline (pH 7.4) at 33 °C to mimic the
physiological conditions in human eyes. At relatively low loads and sliding speeds (e.g., 6 mN and 1 mm/s), the micopored pHEMA
did not reduce the dissipated frictional energy significantly. However, at relatively high loads and sliding speeds (e.g., 60 mN and 100
mm/s), the micopored pHEMA resulted in significantly lower frictional energy (reduced by up to 68%) dissipation than the
untextured pHEMA. The effect was more pronounced with the micropores with smaller dimensions. These are attributed to the
greater amount and retentivity of the interfacial fluid supported by the free water squeezed out of the micropores with the smaller
dimensions under the higher load and sliding speed. These results suggest that the use of micropore texturing on hydrogels in
practice, such as for ocular applications, can be leveraged to reduce friction and wear under physiological conditions and hence lower
the chance of inflammation near eye implants or keratoprosthesis.
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1. INTRODUCTION

Textured soft polymer materials have been gaining popularity
in biomedical and tissue engineering applications.1−3 Among
all the soft biomaterials, hydrogels, cross-linked polymer
networks in an aqueous solution, have drawn notable attention
in the recent decade. There are many advantages of using
textured soft polymer materials in biomedical engineering
applications, such as implants. Their similarity in mechanical
properties to the human soft tissue (covering most of the
surface on and inside the human body) with the addition of
their biomimicking morphology can effectively improve cell
growth including proliferation and differentiation.4−6 Another
advantage of using hydrogels, such as poly(2-hydroxyethyl
methacrylate) (pHEMA) and poly-(ethylene glycol), is that
their Young’s moduli vary over a large range, that is, from a few
kPa to a few MPa.7−9 Compared to hydrophobic biomaterials
used in tissue engineering, such as polydimethylsiloxane
(PDMS) and polyurethane with Young’s moduli ranging
from a few tens to hundreds of MPa,10,11 hydrogel materials
are soft and, because of their hydrophilicity, promote cell
growth better.

The mechanical properties of hydrogel materials are often
varied by changing their polymer concentration, that is, the
mixing ratio between the polymer and crosslinker.12 The
polymerization of hydrogels is usually initiated thermally by
UV-irradiation or by a redox initiator system.12−14 The
hydrogel surface is then typically textured through soft
lithography such as through molding and imprinting processes
performed during hydrogel polymerization. Although an
increasing number of studies adopted microtexturing on
hydrogel surfaces to manipulate cell growth,3,15,16 the
tribological properties of microtextured hydrogels have not
yet been well explored or understood. As suggested by the
recent study on the tribological properties of micopored
PDMS surfaces under physiological conditions,2 the sliding
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interaction generated between the textured implant surfaces of
soft materials and their biological surroundings can lead to an
increase in friction and, hence, unnecessary or undesirable
tissue wear. This can then eventually lead to superficial tissue
damage to subsequent immune and wound healing responses
along with patients’ pain and discomfort. However, it should
be noted that the soft polymer employed in the previous
studyPDMS2is a hydrophobic material. In many bio-
medical and tissue engineering applications, hydrophilic
polymers such as hydrogels have also been widely used, such
as in ocular applications. Compared to hydrophobic surfaces,
textures on hydrophilic surfaces promote wetting and
hydration.17 Moreover, compared to a nontextured smooth
surface, the textured hydrophilic surfaces can help entrain the
aqueous fluid into the sliding interface for lubrication and
reduce the friction. For example, Etsion reported that
micropore textures on hard materials such as steel could act
as microreservoirs to lubricate the contact interface for
bearing.18−21 However, the tribological properties of soft
textured hydrogel surfaces under physiologically relevant
conditions have not yet been studied and reported in depth.
In this study, we investigate the tribological properties of

microtextured hydrogel surfaces under physiologically relevant
conditions. As for our hydrogel, we test pHEMA, the most
commonly used hydrogel in ophthalmology. pHEMA was the
first hydrogel recorded in the literature in 1960.22 With various
monomers (e.g., polyvinyl pyrrolidone, monofunctional
PDMS, and methacrylic acid) added, pHEMA-based hydrogels
have been studied extensively for the application of contact
lenses and keratoprosthesis in ophthalmology23−25 due to the
biocompatibility and water content (∼40%) of pHEMA.26 As
for the microtextures, we test micropore textures with their
porosity and number density varied, to compare with the
previous work that tested similar micropore textures for the
hydrophobic polymer of PDMS.2 In order to understand the
tribological properties of micopored hydrogel surfaces under

physiologically relevant conditions to ophthalmology, the
coefficient of friction (COF) and the frictional force of both
smooth (no textures) and micopored pHEMA surfaces are
measured in phosphate-buffered saline (PBS, pH 7.4) at 33 °C
in a reciprocating sliding motion (1−10 mm/s, which falls
within the normal range of the average speed of the human
eyelid during the closing and opening phases27,28) against a
hydrophilic glass curve to mimic the blinking of human eyes.
Eyelid contact pressures are relatively low, usually ranging in
1−10 kPa;29−31 we apply a load to achieve contact pressures in
a similar range. The total dissipated frictional energies,
integrated as the friction force over the per-cycle sliding
distance (2 × 10 mm), are compared between smooth and
micopored pHEMA to develop a prediction of potential wear.
Although both COF values and frictional energy are used to
evaluate the tribological properties of the surfaces, the
energetic approach of friction has the advantage of comparing
the tests with varying durations in the dynamic motion, even
when a steady state has not yet been achieved (i.e., under
fretting, oscillatory, or unidirectional sliding conditions).32−34

We use the Hertzian contact theory to estimate the contact
pressure and indentation depth during the tribological
experiment, which are correlated to the measured data.

2. MATERIALS AND METHODS
2.1. Fabrication of Smooth and Microtextured pHEMA

Films. Micopored pHEMA films were fabricated by using a soft
lithography method,2 as illustrated in Figure 1. First, a micropillared
PDMS stamp was prepared by cast molding (Figure 1A) and then
used to create micopored pHEMA films by imprinting (Figure 1B).
The detailed fabrication process is as follows. Ultraviolet (UV)
photolithography (MA6 Mask Aligner, Suss MicroTec SE, Garching,
Germany), followed by deep reactive ion etching (DRIE, Oxford
Plasmalab 100, Oxford Instruments, Abingdon, UK), was first used to
create micopored silicon (Si) molds, which would define the pore
dimensions of the replicated pHEMA films with micropores (Figure
1A, steps 1−4). A self-assembled monolayer of perfluorodecyltri-

Figure 1. Schematic of the fabrication processes of micopored pHEMA films. (A) Preparation of a micropillared PDMS stamp: step 1
photolithography; step 2DRIE of the silicon (Si) substrate; step 3micropore patterns of Si obtained after DRIE; step 4removal of the
photoresist layer; step 5casting of the uncured PDMS solution onto the Si mold; step 6peeling off the solidified PDMS from the Si mold after
curing. (B) Soft lithography process for the fabrication of micopored pHEMA films. (C) Preparation of the pHEMA solution under 1 min pre-UV
light cross-linking.
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chlorosilane (FDTS, Alfa Aesar, Haverhill, MA, USA), as an
antiadhesive layer, was coated onto the Si mold by using molecular
vapor deposition (MVD100E, Applied Microstructures, San Jose, CA,
USA). After the mixture of the uncured PDMS monomer and its
curing agent (10:1 in volume, Sylgard-184, Dow Corning, Midland,
MI, USA) was cast over the FDTS-treated Si mold, the cast PDMS
solution was exposed to vacuum at room temperature for 48 h for
degassing until the PDMS was fully cured (Figure 1A, step 5).
Afterward, the cured PDMS layer was peeled off from the Si mold
(Figure 1A, step 6).
As for the pHEMA hydrogel, 5 mL monomer of HEMA (98%,

Sigma-Aldrich, St. Louis, MO, USA) was mixed with 150 μL of
initiator (2-hydroxy-2-methylpropiophenone, 97%, Darocure-1173,
Sigma-Aldrich, St. Louis, MO, USA) and exposed to UV light with an
intensity of ∼2000 mW/cm2 (Spectrolinker XL-1500 UV crosslinker,
Spectronics Corp., Westbury, NY, USA) for 1 min to first prepare an
uncured pHEMA mixture (Figure 1C). Then, an additional 100 μL of
initiator and 50 μL of crosslinker (ethylene glycol dimethacrylate,
98%, Sigma-Aldrich, St. Louis, MO, USA) were added into the
mixture and were completely mixed, followed by degassing for about
30 min under less than 100 Torr in a vacuum chamber at room
temperature (∼25 °C).
Then, the uncured pHEMA mixture was poured into a PDMS-

walled reservoir (the height of the walls: ∼4 mm; the PDMS walls
were prepared by the casting and curing processes on a bare silicon
wafer) with a glass slide (25 mm × 75 mm) at the bottom (Figure 1B,
steps 1−2). The glass was functionalized with 3-(trimethoxysilyl)-
propyl methacrylate (TMSPMA, Sigma-Aldrich, St. Louis, MO, USA)
to ensure a stable adhesion between the pHEMA hydrogel film and
glass slide even when the hydrogel film is fully polymerized and
subject to swelling in aqueous solution. As for the functionalization,
each glass slide was covered with 20 μL of TMSPMA for 20 min on
one side, right after a 15 min UV−ozone treatment (UV.TC.220,
Bioforce Nanosciences, Inc., Salt Lake City, UT, USA) in a fume
hood. Then, the glass slide was placed onto a hotplate to be annealed
at 100 °C for 30 min, followed by 110 °C for 10 min. After cooling
down, the glass slide was rinsed with water and then ethanol
thoroughly, followed by drying with compressed nitrogen (N2) gas.
After the uncured pHEMA solution was poured into the reservoir, the
micropillared PDMS stamp was carefully placed onto the solution and
gently pressed down to make the pHEMA solution fully wet the
PDMS stamp. To ensure that the pHEMA solution fills the
micropillared PDMS stamp, the pHEMA solution was degassed

during the filling process for ∼10 min in a vacuum chamber (pressure
less than 100 Torr) at room temperature. Then, the pHEMA solution
was exposed to UV light (intensity of ∼2000 mW/cm2) for 45 min to
finalize the polymerization of pHEMA (Figure 1B, step 3). In the end,
the PDMS walls and the PDMS stamp were taken off to collect the
cured pHEMA film adhered onto the glass slide (Figure 1B, step 4).
Then, the pHEMA film was quickly rinsed with 70% ethanol followed
by PBS (pH = 7.4) to remove unreacted chemical residues from the
surface and to avoid dehydration. Before tribological tests, each
pHEMA film, attached on the functionalized glass slide, was immersed
in PBS at 4 °C for at least 24 h to allow the hydrogel to be fully
swollen. A relatively tough elastic hydrogel, such as pHEMA, has a
relatively low mesh size (<2 nm) and high polymer concertation.35,36

Although the hydrophobicity of the PDMS stamp can lead to
incompletely polymerized chains on the pHEMA surface (referred to
as “heterogeneous hydrogel surface”) and form dangling chains on a
nanoscale on top of the pHEMA surface when fully hydrated,37,38 the
nanoscale chains should not influence the effect of the microscale
textures (a pore diameter of 3000 to 12,000 nm with a pore depth of
12,000 nm) examined in this study because of the sizable difference in
the scale.

A smooth (untextured) pHEMA film was also prepared in the same
way except that a smooth PDMS stamp made by using a bare
(polished) silicon wafer for cast molding was used instead of the
micropillared PDMS stamp. A compression test was performed with
the smooth pHEMA film by the universal microtribometer (UMT-3,
Bruker, Billerica, MA, USA) to obtain an average Young’s modulus of
the bulk pHEMA (∼1 mm in thickness) under contact pressures
ranging from 9 to 177 kPa (for detail, see Supporting Information).
The average Young’s modulus of the smooth pHEMA of ∼1 mm in
thickness was 1.2 ± 0.1 MPa. The average Young’s modulus was used
for the calculation of the interfacial contact area and indentation
depth using the Hertzian contact theory, as many others used the
Hertzian contact theory to estimate the contact pressure, contact area,
and indentation depth of pHEMA or pHEMA-based hydrogels.39−41

2.2. Tribological Experiments. In the tribological experiments,
the lateral friction force and the COF of the pHEMA films were
measured using the UMT-3 in a reciprocating sliding mode, as
illustrated in Figure 2A. Each specimen of the smooth and micopored
pHEMA films of 1 mm in thickness, held on the functionalized glass
substrate, was slid against a smooth glass curve (radius of 30 mm) at
two different loads (F = 6 and 60 mN) and two different sliding
speeds (V = 1 and 10 mm/s), respectively, in PBS (pH 7.4) at 33 °C

Figure 2. (A) Schematic of the measurement of the friction force and COF during the tribological experiments. (B) Schematic of the dimensions of
the micropores of pHEMA films. While a, b, and c varied among the samples, h was constant to be 12 μm. (C−F) Scanning electron microscopy
images of the micopored silicon mold, which define the dimensions of the micropores of the pHEMA films replicated. ϕ is the solid area fraction

defined as ϕ π= − = − ·π( ) ( )c c/ 1b b
c
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2
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to mimic the conditions in human eyes. The pHEMA film was moved
along the x-direction (shown in Figure 2A) back and forward over a
sliding distance of 10 mm for 10 cycles during one tribological
measurement at the given applied load and set sliding speed, sliding in
total 200 mm (10 mm × 10 cycles × 2 directions) for one set of the
experiment, where the sliding speed referred is the value set in the
UMT-3; the actual sliding speed varies within each test cycle in the
reciprocating mode, specifically when the motion direction was
changed (see Figure S2 in Supporting Information for the examples of
real-time velocity). Most tribological conditions in the human body
are in such a reciprocating mode as the eyelid and knee joint
movements. The period showing the acceleration of the loading cell
ranged from less than 4% up to 30% of the total duration of each cycle
for the set sliding speed ranging from 1 to 10 mm/s. The dissipated
frictional energy was analyzed in addition to the COF in this study in
order to account for the transient characteristics.
Both the pHEMA film and glass curve were immersed in the PBS

solution at 33 °C throughout the whole experiment. The COF values
and the frictional energy based on the measurement of the friction
force data were used to evaluate the tribological properties of the
smooth and microtextured pHEMA. The values of the friction force
and the derived COF were collected using the UMT-3 with a
measurement frequency of 1000 Hz. The raw data were analyzed
using Python, which extracted the dissipated frictional energy and a
mean COF value per sliding cycle. The dissipated frictional energy
was calculated as a numerical integration of the friction force over one
sliding cycle distance using the trapezoidal rule. An average of the
frictional energy and the mean COF values of the middle eight cycles
(i.e., discarding the first and last cycles showing unsteady behaviors
due to the unstable loading conditions in the initial acceleration at the
beginning of the 1st cycle and the final deceleration at the end of the
10th cycle) were used for data interpretation. Each experiment was
repeated three times under the same conditions. Hence, the average
of the frictional energy and the mean COF value of a total of 24 cycles
(8 cycles × 3 times) for the given condition were finally used for
statistical analysis. For statistical analysis, the two-way ANOVA with
Tukey’s multiple comparisons was used to analyze the frictional
energy, whereas the t-test with assumed unequal variance for the
sufficient statistical sample size (i.e., n > 20,000 in our case) was used
to analyze the COF mean values due to the non-normal distribution
of the COF raw data (based on the Kolmogorov−Smirnov normal
test, which is a nonparametric test). A significant difference was
assumed for p < 0.05 for both analyses.
For the micopored pHEMA films (Figure 2B), four different

micopored samples, as shown in Figure 2C−F, were tested and
compared to the smooth (untextured) one. In order to investigate the
effect of the pore dimensions on the tribological properties, the

diameter of the pore (b) and the spacing between pores arranged in a
square array (a) were varied concurrently from 3 to 12 μm, while the
solid area fraction (ϕ, a ratio of the top surface area to the projected
area) was kept constant as ϕ = 0.8 (Figure 2C−E). In order to
examine the effect of the solid area fraction on the tribological
properties, the micropore pattern of ϕ = 0.5 (Figure 2F) was also
tested, where the pore diameter (b = 12 μm) was much larger than
the interpore spacing (a = 3 μm). For a smooth surface, ϕ = 1. The
depth (h) of all the micropore patterns was constant at 12 μm.
A smooth (roughness Ra < 5 nm, measured by the atomic force

microscope; see Figure S3 in Supporting Information) glass curve
with a radius of curvature of 30 mm was used to slide against each
specimen of the smooth and microtextured pHEMA films during the
tribological experiments. The glass curve was cut from a hollow glass
sphere (manufactured by the University of Groningen Glass Blowing
Shop) into a 5 mm × 5 mm square piece having a thickness of 2 mm.
Before the tribological experiments, the glass curve was washed by
sonicating in RBS35 2% solution for 10 min, followed by soaking in
ethanol for 10 min and rinsing with hot water and Milli-Q water three
times, which ensured the cleanness and hydrophilicity of the glass
curve.

3. RESULTS AND DISCUSSION
3.1. Coefficient of Friction. As shown in Figure 3 (also

see Tables S4 and S5 in Supporting Information for the t-test
analysis), the result shows that the COF values of both smooth
and micopored pHEMA surfaces are affected by the load and
sliding speed, agreeing with other studies.29,42−44 The increase
in the sliding speed (from 1 to 10 mm/s) generally decreased
the COF values under both 6 and 60 mN for all the surfaces,
regardless of the microtextures on the surfaces, while the mean
COF values lie within 0.1−1. The decrease in the COF with
the increase in the sliding speed was more significant under a
higher load of 60 mN with p < 0.0001 for all the surfaces. At a
relatively low sliding speed of 1 mm/s, the COF values of all
the surfaces increased significantly (p < 0.0001) with an
increase in the load from 6 to 60 mN. However, at a relatively
fast speed of 10 mm/s, only the COF value of the smooth
surface (ϕ = 1) increased significantly (p < 0.001). Under a
relatively low load of 6 mN, only the micopored surface with
the smallest pore and gap sizes (ϕ = 0.8 with a = b = 3 μm)
showed a significantly smaller COF value than the smooth
surface (p < 0.0001) at a sliding speed of 1 mm/s; yet in the
rest of the cases, micropore texturing with various dimensions
did not reduce the COF; the micropore texturing either

Figure 3. Mean COF (in log-scale) of the micopored pHEMA surfaces compared to that of the untextured pHEMA (ϕ = 1) under two different
loads (6 and 60 mN) and sliding speeds (1 and 10 mm/s). The error bars in the graphs represent standard deviations. (Statistical sample size: n =
200,000 for 1 mm/s; and n = 20,000 for 10 mm/s). Detailed results of the t-test analyses can be found in Supporting Information, Tables S4 and
S5, for the effects of the dynamic conditions (load and sliding speed) and micropore texturing, respectively.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c13718
ACS Appl. Mater. Interfaces 2021, 13, 41473−41484

41476

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13718/suppl_file/am1c13718_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13718/suppl_file/am1c13718_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13718/suppl_file/am1c13718_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13718/suppl_file/am1c13718_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13718?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c13718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significantly increased the COF values at 1 mm/s (p < 0.001)
or made no significant difference in the COF values at 10 mm/
s, compared to the smooth surface. On the other hand, at 60
mN, the micropore texturing reduced the COF significantly (p
< 0.0001) compared to the smooth surface at both the sliding
speeds of 1 and 10 mm/s, except for the case of the micopored
surface with the largest pore and gap sizes (ϕ = 0.8 with a = b
= 12 μm), which significantly increased the COF at a sliding
speed of 1 mm/s. The effect of the variations of the pore
dimensions among the micopored surfaces also appeared
significant for all the cases under 60 mN, showing that the
smaller pore dimensions generally helped reduce the COF
more effectively. Dunn et al.29 reported that the liquid film
thickness formed by tears (viscosity of 1.5 mPa·s) should be at
least 2 μm to achieve hydrodynamic lubrication between a
smooth contact lens and an eyelid (both with roughness on a
nanoscale) at a sliding speed of 10 mm/s during blinking
under a contact pressure of a few kPa. According to Yan,45 the
minimum liquid film thickness required for hydrodynamic
lubrication between the micropore textures of the pHEMA and
a smooth glass curve should be at least in the order of 10 μm,
which is not probable in our test condition having a relatively
low aqueous viscosity (1 mPa·s) and slow sliding speed (1−10
mm/s) but a relatively large contact pressure (>10 kPa) and
microscale surface roughness of the pore textures. This
suggests that the lubrication regime should belong to either
a boundary or mixed lubrication regime. Although the increase
in the sliding speed generally lowered the COF values, the

order of magnitude difference during the decrease is not more
than 1, which also excludes the possibility of the hydrodynamic
lubrication regime where a steady liquid film formed at the
sliding interface typically causes the decrease in the COF value
by several orders of magnitude.46−48

Despite the significant differences represented by the COF
data for the effects of the load, sliding speed, and micropore
texturing on the tribological properties of the pHEMA
hydrogel, it should be noted that the COF values under 6
mN show very large standard deviations (as large as ∼50 times
to the corresponding mean COF values) compared to those
under 60 mN (less than the corresponding mean COF values).
Such large fluctuations of the standard deviation, especially
under a low load of 6 mN, were due to the stick−slip
phenomena observed during the tribological experiments (see
Supporting Information for the raw data, especially Figure S4
for smooth untextured pHEMA and Figure S5 for micopored
pHEMA). Under 6 mN, the COF values of both the smooth
and micopored pHEMA surfaces oscillated from near 0
(slipping phase) to over 100 (sticking phase) either along or
against the sliding direction. This indicates an unsteady contact
mode altered by the kinetic and static friction forces back and
forth. The irregular stick−slip friction forces cause the large
variations of the COF value.49 While the stick−slip is a
common phenomenon observed during the tribology of soft
materials like hydrogels,50−52 the details behind the stick−slip
(related to the self-excited vibration) are complicated and
difficult to predict.53−55 The mean COF values with large

Figure 4. Dissipated frictional energy per cycle of glass-micopored pHEMA reciprocating sliding compared with that of the glass-smooth pHEMA
(ϕ = 1) sliding under two different loads (6 and 60 mN) and sliding speeds (1 and 10 mm/s). The error bars in the graphs represent standard
deviations (statistical sample size: n = 24). The results of two-way ANOVA analyses are shown in Tables 1 and 2 for the effects of the dynamic
conditions (load and sliding speed) and the micropore textures.

Table 1. Two-Way ANOVA Results of the Frictional Energy for the Two Different Sliding Speeds and Loads, Respectivelya

ans: not significant; *: p < 0.05; **: p < 0.001; ***: p < 0.0005; ****: p < 0.0001.
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fluctuations caused by irregular stick−slip are not suitable to
precisely illustrate the effects of the dynamic conditions and
the surface morphology on the tribological properties.
Therefore, a frictional energy per sliding cycle, which can
encompass the different dynamic behaviors (i.e., unsteady or
steady state) over the time durations,32−34 was further
calculated and used to interpret the difference among the
surfaces, as follows.
3.2. Frictional Energy. Figure 4 exhibits the dissipated

frictional energy per sliding cycle (distance of 2 × 10 mm) of
the smooth (ϕ = 1) and micopored pHEMA surfaces under 6
and 60 mN with sliding speeds of 1 and 10 mm/s. Tables 1
and 2 show the results of the two-way ANOVA analysis,
summarizing the significant differences resulting from the
exclusive effects of the dynamic conditions (loads and sliding

speeds) at the given micropore texture and the micropore
textures at the given dynamic conditions, respectively. While
generally agreeing with the COF data (Figure 3) qualitatively,
the frictional energy data (Figure 4) show moderate deviations
with clearer significance in the differences by the effects of
load, sliding speed, and micropore textures. The increase in the
sliding speed (from 1 to 10 mm/s) significantly (p < 0.0001)
decreased the frictional energy dissipation under 60 mN for
the micopored surfaces, regardless of the pore dimensions and
solid fractions, while no significant difference was measured for
the smooth surface (see Table 1). However, the increase in the
sliding speed did not show any significant difference under the
lower load (6 mN), regardless of the surface textures. The
result also shows that the dissipated frictional energy was
significantly lower (p < 0.0001) at the higher load (60 mN)

Table 2. Two-Way ANOVA Results of the Frictional Energy of Two Different Surfaces under the Same Load and Speeda

ans: not significant; *: p < 0.05; **: p < 0.001; ***: p < 0.0005; ****: p < 0.0001.

Figure 5. Schematic diagrams (not to scale) of the contact time-dependent movement of free water inside bulk pHEMA (arrow marked as “I”) and
inside micropores (arrow marked as “II”), respectively. The sliding speeds applied in this study (i.e., both 1 and 10 mm/s) correspond to the case
marked as “Fast” (B), where the resident time of the glass curve on the pHEMA surface is less than 5 s. In contrast, “Slow” (A) represents the case
that the resident time is greater than 5 s, which is not considered in this study.
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than at the lower load (6 mN), regardless of the sliding speeds
and surface textures (see Table 1). Under 6 mN, the surface
textures did not show any significant difference in the frictional
energy, regardless of the sliding speed (see Table 2). However,
under 60 mN, the surface textures showed a significant
difference in the frictional energy, which depends on the
sliding speed and the pore morphology including the solid
fraction and pore dimension (i.e., number density). At a sliding
speed of 1 mm/s, the variations of the solid fraction and pore
dimension showed a significant difference (p < 0.0001) in
every case except for the case of the pored surface of ϕ = 0.8
with a = b = 12 μm in comparison with the smooth surface (ϕ
= 1). At a sliding speed of 10 mm/s, all the micopored surfaces
showed a significantly lower friction energy (p < 0.0001) than
the smooth surface. However, the difference by the variations
of the solid fraction and pore dimension among the micopored
surfaces was not remarkable but only significant for limited
cases of ϕ = 0.8 with a = b = 3 μm versus ϕ = 0.8 with a = b =
6 μm (p < 0.001) and ϕ = 0.8 with a = b = 3 μm versus ϕ = 0.8
with a = b = 12 μm (p < 0.05).
The effect of load, sliding speed, and micropore texture of

the hydrogel material on the dissipated frictional energy can be
understood in association with the availability of the
lubricating water layer at the interface, as also suggested by
others.56 According to the wetting theory,17 the microtextures
make a hydrophilic surface more hydrophilic (or super-
hydrophilic), making the microtextures filled with an aqueous
liquid. As a hydrophilic hydrogel, a water droplet shows
complete wetting (i.e., a contact angle of ∼0°) on a pHEMA
surface even without microtextures. The wetting was more
pronounced with the micropore textures, making a water
droplet spread out more quickly over the pHEMA surface
showing the complete wetting almost immediately, agreeing
with the wetting theory.17 As illustrated in Figure 5, the
micropores of the hydrophilic hydrogel material of pHEMA
can help entrain water into the sliding interface due to the free
water occupied within the micropores and hence reduce the
dissipated frictional energy at the interface. Besides free water
filled into the micropores, the absorbed water inside bulk

pHEMA (∼40% water content by weight) can also contribute
to lubricate the interface. Less than half (∼17%) of the
absorbed water in the bulk pHEMA is free (unbound), which
is mobile and can readily depart from the polymer under
external stimuli such as pressure, while the rest is bound to the
polymer and ineffective to contribute to lubricate the
interface.57 In addition, it takes time for the free water inside
the bulk pHEMA to come out to the interface. The Maxwell−
Wiechert characterization of the viscoelastic properties of
pHEMA (∼40% water content) shows that the relaxation time
constant τ1 for the fastest Maxwell element is larger than 5
s.9,58 This suggests that free water absorbed inside bulk
pHEMA should take at least a few seconds to be driven out to
the interface. However, in this study, the maximum resident
time of the glass curve possible on the pHEMA surface, which
is the case when a highest load of 60 mN (resulting in a
maximum contact length of 1.90 mm in terms of the diameter
of the interfacial contact area) is applied with a slowest sliding
speed of 1 mm/s, is less than 2 s. This indicates that there
should not be enough time for the free water adsorbed in bulk
pHEMA to become available at the interface even at our
slowest speed. This is schematically explained in Figure 5B as
“Fast” (i.e., both speeds of 1 and 10 mm/s can be regarded as
fast), where the resident time of the glass curve on the pHEMA
surface is less than 5 s so that the interfacial lubrication by the
free water is mainly effective for the case of micopored surfaces
but not for the smooth surface. Although the pHEMA
hydrogel is, strictly speaking, a viscoelastic material due to its
water content, the research9,58 also suggests that the elastic
properties of pHEMA (with ∼1% EDGMA crosslinkers) play a
dominant role during the material relaxation process when the
compression duration is less than 5 s. Therefore, the Hertzian
contact theory applied to this study is suitable for pHEMA
showing the contact durations between the glass curve and the
pHEMA surface less than 2 s.
Meanwhile, Table 1 shows that the increase in the sliding

speed from 1 to 10 mm/s under the domain of fast sliding
(Figure 5B) significantly decreases the frictional energy only
for the case of the relatively high load (60 mN) for the

Figure 6. Schematic diagrams of the compression of the pHEMA films with varying loads, where h1 and h2 represent the indentation depth under
the (A) low load and (B) high load, respectively (h1 < h2). The thickness of the aqueous film between the glass curve and micopored pHEMA
under a low load (2 and 3) is thinner than that under a higher load (5 and 6).
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micopored surfaces. This is attributed to the significantly
greater amount of free water from the micropores with an
increase in the load, as illustrated in Figure 6, increasing the
continuity of the aqueous lubricating film at the interface.
Under 60 mN, the indentation depth of the glass curve (∼30
μm as calculated using the Hertzian contact theory; see Table
S3 in Supporting Information) is much greater than the depth
of a micropore (12 μm). As illustrated in Figure 6B, this makes
the micopored surface almost flattened (it is estimated that
∼60% of the textures under the interfacial contact area would
be flattened under 60 mN with an indentation depth of ∼30
μm) so that most of the free water occupied inside the
micropores will become entrained at the interface and enhance
the lubricating effect more significantly with a higher level of
the continuity of the interfacial aqueous film on the micopored
pHEMA surface. This makes the lubrication regime closer
toward a hydrodynamic lubrication, as suggested by the
decrease in the order of magnitude of the COF value from 1 to
0.3 along with an increase in the sliding speed from 1 to 10
mm/s under 60 mN. The effect of the load on the frictional
energy appears more evidently at the given sliding speed and
surface texture, as also shown in Table 1. The result suggests
that the tribological behaviors of the soft hydrogel material
would not follow the conventional Stribeck curve, where the
increase in the load makes the lubrication regime favorable
toward boundary lubrication, while the increase in the sliding
speed makes the lubrication regime favorable toward hydro-
dynamic lubrication. In this study, the pHEMA hydrogel shows
that the increase in the load can make the lubrication regime
favorable toward hydrodynamic lubrication due to the increase
in the amount of the lubricating aqueous liquid at the interface,
which can further be enhanced by the micropore textures,
while the general trend by the increase in the sliding speed is
not altered.
Under a relatively low load of 6 mN, the maximum

indentation depth at the center calculated using the Hertzian
contact theory (see Table S3 in Supporting Information) is not
more than ∼6 μm, which is around a half of the depth of a
micropore. As illustrated in Figure 6A, despite the
compression, the micropore textures under a relatively low
load can maintain the pored nature with a much smaller
interfacial contact area with the sliding glass curve than under
the high load. For example, the interfacial contact area under 6
mN (∼π × (439 ± 12 μm)2) is about a quarter of the contact
area under 60 mN (∼π × (946 ± 26 μm)2). Due to the
reduced compression under lower load, a significantly less
amount of free water is released to form the lubricating layer at
the interface. Therefore, even with an increase in the sliding
speed, pore-texturing was not effective in significantly reducing
the frictional energy under a relatively low load. The variations
of the solid fraction and pore dimension were not effective
either to reduce the friction energy under a relatively low load
of 6 mN, as shown in Table 2.
Under a relatively high load of 60 mN, the pore textures of

the varying solid fractions and pore dimensions were all
effective to significantly reduce the frictional energy compared
to the smooth (untextured) surface within the relatively fast
sliding regime (1−10 mm/s), as also summarized in Table 2.
Only exception was for the case of the pored surface of ϕ = 0.8
with a = b = 12 at 1 mm/s. The dimensions of the pore
diameter (b) and the gap size (a) are the largest ones among
the pore textures tested in this study, leading to the lowest
number density of the pore pattern per given surface area. It is

expected that a finer pore with a higher number density (i.e.,
small pore diameter and gap size) will reduce the friction force
more effectively since the lubricant liquid can be retained
within the smaller pore more robustly against external forces
and the lubricant liquid exposed at the top solid surface can be
maintained more stably when the gap size is smaller.59,60 At a
given solid area fraction of ϕ = 0.8, the pored surface with a
smaller pore dimension indeed shows a more significant
reduction in the frictional energy at a sliding speed of 1 mm/s
(Figure 4). The reduction decreases as the pore dimensions
increase; for the pored surface of the largest dimensions (a = b
= 12), there is no significant reduction compared to the
smooth (untextured) surface. This is attributed to the relatively
large pore dimensions that result in the relatively low amount
and continuity of the aqueous lubricious film at the interface.
Such geometric effects can also be confirmed when comparing
the pored surfaces of the same gap size but different pore
diameters (i.e., ϕ = 0.8 with a = 3 and b = 3 versus ϕ = 0.5
with a = 3 and b = 12) or those of the same pore size but
different gap sizes (i.e., ϕ = 0.8 with a = 12 and b = 12 versus ϕ
= 0.5 with a = 3 and b = 12). They show that the increase in
the pore size (b) at the same gap size or the increase in the gap
size (a) at the same pore size results in the increase in the
frictional energy (Figure 4), as expected. However, the effect of
the texture feature size on friction, which is also strongly
dependent on the other parameters of the tribological system,
cannot be generalized in a predictable manner.61 For example,
the pored surface of ϕ = 0.8 with a = b = 12 shows significant
reduction in the frictional energy compared to the smooth
(untextured) surface at an increased sliding speed of 10 mm/s.
Also, the variations of the solid area fractions and pore
dimensions among the pored surfaces at a higher sliding speed
of 10 mm/s do not show a remarkable difference in the
frictional energy.
Our results fundamentally agree with the other reports

where pored hydrogel surfaces had been found to improve the
lubrication at the interface.62,63 While the pore patterns
employed in this study for the pHEMA hydrogel are ordered
and uniform over the surface, it had also been found that
random micropore structures of polyvinyl alcohol hydrogels
could also help maintain a large amount of water at the
interface to increase the continuity of the lubricate aqueous
film.56 Such a lubrication mechanism had also been found
within articular cartilage, which contains a large amount of
water within the pored network on the surfaces.64 Of note, it
had also been reported that the friction was more affected by
the lubrication condition and applied load rather than the
hydrogel polymer concentration and polymerization.56 Our
result also shows that the friction of the micropore-textured
hydrogel surface is highly dependent on the load and the
interfacial lubrication condition.

3.3. Effects of Hydrophilicity. Our previous study2

showed that micopored PDMS with a solid area fraction of
0.8−0.9 and a pore diameter of 5 μm (similar textures tested in
this study for pHEMA) increased the friction force in most
cases under the boundary and mixed lubrication regimes, as
opposed to this study showing the significant reduction in the
friction force by the micropore textures. It is attributed to the
different surface wettabilities between PDMS and pHEMA.
While PDMS is a hydrophobic material, pHEMA is a
hydrophilic hydrogel. While air-trapping commonly occurs
within the pores under a hydrophobic condition,65,66 the pores
under a hydrophilic condition are typically completely wetted
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by the aqueous liquid,17,67,68 as illustrated in Figure 7. The
hydrophobicity of PDMS causes the air-trapping in the
micropores, preventing water from entering the pore textures;
this creates the instability of the liquid film with discontinuity
at the interface and eventually reduces the lubricating effect of
the interfacial liquid film. However, the hydrophilicity of
pHEMA ensures the complete wetting of the aqueous liquid to
the pores and the formation of an efficient aqueous lubrication
layer with little discontinuity at the interface. In addition, the
micropores help retain the water within them due to wall
friction, which can further be enhanced by the possible
nanoscale dangling polymer chains on the surface.37,38,68 Our
results show that the hydrophilicity of the substrate polymer
material is important in employing micropore textures to
reduce tribological friction in a physiologically relevant
aqueous environment.
Although PDMS can be treated to be hydrophilic,68 the

hydrophilicity usually degrades over time69,70 so that the
PDMS material is generally not suitable for a long-term
implant application as a hydrophilic material. Compared to
PDMS, pHEMA has much lower stiffness (∼105 softer in
terms of Young’s modulus), requiring much less energy (or
force) to achieve the same deformation or bringing out more
water retained inside pores to the contact interface with a
larger deformation under the same load, especially when the
indentation depth is less than the pore depth. Moreover, the
most significant uniqueness of pHEMA is the nature of the
hydrogel material and its effect on the availability of water at
the interface. There should always be an “available path” for
free water to move from the hydrogel material or the
surrounding aqueous area to the contact interface.
Of note, in this study, we used frictional energy to compare

the tribological properties of the textured hydrogel material to
those of the untextured one, whereas we had used the COF
values in our previous study of PDMS.2 This is because the
standard deviations in the measured COF data were relatively
smaller in the case of PDMS, which was not the case for the
pHEMA hydrogel. It should also be noted that there were
much less stick−slip phenomena in the study of PDMS than
that of pHEMA, leading to a steadier tribological system.
Hence, the COF values were suitable enough for the PDMS
study. Although the COF values generally showed a similar
trend to the frictional energy affected by the dynamic
conditions (load and sliding speed) and micropore textures

in this study of the pHEMA hydrogel, the frictional energy is a
better way to represent the tribological properties of the
hydrogel material with complex and unsteady dynamic
behaviors.

4. CONCLUSIONS

Micropore textures significantly affected the tribological
properties of pHEMA hydrogel surfaces, which depended on
the loads and sliding speeds applied as well as the pore
dimensions. Overall, due to the ability to store a large amount
of free water within their textures, the micopored pHEMA
surfaces have the potential to reduce friction, leading to less
wear of the surfaces. Our study reveals that micropore
texturing to the pHEMA hydrogel significantly decreased the
COF and frictional energy at a relatively high load with a
relatively fast sliding speed. Although a slight increase in the
friction can occur at a low load with a relatively slow sliding
speed, which also depends on the pore size and density, the
friction can generally be decreased by employing the
micropore texturing to the hydrogel when the sliding speed
is relatively fast, which is still within the physiologically
relevant level. This opposes the results shown with the
hydrophobic polymer material such as PDMS, suggesting that
the hydrophilicity of the hydrogel material makes a significant
difference in the tribological properties. Our results suggest
that the pHEMA hydrogels with carefully designed micropore
textures can benefit biomedical applications such as implant
and ophthalmology by reducing the interfacial friction in the
aqueous environment and hence lowering the chance of
inflammation, such as near a contact lens or keratoprosthesis.
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Figure 7. Schematic diagrams of the interfaces formed on (A) hydrophobic polymer (e.g., PDMS) and (B) hydrophilic hydrogel (e.g., pHEMA),
respectively, under the load in the aqueous liquid environment.
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ESTIMATION OF THE CONTACT PRESSURE AND INDENTATION DEPTH  

Against the applied normal force by a glass curve, the pHEMA hydrogel should be deformed. The 

contact pressure and indentation depth by the glass curve was estimated by the Hertzian contact theory. 

For the given load, the average contact pressure, P, over the compressed pHEMA interface by the glass 

curve was estimated by 

                                                                        

where F is the normal load, and rHC is the contact radius of a glass curve on the pHEMA film. According 

to the Hertzian contact theory, rHC was obtained as 

                                                                       

where R is the radius of the glass curve (30 mm). E* is the interfacial stiffness which can be calculated by 

                                                                  

where E1, E2 and 1, 2 are the Young’s moduli and Poisson’s ratios for glass (subscript 1) and pHEMA 

(subscript 2), respectively. The Young’s modulus of the pHEMA hydrogel in the wet condition should 

vary depending on the contact pressure because the amount of the water occupying the hydrogel material 

changes with the pressure. To account for the effect, the Young’s modulus of the untextured smooth 

pHEMA film was measured for varying pressures, and their averaged value was used as E2 as 

approximation. The Young’s modulus was measured by the Universal Micro-Tribometer (UMT-3, 

Bruker, Billerica, MA, USA) with a stainless steel pin with a flat contact surface (no curvature, circular 

cross section of a radius rflat-steel = 3 mm) for varying loads (final contact load, Fflat-steel = 0.25, 0.5, 1, 3, 

and 5 N) in the phosphate-buffered saline (PBS, pH = 7.4) solution at 33 . The Young’s modulus of the 

smooth pHEMA hydrogel (EpHEMA) was computed as 

                                                          

where A is the contact area ( = 28.3 mm2),  is the displacement of the smooth pHEMA 
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hydrogel under the final contact load (Fflat-steel),  is the initial thickness of the smooth pHEMA film with 

no load applied (~1 mm), and Pflat-steel is the final contact pressure. As for the indentation depth, the 

maximum depth of the pHEMA film at the center of the glass curve was estimated as 

                                                                         

Table S1 and Figure S1 show the indentation depth ( ) and the Young’s modulus of the smooth 

pHEMA hydrogel film (EpHEMA) measured by the UMT-3 at the varying normal loads (i.e., contact 

pressures). The indentation depth increases from 7 to 73 μm with the increase in the contact pressure from 

9 to 177 kPa. The Young’s modulus increases from 0.88 to 1.71 MPa with the increase in the contact 

pressure, giving the averaged Young’s modulus value (E2) of 1.2  0.1 MPa for the given contact pressure 

range (Table S2). The average contact pressure, radius of contact area, and indentation depth estimated 

for the tribological experiment conditions based on the Hertzian contact theory is also summarized in 

Table S3.  

 
 

Table S1. Indentation depth and Young’s modulus of the untextured smooth pHEMA film for the varying 

load and the corresponding contact pressure.  

Final Load, 
Fflat-steel (N) 

Contact Pressure, 
Pflat-steel (kPa)  

Indentation Depth, 
Hflat-steel (μm) 

Young’s Modulus, 
EpHEMA (MPa) 

0.25 9 7  0.4 0.88  0.05 

0.5 18 13  0.7 0.92  0.05 

1 35 23  3.8 1.08  0.17 

3 106 54  10.7 1.40  0.27 

5 177 73  9.4 1.71  0.23 
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Figure S1. Change in the Young’s modulus of the pHEMA (EpHEMA) with respect to the increase in the 

indentation depth (Hsteel-pHEMA) along with the increase in the contact pressure. Note that a base-10 log 

scale is used for the x-axis (indentation depth). The horizontal p-value (blue *, top of the figure) shows 

the significant difference amongst the values of EpHEMA, and the vertical p-value (black *, right of the 

figure) shows the significant difference amongst the values of Hsteel-pHEMA (*: p < 0.05; **: p < 0.001; ***: 

p < 0.005; ****: p < 0.0001). The error bars in the graph represent standard deviations. 

 

 

Table S2. Mechanical properties of a glass curve and pHEMA hydrogel 
 

 Upper Fixed Object: 
Glass Curve  

Lower Sliding Object: 
pHEMA 

Radius of Curvature, R (mm) 30  (i.e., flat) 

Young’s Modulus, E (MPa) 7.2 × 104 1.2  0.1 

Poisson’s Ratio,  0.2 0.5 
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Table S3. Average contact pressure, radius of contact area, and indentation depth in tribological 

experiments estimated based on the Hertzian contact theory.  

Load, 
F (mN) 

Average Contact Pressure, 
P (kPa)  

Radius of Contact Area, 
rHC (μm) 

Indentation Depth,  
HHC (μm) 

6 10.0  0.5  439  12 6.5  0.3 

60 21.4  1.2 946  26 29.9  1.7 

 

 

EFFECT OF LOAD ON MATERIAL YOUNG’S MODULUS 

Of note, since the solid area fractions of the micropored surfaces are greater than 50% (ϕ ≥ 0.5), the 

contact pressure on the micropored surfaces will increase no more than twice than that on the smooth 

surface at the given same load. When the microtextures are flattened out under the relatively high load, 

the difference in the contact pressure will be even much smaller. Although the Young’s modulus of 

pHEMA increases with the contact pressure or indentation depth, the increase rate is quite modest. Based 

on the Young’s modulus measured with smooth bulk pHEMA as shown in Table S1 and Figure S1, the 

increase in the Young’s modulus with the contact pressure is less than two-fold (from 0.88 to 1.71 MPa) 

while the contact pressure and indentation depth increase about 20 times (from 9 to 177 kPa) and 10 times 

(from 7 to 73 μm), respectively. Thus, the Young’s modulus of the micropored pHEMA films even with 

the lowest solid area fraction (i.e., ϕ = 0.5) would not make a significant difference from that of the 

untextured smooth pHEMA film. Thus, the averaged Young’s modulus value of 1.2 ± 0.1 MPa over the 

tested contact pressure range of 9 to 177 kPa was used to estimate the approximate values of the interfacial 

stiffness, the radius of a contact area, the average contact pressure, and the indentation depth for the 

Hertzian contact on both the untextured and micropored pHEMA films in the tribological experiments 

performed with a glass curve.  
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REAL-TIME VELOCITY PLOTS EXPORTED FROM UMT-3 

 

 
 
Figure S2. Examples of the change in sliding speed and friction force during 10 sliding cycles of the 

experiment where the glass curve slides against the untextured pHEMA surfaces with the sliding speed of 

1 and 10 mm/s, respectively, under 60 mN. 

 

ROUGHNESS OF A GLASS CURVE 

According to the measurement by atomic force microscope, the roughness (Ra) of the glass curve is 

less than 5 nm, as shown in Figure S3. 

 

Figure S3. Atomic force microscope image of the glass curve surface of the area of 20 20 . 
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RESULTS OF T-TEST ANALYSIS OF THE COF MEAN VALUES 

 

Table S4. Results of t-test analysis of the COF mean values for the two different sliding speeds and loads, 

respectively (ns: not significant; *: p < 0.05; **: p < 0.001; ***: p < 0.0005; ****: p < 0.0001). 

 Experimental  

Methods 
6 mN 60 mN 1 mm/s 10 mm/s 

No. 1 vs. 10 mm/s 1 vs. 10 mm/s 6 vs. 60 mN 6 vs. 60 mN 

1  * **** **** ** 

2  * **** **** ns 

3  * **** **** ns 

4  ** **** **** ns 

5  *  **** **** ns 

 

 

Table S5. Results of t-test analysis of the COF mean values of two different surfaces under the same load 

and speed (ns: not significant; *: p < 0.05; **: p < 0.001; ***: p < 0.0005; ****: p < 0.0001). 

    6 mN 60 mN 

No. Surface A vs. Surface B 1 mm/s 10 mm/s 1 mm/s 10 mm/s 

(Untextured vs. textured surfaces)       

1  vs.  **** ns **** **** 

2  vs.  **** ns **** **** 

3  vs.  **** ns **** **** 

4  vs.  ** ns **** **** 

(Fixed )       

5  vs.  **** ns **** **** 

6  vs.  **** ns **** **** 

7  vs.  ** ns **** * 

(Fixed )       

8  vs.  **** ns **** **** 

(Fixed )       

9  vs.  **** ns **** **** 
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TIME-DEPENDENT RAW DATA OF NORMAL FORCE (FZ), FRICTION FORCE (FX) AND 

COF VALUES 

 

 

Figure S4. (A-D) Time-dependent tribological raw data for the smooth (untextured) pHEMA in terms of 

normal force (Fz) (orange), friction force (Fx) (purple) and COF (green) with the line of y = 0 highlighted 

by red. Only 1/6 period in the middle of the 2nd cycle is shown in each figure (i.e., about 4 s for 1 mm/s 

and 0.4 s for 10 mm/s).  
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Figure S5. (A-D) Time-dependent tribological raw data for micropored pHEMA (  = 0.5, a = 3, b =12) 

in terms of normal force (Fz) (orange), friction force (Fx) (purple) and COF (green) with the line of y = 0 

highlighted by red. Only 1/6 period in the middle of the 2nd cycle is shown in each figure (i.e., about 4 s 

for 1 mm/s and 0.4 s for 10 mm/s).  
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