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Abstract

Controlling the lubricated sliding friction of compliant contacts is important for many mechanical and biological systems.
Multiphase materials have been shown to exhibit varied lubricated friction responses when compared to controls of just one
phase of the material. In this work, we describe a structured two-phase material composed of a plastic mesh embedded in a
compliant elastomer matrix. This embedded mesh structure (EMS) exhibits increased lubricated sliding friction for a number
of load, velocity, and lubricant viscosity conditions. The observed friction enhancement appears to be a result of the EMS
sample transitioning to the mixed lubrication regime under conditions in which the control is in the elastohydrodynamic
lubrication regime. Simulations suggest that the difference in lubrication regimes for the EMS sample compared to the
unstructured control comes from areas of high contact pressure induced by the increased local contact stiffness of the mate-
rial near the embedded mesh. We hypothesize that these areas of high pressure can lead to the destabilization of lubricant
films under conditions where the control films are stable, leading to the difference in lubrication regime behaviors observed.
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1 Introduction and Background

The ability to alter and control lubricated sliding behavior
in compliant materials can benefit a number of mechanical
and biological systems. Mechanical systems include anti-
slip safety shoes [1, 2], tires sliding on a wet road [3-8],
and elastomeric seals [9] while biological systems include
contact lenses [10, 11] and wet skin contact applications
[12, 13]. Recently a two-phase periodic structure (TPPS)
was developed using two elastomers with varied modulus
to obtain enhancement (where by enhancement we mean
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increase) in the lubricated sliding friction of the system [14].
This structure produced enhancements in the elastohydro-
dynamic lubrication (EHL) regime through an additional
mechanism for dissipation of energy as the system alternated
between sliding on regions of two different compliances.
There are several ways in which a structure could be devel-
oped to produce a spatially varying contact compliance,
raising the question if similar behavior would be observed
for such alternate structures. In this work, an embedded
mesh structure (EMS) was developed which also produced
enhancements in the lubricated sliding friction of the sys-
tem; however, the mechanism of enhancement appears to
be different.

The lubricated sliding behavior of elastic contacts has
been extensively studied [15—17] often for stiff surfaces such
as the metal contacts that occur in machinery [18-21]. Stiff
elastic contacts can be modeled accurately using the Reyn-
olds lubrication theory [15—17]. For highly compliant mate-
rials, additional effects to those which are captured by stand-
ard Reynolds lubrication theory must be considered, such
as the changes in pressure and liquid-film thickness profiles
due to material deformations as well as hysteretic forces [17,
22-26]. A number of geometries have been experimentally
investigated for the lubricated sliding behavior of compli-
ant contacts such as sphere-on-flat [27-33], ring-on-disk
[34], and roll-on-disk [35] geometries. These studies have
investigated the effects of properties such as surface rough-
ness, lubricant viscosity, viscoelasticity, and material modu-
lus. The effect of these properties on the lubricated sliding
behavior of the system is heavily dependent on the lubrica-
tion regime in which the system is operating.

Typically, at low loads and high velocities and viscosities,
a system operates in the hydrodynamic lubrication regime
[15] where there is a continuous layer of fluid between the
two contacting surfaces at all times. When pressures are
large enough that one or both of the contacting surfaces
experiences significant deformation, but there is still a full
fluid film present, the system is defined to be in the elasto-
hydrodynamic lubrication (EHL) regime [16]. Compliant
material systems are typically in the EHL regime when a full
fluid film is present, as they deform at fairly low pressures.
As load is increased and the velocity and/or viscosity are
decreased, a system will next enter the mixed lubrication
regime [22]. Here, there is still a fluid film present between
the opposing solid surfaces in much of the effective contact
region, but areas of solid—solid contact are also present. Due
to the areas in solid—solid contact, in this regime, adhesive
and viscoelastic forces often contribute significantly to the
overall friction response of the materials. Finally, at high
loads and low velocities and viscosities, the system will typi-
cally enter the boundary lubrication regime. Here the fluid
film has been mostly expelled and is no longer playing a role
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in the mechanics of the system; thus, the system behaves
similarly to a dry contact [22, 23].

Depending on the lubrication regime a system is in, dif-
ferent methods can be used to adjust the friction properties.
One of these methods involves designing multiphase materi-
als as one of the contacts, as seen with the particle-filled tire
system. It has been shown that carbon black particles and
silica particles produce different lubricated sliding responses
when added to rubber composites [6-8, 36, 37]. Surface tex-
turing has been utilized to decrease friction between lubri-
cated rigid contacts [38]. In compliant materials, surface
texturing has been used to increase sliding friction under
lubricated conditions [39—41].

In dry friction, not only surface texturing is widely used
to control the friction and adhesion properties of compli-
ant elastomers, but also flat surfaces with internal structure
have been shown capable of such enhancements [42—48].
For lubricated conditions, the previously mentioned TPPS,
which had a flat surface but a periodic structure based on
its varying modulus, exhibited an increase in lubricated
sliding friction when the system was in the EHL regime
[14]. This structure utilized the periodic variation of elastic
and potential energy during sliding to increase friction. The
demonstration of the TPPS in obtaining lubricated sliding
friction enhancement via a flat yet structured elastomer sug-
gests alternate designs to create a periodically varying local
contact modulus could also provide friction enhancements.
One such design is described in this work, where we have
developed an EMS as a two-phase material that combines a
compliant elastomer bulk with a stiffer plastic mesh structure
embedded under the contacting surface. This structure pro-
duces significant lubricated sliding friction enhancements
when compared to a control but by a different mechanism
than the TPPS structure.

2 Materials and Methods
2.1 Sample Fabrication

EMS samples were fabricated by encasing one layer of
plastic mesh (UV-Resistant Plastic Mesh, McMaster-
Carr Catalog No. 87655K11) in a silicone elastomer
(poly(dimethylsiloxane), Dow Sylgard 184, Dow Corn-
ing) matrix. The plastic mesh had a mesh opening size of
1.59 mm and a wire diameter of 0.41 mm with a period of
2 mm. During fabrication, the mesh was suspended 0.15 mm
above the bottom of a petri dish using spacers, and a 2 mm
thick sample of PDMS with a 30:1 base to crosslinker
weight ratio was cast around the mesh. The assembly was
cured at 80 °C for 2 h. Figure 1a shows an image of the final
EMS sample, and Fig. 1b shows a schematic detailing the
key dimensions of the EMS sample. The Young’s modulus
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Fig. 1 a Image of control sample (top) and embedded mesh struc-
ture (EMS) sample (bottom). b Schematic of EMS sample showing
relevant dimensions where =2 mm, d=0.41 mm, r=0.15 mm, and
w=2 mm. ¢ Schematic of lubricated sliding experimental setup on
an EMS sample. Orange color indicates 30:1 PDMS matrix while
the black line indicates side view of embedded mesh. d Schematics

of the PDMS used was approximately 120 kPa (See SI, S.6
for measurement details). The EMS structure was compared
to a homogenous unstructured control sample fabricated by
casting a 2 mm slab of 30:1 base to crosslinker ratio PDMS
and curing at 80 °C for 2 h. An image of the control sample
can be found in Fig. la.

2.2 Lubricated Friction Experiments

Figure 1c shows a schematic of the experimental setup for
the lubricated sliding experiments. EMS samples were tested
on the surface under which the mesh was embedded at a
depth of approximately 0.15 mm. Silicone oil of three dif-
ferent viscosities was used as a lubricant (#=0.97, 9.7, and
97 Pa*s; Sigma Aldrich Silicone Oil #s 378399, 378402, and
378437). A spherical glass indenter (R =2 mm) was used
as the other contacting surface and was brought vertically
into contact with the samples under a fixed normal load, N,
ranging from 18.6 to 604.1 mN. The load was controlled
using a mechanical balance to apply a constant dead weight.
Samples were moved horizontally, relative to the indenter,
using a variable speed motor (Newport ESP MFA-CC) at
three velocities of v=0.1, 0.5, and 1 mm/s. Note that we
controlled the normal load and not the vertical location of
the indenter. For unstructured control samples in steady-state
sliding, there is a corresponding steady-state film thickness
profile. For the EMS samples, the film thickness profile
changes periodically as the indenter traverses the spatially
periodic structure. The indenter was connected to a load cell
(Honeywell Precision Miniature Load Cell) measuring force
in the direction of sample motion. Lubricated sliding experi-
ments were conducted for at least one full cycle, where at
the end of the cycle, the sample had returned to its starting

showing two different sliding paths on the embedded mesh structure.
In the top schematic, the gap path is shown, in which the center of the
indenter periodically passes over the center of the gap in the mesh.
In the bottom schematic, the wire path is shown, in which the center
of the indenter travels over the continuous wire portion of the mesh
(Color figure online)
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Fig.2 Raw data from lubricated sliding experiments for a load of 238
mN, velocity of 0.1 mm/s, and a silicone oil lubricant with viscosity
of 9.7 Pa*s. Data are shifted on the x-axis to match force peaks for
illustration of difference in periodicity between two EMS paths

position. For the control, displacements per cycle were cho-
sen such that the system had reached steady-state sliding
(constant force value) over at least 1 mm of travel. For the
EMS samples, displacement per cycle was kept at 10 mm so
that multiple periods of the mesh structure were probed for
each cycle. Two sliding paths were tested with the spherical
indenter on the EMS samples. In the first, called the gap
path, the center of the indenter slid through the center of the
gap in the mesh, as detailed in the top schematic in Fig. 1d.
In the second, called the wire path, the center of the indenter
slid over the wire portion of the mesh at all times, as shown
in the bottom schematic in Fig. 1d. Previous work using
a silicone oil-based lubricant showed that swelling of the
PDMS from the silicone oil was minimal and did not affect
the mechanical properties of the system [14].
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3 Results and Discussion
3.1 Experimental Analysis

Figure 2 shows typical data obtained from a lubricated
sliding experiment for the control sample as well as the
two indenter paths for the embedded mesh structure
(EMS). The experiment was done under a normal load
of 238 mN and a velocity of 0.1 mm/s, with a silicone
oil lubricant of viscosity 9.7 Pa*s. The control exhibits
steady-state sliding behavior, where the measured force
is essentially constant in one direction of sliding. Con-
versely, the EMS sample shows large periodic fluctuations
in sliding friction force for both the gap and wire paths.
The experiment in which the indenter follows that the
gap path shows a fluctuating force response with a period
equal to that of the mesh. The experiment in which the
indenter follows the wire path also shows a fluctuating
response but with a period twice that of the mesh. It should
be noted that for clarity, the curves for the two EMS paths
are shifted to better visualize the periodic response by lin-
ing up the peak forces at the same location. We attribute
this difference between the two paths to how the mesh is
woven, which is illustrated by the schematics in Fig. 2.
When sliding on the gap path, the wires over which the
indenter travels are always at the same depth from the
sample surface. However, when sliding on the wire path,
the indenter travels over the section of the wires which is
woven to form the mesh. Thus, for one mesh period the
wire which the indenter slides on is woven over a per-
pendicular wire, and then the next mesh period the wire
is woven under a perpendicular wire. This results in a
repeated force response after about two periods of sliding
for the wire path.

We obtain an average friction force, f, in terms of the
energy lost in a cycle per unit distance traveled, which is
computed as the integral of the data plotted in Fig. 2 such
that

f= %Pdu/&, (1)

where u is the displacement of the sample, P is the
horizontal force measured experimentally, and § is the
distance traveled by the sample for a cycle. Using Eq. (1)
to calculate friction force, it can be seen visually that the
area of the curves in Fig. 2 for the EMS gap and wire path
is significantly larger than the area of the control curve,
meaning that the EMS samples have a larger friction force
for the same conditions. It should be noted that the peri-
odic nature of the EMS sample force curves also occurs
under conditions where there is little to no enhancement
(see SI, section S.2 for more details).
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Figure 3a and b show plots of lubricated sliding friction
coefficient, u = f/N, as a function of normal load, N, for
velocities of 0.1 and 1 mm/s, respectively, with the lowest
viscosity silicone oil as the lubricant (5 =0.97 Pa*s). For
the velocity of 0.1 mm/s, Fig. 3a, the trend for the friction
coefficient is similar for the two EMS paths but the mag-
nitudes are larger for the wire path. For the control, at the
lowest and highest loads, the friction coefficient is similar
to the EMS samples. At intermediate loads, the control
values are much smaller than the EMS values, meaning a
substantial enhancement in sliding friction has occurred
for both EMS paths. For the velocity of 1 mm/s, Fig. 3b,
again the EMS sample shows friction enhancement, as for
most loads tested, the control provides the smallest fric-
tion coefficient. When comparing samples across the two
velocities, generally the sliding friction coefficient is larger
for the lower velocity of 0.1 mm/s at the same loads.

It is useful to quantify the observed enhancement by
calculating an enhancement ratio, €, such that

_ HMems

Hcontrol ’ (2)

where pigvs and pegngor are the experimental sliding
friction coefficients for the EMS and control samples,
respectively. Since there are two different indenter paths
on the EMS sample, it is necessary to define two values
of &, £g,, and &y, Enhancement ratios £g,, and &y, are
plotted in Fig. 3¢ and d, respectively, for the =0.97 Pa*s
silicone oil lubricant and velocities of 0.1, 0.5, and
1 mm/s.

Figure 3c and d shows that for both indenter paths, the
slowest velocity of 0.1 mm/s produced the largest sliding
friction enhancements. The plot of &,, vs load in Fig. 3¢
shows that, for all three velocities, friction enhancement
is maximal at an intermediate value of load. At the low-
est loads tested, there is little to no enhancement, and at
high loads the enhancement ratio is likewise small. Peak
enhancement ratios obtained at intermediate loads are 3.8,
2.4, and 1.8 for the velocities of 0.1, 0.5, and 1 mm/s,
respectively. In the plot of ey, vs load in Fig. 3d a simi-
lar trend is observed, except the peak enhancement ratio
is larger with values of 5.8, 2.9, and 2.3 for velocities
of 0.1, 0.5, and 1 mm/s, respectively. For both indenter
paths, it appears that intermediate loads and low velocity
conditions provide the optimal lubricated sliding friction
enhancement.

To further investigate the experimental range in which
the EMS structure is able to produce friction enhancements,
two higher viscosity silicone oil lubricants (7=9.7 Pa*s and
97 Pa*s) were used for the same velocity and load conditions
as the 0.97 Pa*s viscosity silicone oil. As was the case for
the lower viscosity silicone oil, the largest enhancements
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were obtained at the lowest experimental sliding velocity
of 0.1 mm/s. Again, the wire path produced larger enhance-
ments than the gap path for both silicone oils. Enhancement
ratios for &g,, and ey;,. at v=0.1 mm/s are plotted for the
two larger viscosity silicone oils in Fig. 3e. Enhancement
ratio data for v=0.5 and 1 mm/s can be found in the SI (S.2,
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Fig. S.2). For both £g,, and &y, it is observed that increas-
ing the viscosity of the silicone oil to 9.7 Pa*s has resulted
in a decrease in the peak magnitude of the enhancement with
a maximum é&g,, value of 2.5 and a maximum &y, of 2.7.
The peak enhancement is further lowered as the viscosity of
the silicone oil is increased to 97 Pa*s with a maximum &g,
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a 95% confidence interval for a third-order polynomial fit of the data.
Black line in all plots is prediction from a modified version of the
EHL model in Wu et al. [50] (Color figure online)
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value of 1.6 and a maximum &y, of 1.8. The overall trends
of the data are similar for all three oils at low and intermedi-
ate loads, but at high loads, the enhancements observed for
the higher viscosity silicone oils have not decreased to as
small a value as it did for the lower viscosity silicone oil.

To better understand the enhancement mechanisms of
the EMS sample, it is useful to investigate the lubrication
regime of the system. Recent work using a two-phase peri-
odic structure (TPPS) showed enhancements only when the
system was in the EHL regime, caused by structure induced
variations in the potential and elastic strain energies [14]. To
investigate if a similar mechanism is driving the enhance-
ments of the EMS samples, a scaling analysis was used to
isolate which experimental conditions produced EHL behav-
ior and which diverged from that behavior.

Isoviscous EHL theory shows that the friction response
of a rigid sphere sliding on a lubricated homogeneous elas-
tic substrate depends on a single dimensionless parameter
V (normalized velocity) given by

5 1 4
V= (nRstN‘s )v, 3)

where v is the sliding velocity, # is the lubricant viscosity,
R is the indenter radius, G is the shear modulus of the elastic
substrate, and N is the normal load [14, 49]. The correspond-
ing normalized friction force, F, is such that

F = (RG'"PN*P)f = F(V). @)

That is, a signature of the EHL regime is that normalized
friction, F is a function only of the normalized velocity V.
We choose to display our experimental results using this
EHL scaling. As shown below, data for different conditions
collapse onto a single master curve within the EHL regime.
Their divergence from a master curve, for example, under
different velocities, then indicates departure of the system
from the EHL regime.

Figure 4a shows EHL-scaled data for the control sam-
ple, plotting normalized friction, F, vs normalized velocity,
V, for all experimental conditions tested. For all three vis-
cosities, the portion of the data taken from low load experi-
ments (high V) collapse onto a master curve. This master
curve is fit with a previously published EHL model shown
by the black line in Fig. 4a (details in SI, S.3) [50]. Model
and experimental master curves are in good agreement at
large values of V, suggesting that the system is in the EHL
regime under those conditions. At higher loads (lower V),
data diverge from the master curve and model. These diver-
gences occur both for different viscosity lubricants and for
different velocities tested using the same lubricant. For
example, in the 97 Pa*s viscosity silicone oil experiments,
shown as triangles in Fig. 4a, at low loads (high V), the data
collapse onto the master curve for all three velocities tested

(v=0.1, 0.5, and 1 mm/s) suggesting EHL behavior. As load
increases (V decreases), the data diverge from the master
curve to form three separate curves where F' decreases more
slowly or remains constant with increasing load (decreasing
V) (see inset plot in Fig. 4a). These three curves each repre-
sent one of the three velocities tested. This divergence from
the master curve suggests that the higher load data are tran-
sitioning out of the EHL regime, meaning that experiments
are probing multiple lubrication regimes. For the two lower
viscosity silicone oil experiments (squares and circles), the
low load experiments fall onto the same master curve as the
higher viscosity silicone oil experiments (although there is
more spread in the data). As the load increases (decreasing
V), the same divergence into separate curves occurs. For
the lowest viscosity silicone oil, as load is increased (V is
decreased), F begins to increase steadily. An increase in
force with a decrease in velocity is typically indicative of
the mixed lubrication regime. Thus, analysis of the scaled
control sample suggests that at low normal loads, the control
is in the EHL regime, and as normal load is increased, the
control transitions out of the EHL regime into the mixed
lubrication regime.

Figure 4b shows the EHL-scaled data for the control sam-
ple and the wire and gap paths for the EMS sample for all
experimental conditions tested. The EMS and control sam-
ples are scaled using the same value for shear modulus, G.
In other words, the shear modulus for the PDMS matrix of
the EMS samples is used, ignoring the embedded mesh. This
is shown to be a good assumption at high values of V, where
EMS data for both the wire and gap paths collapse onto the
same master curve as the control samples, with good agree-
ment to the EHL model. This indicates that at high values of
V where samples exhibit EHL behavior, the embedded mesh
structure has little effect on the mechanics of the lubricated
contact and the samples behave as homogenous slabs of the
matrix material. As V decreases, EMS sample data in Fig. 4b
diverge from the EHL regime model before the control. This
suggests that for the same experimental conditions, the con-
trol samples are in the EHL regime while the EMS samples
are in or transitioning into the mixed lubrication regime.
When this divergence occurs, the dimensionless friction is
larger for the EMS samples than for the control samples at
the same V, mirroring the friction enhancement of the EMS
samples outlined previously in Fig. 3.

To further explore the effect of lubrication regime on the
friction enhancement of EMS samples, the EHL normal-
ized data for conditions which produced the largest friction
enhancements of 3.8 and 5.8 for the gap and wire paths,
respectively (v=0.1 mm/s, #=0.97 Pa*s silicone oil), are
plotted in Fig. 4c along with the power-law (linear in a
log—log plot) EHL model from Fig. 4a and b. Data in Fig. 4c
are fit using a third-order polynomial, shown as the solid
lines in the plots. Also shown is a 95% confidence interval
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represented by the shaded area around each curve (details
in the SI, S.4). Looking at the lubrication regime behavior
of the sample in Fig. 4c can give insight to the mechanisms
for the friction enhancement ratios obtained for these con-
ditions discussed previously for Fig. 3c and d. In Fig. 3c
and d, enhancement ratios for both paths at v=0.1 mm/s
start off with little to no enhancement at low loads, which
corresponds to large V in Fig. 4c, where the three curves
overlap. As load increases in Fig. 3c and d, enhancement
ratio increases. This corresponds to decreasing V in Fig. 4c,
where at first for the control sample, we see typical EHL
behavior (decreasing F with decreasing V), but for the EMS
samples, we see only non-EHL behavior (increasing F
with decreasing V). This suggests that at these conditions,
the EMS samples are operating in the mixed lubrication
regime while the control is operating in the EHL regime.
This difference between the EMS and control samples cre-
ates a divergence in the lubricated friction response, with
larger frictional forces occurring for the EMS samples. It
results in the friction enhancements seen in Fig. 3c and d
at intermediate loads. Thus, it appears that the cause of the
observed enhancements in friction is that with increasing
load, the EMS samples leave the EHL regime and enter the
mixed lubrication regime before the control sample. This
hypothesis is supported by behavior at low V, where the
control sample in Fig. 4c begins to show a non-EHL regime
response (increasing F with decreasing V) and the curves for
the EMS and control samples converge. This corresponds
to large loads in Fig. 3c and d, where the enhancement is
lost. With increasing load, the control sample also enters
the mixed lubrication regime, leading eventually to a loss
of friction enhancement for the EMS samples.

Figure 4d and e shows F versus V for the same velocity
presented in Fig. 4c (v=0.1 mm/s) and larger viscosity sili-
cone oils (#=9.7 and 97 Pa*s, respectively). Again, condi-
tions where the EMS samples and control are in different
lubrication regimes correspond to conditions in which fric-
tion enhancements are observed in the EMS samples, shown
in Fig. 3e. Figure 4d corresponds to conditions which pro-
duced enhancement ratios of up to 2.5 and 2.7 for the EMS
gap and wire paths, respectively. These enhancement values
are lower than those seen for the data in Fig. 4c. Transition
to EHL-like behavior is observed for the EMS sample in
Fig. 4d at large values of V, especially for the gap path. As
V decreases, the EMS samples again diverge from the EHL
scaling behavior before the control does, leading to friction
enhancements. Figure 4e shows conditions which produced
friction enhancements peaking at 1.6 and 1.8 for the EMS
gap and wire path, respectively. All three samples follow the
EHL model very well at large values of V, with divergence
occurring more modestly than in Fig. 4c and d at intermedi-
ate and small values of V. Figure 4c—e shows that the friction
enhancements obtained for the EMS samples with increasing
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load appear to be dependent on both the divergence from
EHL regime before the control sample as well as that diver-
gence being significant in magnitude.

Figure 4c—e shows that viscosity of the silicone oil has
a strong effect on the lubrication regime behavior between
the samples. The lowest viscosity silicone oil showed the
largest magnitude enhancement ratios between the EMS and
control samples and showed no EHL behavior at high val-
ues of V for either of the EMS samples. As the viscosity of
the silicone oil was increased, the peak enhancement ratios
decreased and the EMS samples began to exhibit more EHL-
like behavior at the largest values of V. The larger viscosity
silicone oils producing EHL regime behavior for the EMS
samples likely have to do with the lubricant film thickness
increasing with an increase in viscosity under the same load
and velocity conditions. This can shift the samples from the
mixed regime into the EHL regime. It is not clear though,
why the larger viscosity silicone oils produce more similar
transitions out of the EHL regime between the EMS and
control samples, resulting in lower enhancement ratios.

The observation of significant friction enhancements
when conditions are outside of the EHL regime is in stark
contrast to those for the previously developed TPPS, which
only exhibited lubricated sliding friction enhancements
while in the EHL regime [14]. The TPPS structure relied on
energy losses through the lubricant as potential and elastic
strain energies of the system varied periodically with sliding
over different phases of the sample. Once the system entered
the mixed lubrication regime, the sliding friction instead
became dominated by forces with larger magnitudes, such
as adhesive and viscoelastic forces. These forces produced
similar friction responses for the TPPS and control sam-
ple, and thus, enhancement was lost. Since the EMS sample
enters the mixed lubrication regime before the control sam-
ple when enhancements are observed, these forces produce
a larger friction response for the EMS samples. Once the
control also enters the mixed lubrication regime, the forces
acting on both samples become more similar and sometimes
equivalent, eliminating enhancements, similar to what was
observed for the TPPS samples. The force response of the
samples (both control and EMS) individually follows what
is expected for transitions between EHL and mixed lubrica-
tion regime behavior. The novel question for the system is
the mechanism for the early departure from EHL regime
behavior for the EMS samples when compared to the con-
trol samples, which likely occurs as a response to the mesh
structure.

We consider two ways to interpret the friction data. In the
first, which we adopt as argued below, variation in force is
ascribed to be due to smooth sliding of the indenter over a
material with spatial variation of contact stiffness. In the sec-
ond interpretation, periodic variation of the friction, Fig. 2,
is due to stick—slip events.
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The EMS samples show periodic variation of friction
even in the EHL regime when there solid surfaces are sepa-
rated by a full fluid film (thus there is no dry contact). This
argues against the stick—slip interpretation (see also SI, Fig.
S.1). Moreover, the signature of stick—slip during friction
is alternation between (a) arrested displacement (during
which force builds up linearly) and (b) dynamic instability
(during which the force falls precipitously). This typically
results in a “sawtooth” force pattern. The force trace for
the EMS sample data, especially for the gap path, is stable
and smooth. This is consistent with the first interpretation:
that the periodicity is a result of smooth sliding on a sur-
face with periodic variation of properties (in this case local
modulus [14]). Finally, we find that there is no periodic-
ity of the friction force in the control samples, consistent
with the first interpretation. For the second interpretation,
in contrast, we would expect stick—slip to occur even for the
control samples. Moreover, even when the control sample is
in the mixed lubrication regime, there is no sign of stick—slip
behavior. For these reasons, we adopt the first interpretation
that periodicity of friction force is due to smooth sliding on
a substrate with periodic variation of contact stiffness.

The EHL scaling analysis shows that the EMS samples
behave as homogeneous slabs of the matrix material in the

EHL regime (see Fig. 4b). As V decreases, some phenom-
enon occurs which causes them to diverge from the EHL
regime before the control samples. The effect of the mesh
on the effective homogeneous composite modulus of the
EMS samples is unlikely to cause this divergence. Stiffer
elastomers have been studied in previous work, and addi-
tional higher modulus silicone elastomer data can be found
in the SI (S.5, Fig. S.2). Results for these stiffer elastomers
show that materials with uniformly higher modulus result in
decreased lubricated friction compared to the lower modulus
control sample under the experimental conditions covered
in this work [14]. Rather, it is possible the local, spatially
varying, contact stiffness of the EMS sample is contribut-
ing to the lubricated sliding behavior. It has been suggested
that for a particle/rubber composite the local hardness of
the contact can play a role [7, 8]. Experiments have shown
that harder particles can result in breaking of lubricant films
more easily than softer particles. This allows for additional
solid—solid contact to occur during lubricated sliding, result-
ing in a larger friction. This mechanism could be occurring
with the EMS structure, where when the indenter is slid-
ing over the wires of the mesh, it is probing a finite area
of much larger local contact stiffness than that of the soft
elastomer matrix, resulting in a larger local pressure. Larger

a N| b N} c N
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- -Gap, N=3.0E-2 — -Gap, N=8.9E-2
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Fig.5 a—c Schematic of sections investigated using FEM. a Schematic of control simulation, b schematic of gap-centered simulation, ¢ sche-

matic of wire-centered simulation. d Plot of p vs X from FEM simulations.
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local pressure, we hypothesize, promotes earlier breakage
of the lubricant film than for the control sample. This could
explain the shift of the EMS samples towards the mixed
lubrication regime under conditions where the control is still
in the EHL regime. This could also explain the differences in
enhancement ratio magnitudes observed for the different vis-
cosity silicone oils. All silicone oils appear to have reached
peak enhancement ratios under the conditions tested, but
the smallest viscosity silicone oil produced substantially
larger enhancement ratios. If the lower viscosity silicone
oil lubricant film was less stable, it could result in more film
breakage and have more solid—solid contact adding to the
friction response.

3.2 Finite Element Analysis

To investigate the hypothesis that differences in local pres-
sures are related to differences in the conditions for transition
to the mixed lubrication regime, a finite element model was
developed (details in SI, S.7). The model simulates indenta-
tion of a flat sample with a circular indenter in a 2D analog
of the experimental geometry. Simulations have no fluid pre-
sent and instead the surfaces are treated as frictionless. This
simplification is applied due to the compliance of the sam-
ples. Previous work showed that under sufficiently compliant
conditions, the film thickness in the contact region is very
small compared to the contact width and depth, and contact
pressure is accurately approximated by the corresponding
dry Hertz problem [50]. Schematics with the geometry of
the simulations are shown in Fig. Sa—c. All simulations have
samples indented under a fixed normal load N. For the con-
trol sample in Fig. 5a, the indenter is in contact with a sam-
ple of homogeneous elastic material of modulus E,. For the
gap-centered and wire-centered samples in Fig. 5b and c, the
sample comprises a matrix of elastic material with modu-
lus E| which contains circular segments of a stiffer material
of modulus E, embedded below the surface of the sample.
For the gap-centered simulation in Fig. 5b, the center of the
indenter is positioned between two stiff circular segments,
to model when the experimental indenter is in the middle of
the gap of the wire mesh, which occurs during portions of
the gap path experiments. For the wire-centered simulation
in Fig. 5c, the center of the indenter is positioned over the
center of one of the rigid circular segments, to model when
the experimental indenter is traveling over the wire, which
occurs at some times during the gap experiments and at all
times during the wire path experiments.

The Hertz contact pressure for a rigid cylinder in contact
with a homogeneous elastic half space is

$2
PH = Pmax 1- a_a (5)
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2N
Pmax = —>» (6)

a
where a is the contact half-width and x is the location on
the contacting surfaces [51]. In terms of the applied load N,
a is given by

ANR
= ™
1 1 -2
E = E 5 (8)
2N rE*x*
=241 - == &)
P ra 4NR

where FE is the Young’s modulus of the PDMS, R is the
radius of the indenter, and v is the Poisson ratio. Here,
we use this solution to normalize pressure in our experi-
ments. Specifically, we normalize pressure by p,,,. given
by Egs. (6) and (7):

p=-2L 10
pmax ( )
and
- x=% R-— N
* w w wE* an

where w is the period of the embedded structure.

Plots of normalized pressure p vs x for five different val-
ues of N are shown in Fig. 5d. The origin indicates the center
point of contact with the indenter. The pressure profiles for
the control- and gap-centered simulation are similar for all
values of N, though at the largest value, the curves diverge
far from the contact center. The maximum value of p for the
control is close to one for all values of N. It is not exactly
one because of the finite thickness of the sample (p,,,, in
Eq. (6) is for an elastic half space). For the wire-centered
simulation, at the smallest value of N, the shape of the curve
is similar to the control- and gap-centered simulations, but
the maximum p is larger. As N increases in the wire-cen-
tered simulations, the maximum p becomes significantly
larger than the control and the shape of the pressure profile
changes into one with two distinct regions. Specifically, near
the center of the contact region, we find a sharp increase in
pressure.

These simulations show that the pressure profile of the
embedded structure is very dependent on indenter loca-
tion. When the indenter is centered over the gap between
embedded structures, the pressure profile is similar to that of
the control. When the indenter is centered over the embed-
ded structure, much larger pressures are obtained locally
at the center of contact. For a lubricated sample, this sharp
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increase in local pressure would likely result in a thinner
fluid film. This thin film will be less stable and more likely
to break allowing for solid—solid contact, which can cause
large increases in the lubricated friction response and devia-
tion from EHL behavior. This supports observations that the
EMS samples enter the mixed regime at lower loads than
the control sample. It also gives insight to why the largest
enhancements are observed for the wire path rather than the
gap path. For the wire path, the indenter is in a configura-
tion similar to the wire-centered simulation in Fig. 5c at all
times, where we obtain substantially larger pressures for all
loads when compared to the control sample. For the gap path
experiments, the indenter fluctuates between the wire-cen-
tered simulation in Fig. 5¢ and the gap-centered simulation
in Fig. 5b where the pressure is similar to the control. This
suggests that the gap path experiments behave as a mixture
of control behavior and wire path behavior, resulting in fric-
tion forces that fall between the two. Thus, it appears that
the friction enhancements observed for the EMS samples
could be a product of local areas of high pressure between
the contacting surfaces, induced by the local stiffness of the
structure in the sample.

4 Conclusions

A structure comprising a plastic mesh embedded in a com-
pliant elastomer matrix was developed. This embedded
mesh structure (EMS) was found to have increased lubri-
cated sliding friction when compared to a control sample
of just the compliant elastomer material. Analysis suggests
that enhancements occur when the EMS sample is operating
in the mixed lubrication regime under conditions where the
control is in the EHL regime or is just beginning to transition
out of the EHL regime. It is proposed that the early transi-
tion of the EMS sample into the mixed lubrication regime is
caused by structure induced pressure spikes causing thinning
and destabilization of the fluid film. Indentation simulations
supporting this mechanism showed increased pressure at the
center of contact when the indenter was centered over an
embedded structure, and control-like pressure profiles when
the indenter was centered away from an embedded structure.
Thus, the local stiffness of a surface may play a role in the
lubrication behavior of nonhomogeneous contacts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11249-021-01540-9.
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