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Graphene is a powerful membrane prototype for both applications and fundamental research. Rheological
phenomena including indentation, twisting, and wrinkling in deposited and suspended graphene are actively
investigated to unravel the mechanical laws at the nanoscale. Most studies focused on isotropic setups, while
realistic graphene membranes are often subject to strongly anisotropic constraints, with important consequences
for the rheology, strain, indentation, and friction in engineering conditions. Graphene in particular is recognized
as the thinnest solid lubricant material and a large amount of work has been dedicated to understanding the funda-
mentals mechanisms of this effect and to unravel parameters relevant to its technological development. Here, we
experimentally show how graphene’s frictional response to an external indenter is severely altered by conditions
of anisotropic suspension, specifically when graphene is clamped across a long and narrow groove. Results show
that the friction coefficient is significant when the tip is sliding parallel to the groove while becoming ultralow
in the orthogonal direction. While the experimental data suggest that—-rather unexpectedly—-prestrain of the
graphene sheet as a result of clamping is negligible, the key to understanding the underlying mechanism is
provided by simulations. The paramount mechanism is provided by the extra anisotropic strain induced from
indentation under anisotropic constraints, which in turn produces an anisotropic stiffening of the graphene.
While the focus of this work is on graphene, we believe our experimental protocol and the physical mechanism

uncovered by our model can be applicable to other 2D membranelike materials.

DOI: 10.1103/PhysRevMaterials.7.054007

I. INTRODUCTION

The rheological and frictional behavior of pristine
graphene has attracted much fundamental and technological
interest during the last decade. From the mesoscale down
to the atomic level, a great research effort is underway to
unveil the physical mechanisms underpinning the indentation,
twisting, wrinkling, and crumbling phenomena [1-8] of this
extraordinary membrane. The exceptional hardness (Young’s
modulus around 1 TPa and intrinsic in-plane strength of
130 GPa [5]), the extreme ability to elastically sustain ten-
sile strain up to at least 20% [9], and its large out-of-plane
membranelike flexibility make graphene the forefront pro-
totype material for the design of innovative systems and
structures with controlled intrinsic properties [10]. Graphene
has been integrated into several hi-tech electronic devices
such as organic light-emitting diodes [11,12], strain sensors
[13—17], wearable devices [18-20], and micro- and nanoelec-
tromechanical systems [21]. Understanding and exploiting
strain-induced effects in 2D layered materials in general is
nowadays a fast-growing topic in both fundamental and ap-
plied research, given that many of its intrinsic properties
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can be tuned by mechanical deformation. While the tun-
ability of transport and optical properties under strain has
been extensively addressed [22-26], the microscopic tribo-
logical behavior as a function of the applied strain and
boundary conditions has received far less attention [27-29].
Graphene tends to conform to the morphology of the sup-
porting surface when deposited over a hosting substrate and
the tribological response of the layered coating significantly
depends on the layer-substrate interaction [30-32]. At the
same time, different experimental realizations of supported
graphene have highlighted the importance of 2D layer strain
on the overall tribological and electronic behavior [33-36].
To disentangle these effects and shed light on their origin,
suspended graphene represents an ideal system. Recently,
free-standing graphene has been investigated by Zhang et al.
[27], who found a reduction of friction with increasing strain
in a suspended and isotropically strained graphene sheet with
atomic force microscopy (AFM) measurements. Complemen-
tary atomistic simulations showed how this tensile prestrain
reduces the membrane flexibility thus decreasing the impact
of the tip, hence reducing the friction.

Here we go beyond the isotropic setup in Ref. [27] and
study the friction behavior of graphene suspended and fixed
at the edges of a long narrow groove. We observe with re-
markable reproducibility that the frictional dissipation of the

©2023 American Physical Society
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FIG. 1. AFM imaging and Raman characterization of single-layer CVD graphene anisotropically suspended. (a) Three-dimensional
topography image and (b) relative line profiles of CVD graphene deposited on a single groove. White dashed line in (a) indicates the line
profile in (b). Equilibrium configuration between graphene and underlying substrate indicates a complete conformation and clamping on the
flat crests enclosing the groove and a total suspension at the center of the groove. (c) Raman spectra comparison of supported graphene (black)
and suspended graphene (red). Note the typical redshift of G and 2D peak positions on suspended graphene. (d) Correlation plot of Pos2D vs
PosG peaks showing data from supported graphene (gray) and data within the patterned area which include supported graphene on the crest
and suspended graphene (green and red, respectively). Lines represent the linear fit from supported graphene (gray line, slope 0.94), graphene
on crest (green line, slope 0.94), and from suspended graphene (red line, slope 1.13). Neutrality point indicated by the black dot at position
(1581.6 and 2676.9 cm™') in the Pos2D versus PosG correlation plot, and the additional axes to quantify strain and doping are taken from

Ref. [36].

graphene membrane measured by our sliding AFM tip turns
anisotropic, with a differential friction coefficient (COF) typ-
ically three times higher parallel to the groove axis compared
to orthogonal axis. This occurs with negligible prestrain in our
system, as confirmed by Raman measurements. Molecular-
dynamics (MD) simulations reveal that the sliding-friction
anisotropy is ruled by the interplay between the tip-indenting
action and the boundary conditions. The strain-free, asym-
metric suspension condition is responsible for the anisotropic
indentation pattern shape and rheology of the membrane,
quantitatively explaining the observations. Our results ratio-
nalize the often-overlooked aspect of nonisotropic constraints
in nanoscale systems, with important implications for realistic
engineering setups.

II. SAMPLE CHARACTERIZATION

The suspended graphene was obtained by depositing a
commercial single-layer chemical vapor deposition (CVD)
graphene on a standard silicon dioxide-based calibration
grating array.

A schematic representation of the sample construction is
shown in Supplemental Material [37]. Briefly, a commercial

single-layer CVD graphene was deposited over the calibration
grating by wet transfer process. The calibration grating com-
prises a central patterned area and a surrounding flat region.
The pattern consists of long, parallel, and equally spaced
grooves (crest-to-crest distance: 3 um, valley width: 2 um,
step height: 500 nm). After transfer, the external flat region
is fully covered by single-layer graphene that we refer to as
supported graphene in the following. On the contrary, the
sample surface over patterned area displayed regions where
the graphene adhered to the substrate and regions where it
hung fully suspended via clamping on the top of the crests
[Fig. 1(a)]. AFM 3D topography and corresponding line pro-
files in Figs. 1(a) and 1(b) reveal an excellent conformation
of graphene sheet over the crests and the complete suspension
in the region between them. In particular, the AFM profiles
before and after deposition [solid and dashed lines in Fig. 1(b),
respectively] indicate that graphene tends to mechanically
relax to a configuration where a small fraction adheres to the
sidewalls of the groove.

The graphene membrane was then characterized by
Raman spectroscopy, a well-established method used to
quantify the purity, thickness, and strain of graphene films
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[36,38-40]. Figure 1(c) presents the typical Raman spectra
obtained from analyzing both the supported graphene (black
line) and suspended graphene (red line) of the deposited
graphitic film. The shape of the two prominent G and 2D
peaks (both symmetric Lorentzian line shape, and width W =
12cm™! and Wsp = 33cm™!, respectively) indicates a high-
quality, single-layer suspended graphene film [38—41]. The
absence of the disorder-related D peak near 1350 cm~! on
the suspended part and the weak intensity on the supported
one indicate that CVD graphene film is composed of large,
defect-free single-crystal domains. The downward shift of
both peaks positions in the suspended regions with respect
to the supported graphene is evident and indicative of the
different extent of both deformation and doping effects [38]
in the two regions.

To disentangle doping and strain effects, we performed
extensive Raman maps on graphene on the patterned area
and graphene supported on the surrounding flat silicon region.
Each map comprised about 80 points where we measured and
fit Raman spectra to obtain G and 2D peak positions (PosG
and Pos2D in the following). We computed the Pos2D/PosG
correlation shown in Fig. 1(d) following the protocol de-
veloped by Lee et al. [36]. PosG and Pos2D are linearly
correlated even within an ideal graphene sheet because of the
ubiquitous presence of doping and strain effects. The slope
of the linear distribution is indicative of the relative impor-
tance of either doping or strain effects. The solid blue lines
in Fig. 1(d) represents the linear pure-strain axis with slope
2.2 and the pure-doping axis with slope 0.7, respectively [36].
The two axes cross at the neutrality point marked by a black
dot at position (1581.6 and 2676.9 cm™") [36]. While on the
doping line only positive values are physically meaningful,
the convention adopted for strain evaluation is to indicate as
a negative value the compressive strain that moves the peak
towards higher frequencies and as a positive value the tensile
strain inducing shift in the opposite direction [42]. The gray
dot and the related gray line represent data from supported
graphene while green and red data come from graphene over
the patterned area. Data from supported graphene (gray sym-
bols) indicate only a very slight tensile strain as well as a
hole-doping effect, consistent with the literature for supported
CVD graphene [39]. Raman spectra acquired from graphene
within the pattern split into two sets with different slopes
(green and red symbols). The green dots show a trend com-
patible with the reference signal (supported graphene) and,
hence, they are attributed to the crest region, where graphene
is supported. Indeed, the fitted slope [green and gray lines
in Fig. 1(d)] is 0.94 in both cases, a value consistent with
the literature [39]. By contrast, the red data are representa-
tive of suspended graphene: They group close to the doping
axis so that the extrapolation towards strain axis indicates a
negligible prestrain. Indeed, the linear fit yields a slope of
1.13 consistent with the value of 1.09 reported by Gajewski
etal. [39] for suspended graphene. Hence, our sample presents
no prestrain, probably because the portion of membrane ad-
hering to the sidewall of the groove is small and its effect
negligible.

III. RESULTS AND DISCUSSION

Following the structural results of the Raman spectroscopy
analysis, the membrane rheology was proved by friction force
microscopy (FFM) (Fig. 2). FFM scans in two opposite direc-
tions were performed on a 1—pum? area, corresponding to the
central region suspended between two crests [blue square in
Fig. 2(a)]. By tilting the sample 90°, the same area was first
scanned in the direction orthogonal to the groove axis and then
in the one parallel to the groove axis, as indicated in the right
side of Fig. 2(a) by black and red arrows, respectively. The
same area was analyzed in both directions with positioning
accuracy of the order of 100 nm ([43,44] and details in Sup-
plemental Material [37]).

Care has been taken to analyze regions free from preex-
isting extended wrinkles, which are clearly identifiable due
to the strong contrast they produce on the lateral force sig-
nal [45]. On the contrary, ripple effects on graphene either
of an intrinsic type or induced by tip or point defect [46]
cannot be resolved since the induced elastic deformations
during FFM measurements are larger with respect to ripple
corrugation.

The measured frictional dissipation F was found to depend
strongly on the scanning direction: The friction force recorded
during scans parallel to the groove was typically three times
that the orthogonal, at the same load P [see Fig. 2(b) and
Fig. S2(a)]. The orthogonal vs parallel friction increase was
then measured at different loads, from about 25 nN down
to the negative pull-off force. Figure 2(b) reports the typical
friction vs load behavior observed in several different spots
on the membrane. The differential friction coefficient dF/dP
(COF) was evaluated for each friction vs load curve and used
as a representative parameter of the membrane anisotropic re-
sponse. Figure 2(c) summarizes the statistics of our multispot
analysis, revealing a remarkably consistent threefold increase
from orthogonal to parallel scanning direction.

In particular, we notice that along the orthogonal direction
the extremely low COF values are in agreement with those
measured by Deng et al. on single-, bi-, and trilayer graphene
suspended on micrometer-size circular hole [47] and con-
firmed recently by Zhan [27]. These values approach that of
thick graphite [48], suggesting the absence of important elas-
tic deformation effects. Comparison with graphene-supported
systems is nontrivial since the specific tribological behavior
depends on the substrate on which the graphene is deposited
[27,49]. In general, the higher the adhesion towards the sub-
strate the lower the out-of-plane deformation effect and the
lower the friction coefficient [50,51]. Our results, summarized
in Fig. 2(c), reveal that along the orthogonal direction the
membrane behaves like a graphene layer with minor load-
induced out-of-plane deformations, while along the parallel
direction load-dependent deformation effects seem to become
increasingly important.

The FFM scans were performed over hundreds of nanome-
ters, providing the mesoscopic tribological response arising
from a nanoscale contact. Over this length scale the atom-
istic stick-slip events cannot be detected by our equipment.
Nevertheless, the atomistic nature of the dissipation can be
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FIG. 2. Direction-dependent friction response of suspended CVD graphene. (a) Three-dimensional topography reconstruction of free-
standing CVD graphene over single groove and 2D zoom of the region analyzed by FFM (blue square: 1 x 1 um?); the two scan directions are
represented with double-headed arrows (black for the orthogonal and red for the parallel, respectively). Scale bar corresponds to 150 nm. (b)
Friction force as a function of load applied to free-standing CVD graphene with groove axis oriented orthogonal (black) and parallel (red) to
the fast scan direction; circles represent experimental data with their error bars and continuous lines are the respective linear fit. (c) Boxplots
of COF for orthogonal (black) and parallel (red) scans; counting corresponds to 12 different regions for orthogonal scans and to 19 for parallel

scans, respectively.

indirectly assessed from the velocity dependency of the COF.
We found that halving and doubling the sliding velocity
yielded the same COF (Supplemental Material [37]). This
velocity independence of friction in both directions is the fin-
gerprint of the stick-slip regime, whereas a viscous dissipation
would yield a linear dependence [52].

In order to understand the atomistic mechanism under-
lying the microscopic experimental measures, we consider
the minimalistic model sketched in Fig. 3(a), which retains
the experimental features assumed to be at the origin of the
observed behavior. The stick-slip regime indicated by the
experiments suggests that the fundamental dissipation mech-
anism should be captured by the Prandtl-Tomlinson (PT)
model [53,54], allowing for the tip to be reduced to a point-
like object [blue dot in Fig. 3(a)] sliding over a corrugated
energy landscape. The cantilever was modeled as a mass
moving at constant velocity vgne [red square in Fig. 3(a)],
dragging the tip via a spring of constant K (see Supplemental
Material [37] and a benchmark of the model parameters at
Refs. [27,55,56].

Construction of the substrate in the PT model (i.e., the 2D
membrane on which the tip slides) was key in this model,
as it needed to capture the deformable nature of the sus-
pended graphene sheet while at the same time preserving the
atomistic nature of the contact—-a smooth membrane cannot
yield a stick-slip dynamics and a discrete graphene membrane

without the mesoscopic clamping asymmetry cannot deform
realistically under the tip. To achieve a reasonable tradeoff
between these two opposite requirements, we modeled the
experimental membrane as a classical graphene sheet where
the Adaptive intermolecular reactive empirical bond order
(AIREBO) [56] potential describes intralayer interactions and
Lennard-Jones (LJ) potential [27] interactions between the
tip and graphene. To reproduce the asymmetric geometry,
the membrane was finite in the x direction (orthogonal), and
periodic in the y direction (parallel). To mimic the adhesion
to the groove’s crests, the membrane edges in the x direction
were clamped with springs of constant Q = 1602 N/m to
the equilibrium position, marked by black straight line in
Fig. 3(a). Hence, the simulated membrane was suspended
and the clamping springs provided the restoring force op-
posing the one exerted by the tip upon loading and sliding.
In Fig. 3(a) the clamped side is the zigzag edge while the
periodic side is the armchair edge. Effects of finite size,
edge orientation, and full open-boundary conditions are dis-
cussed in the Supplemental Material. The simulations were
performed at zero temperature to obtain a clear signal and
because the stick-slip dynamics is regulated by the energy
barrier, while temperature introduces thermolubricity without
qualitatively modifying the dynamics [53,54]. As the tip in
experiments moved orders of magnitude slower than the re-
laxation time of the atomistic motion, a viscous damping was
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FIG. 3. (a) Model setup. Free-standing graphene membrane is clamped along the edges in the y direction at fixed x coordinate, consistently

with experimental orientation in Fig. 1(a). Clamping is realized by attaching a stiff spring (Q = 1602 N/m) to each edge carbon atom in a
0.25-nm region. As reported in the top left corner, the zigzag edge is clamped while the armchair one is free (see Supplemental Material for
results with the opposite orientation, namely clamped armchair and free zigzag). Prandtl-Tomlinson tip (blue sphere) indents the membrane
under a constant vertical load (along z). Mimicking a minimal AFM setup, the tip is attached to a moving stage (red cube), representing
the massive cantilever, translating at constant velocity vgg,,. Side- (b) and top (c)—(e) views of the indentation profile. Purple region in (b)
reports the position projected on x and the black squares indicate the position of the clamps. Note that the axes in (b) are not in scale, i.e.,
the deformation of the membrane is accentuated for visual aid. (c)—(e) Top view of the indentation profile for increasing loads, as reported at
the top of each plot: The tip (green cross) indents the center of the membrane and the system is relaxed (see Supplemental Material for the
relaxation protocol). Color scale in (c)—(e) reports the vertical deformation of the membrane, as indicated by the color bar at the bottom. Black
bar at the sides indicates the position of the clamps, as in (a). Gray dashed lines in (c)—(e) mark the reference x = 0, y = 0, as a guide to the

eye. Height of each C atom of the membrane has been linearly interpolated on a finer grid for clearer visualization.

applied to all the atoms. The crucial property we rely upon is
the near independence of stick-slip friction upon velocity [52].
An external load P was applied to the model tip [as
sketched in Fig. 3(b), which indents the membrane, as shown
in Figs. 3(c)-3(e) for increasing loads. The indentation shape
follows the asymmetric geometry. The deformation is radial
under the tip [green cross in Figs. 3(c)-3(e)], but this sym-
metry is lost far away from it, in particular nearing the edges:
The membrane forms an elongated “valley” in the parallel di-
rection [white regions in Figs. 3(c)-3(e)] and remains almost
flat near the clamps [blue regions in Figs. 3(c)-3(e)]. This
characteristic indentation shape becomes more evident as the
load increases, as shown in going from Fig. 3(c) to Fig. 3(e).
For each indentation load, the tip can slide in the orthog-
onal and parallel directions. The sliding was performed for a
load from O to 2.24 nN. Note that the loads applied to a point-
like tip do not relate directly to the experimental one. One
can estimate the relative pressure and membrane vs tip-size
ratio between MD and experiments. Taking the equilibrium

tip-membrane distance according to the LJ potential R =
0.35 nm as tip radius in MD and assuming a Hertzian contact
area (see Supplemental Material [37] and Refs. [57,58]), at
the maximum load P = 2.2 nN the pressure was 12.8 GPa,
much higher than experiments where the maximum estimated
pressure was 28 MPa at load 20 nN. At the same time, in
the experiments the load was applied on an extended tip of
radius R = 15 nm, while the real contact area of the single
asperity undergoing stick-slip is certainly smaller (and thus
pressure is higher) but difficult to estimate [59]. A more
meaningful quantity to compare between simulations and
experiments is the ratio between the tip radius R and the
membrane clamped length L. This ratio is R/L = 0.011 in
simulations and R/L = 0.01 in experiments, with a groove
distance L = 1.5um. The two values are comparatively
close, suggesting that while the nominal pressure in the
MD simulations is higher than the experimental one, the
dimensional ratio is correctly described by the model. This
geometrical element is crucial to address the anisotropy
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FIG. 4. Simulated frictional response of the membrane perpendicular (a) and parallel (b) to the clamps. The y axis reports the force on the
cantilever while x reports the cantilever position. Each colored line corresponds to a load, as reported in the legend in the bottom right. The
friction traces are normalized by the elastic charging of the membrane as reported in Supplemental Material. Color-matching horizontal lines
show the average friction force at each load after the initial transient. Note that the average excludes the end of the simulation to limit the
influence of the clamps in (a) and of the free edge in (b). Panels (c), (d) show the tip-sliding direction and the evolution from the indentation
profile in Fig. 3(e) toward the end of the trajectory; color scale is the same as Fig. 3. Dashed horizontal and vertical gray lines indicate x = 0

and y = 0 as a guide to the eye.

observed in experiments because the size relationship
between the indenter and the intended membrane sets the
shape of the indentation pattern and the strain distribution.

Force traces along the orthogonal and parallel directions
for selected loads are reported in Figs. 4(a) and 4(b), re-
spectively. The atomistic stick-slip behavior is evident at all
loads, owing to the damped, zero-temperature dynamics of
the MD simulations. As the cantilever started to translate,
the tip climbed the corrugation energy barrier; see the initial
increase of all lines in Figs. 4(a) and 4(b). Once the cantilever
restoring force overpowered the barrier, the system depinned,
causing the first drop in all lines in Figs. 4(a) and 4(b). This
is the onset of static friction. Afterwards, the tip moved by
single-lattice slips, yielding the characteristic sawtooth force
profile of stick-slip dynamics shown in Figs. 4(a) and 4(b).
As shown in detail in Supplemental Material [37], the mem-
brane deformation instantaneously follows the tip motion:
There is an adiabatic separation between slow motion of
the AFM tip and the fast relaxation of the membrane, as in
experiments.

After an initial transient, the Kinetic friction was calculated
as the average sliding force shown in Figs. 4(a) and 4(b) as
horizontal lines. The protocol to compute kinetic friction in
this clamped system is described in detail in the Supplemental
Material [37].

From Figs. 4(a) and 4(b) one can already see that the fric-
tion in the orthogonal direction is smaller than in the parallel
one, as in experimental curves in Fig. 2(b). The force-load
curves for the two directions are obtained by plotting the
average friction force, horizontal lines in Figs. 4(a) and 4(b),
against the applied load P. Figure 5(a) reports the average
friction vs load for the orthogonal (blue line) and parallel
(orange line). For small loads (P = 0-0.5nN), where the
anisotropic mechanical constraint of the clamping is very
modestly perceived, the two curves behave similarly; as the
load increases, however, the average force in the parallel
direction keeps rising, while in the orthogonal direction the
growth slows down. This follows the experimental behavior in
Fig. 2(b), where parallel force is higher while perpendicular is
smaller. Even though the model force-load curves in Fig. 5(a)
showed a clear nonlinear trend, as reasonable for the system,
the concept of differential COF helps to establish a systematic
comparison with experiment. Considering only the large-load
limit [dashed lines in Fig. 4(a)], we obtained COF| = 0.013
and COF;; = 0.023, yielding a ratio COFy;; /COF, = 1.7. We
conclude that this minimal model is able to reproduce fairly
well the experimental finding COF;; > COF)| .

Note that the COFs from MD simulations are higher than
in experiments. This discrepancy can be linked to the system
being an ideal crystal at zero temperature, representing an
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FIG. 5. (a) Average friction vs load for the direction perpendicular (blue curve) and parallel (orange) to the clamp. COF perpendicular and
parallel to the clamps is defined as the slope of the light-blue and red-dashed lines, respectively. (b), (c) Overall strain of each carbon atom
as bond-length difference averaged over its nearest neighbors. (b) Final snapshot of orthogonal dragging, and (c) for parallel dragging; both
snapshots refer to load P = 2.24 nN [black curves in Figs. 4(a) and 4(b) and last point in (a)]. Green cross marks the tip position. Darker
regions mark smaller strain, lighter regions higher strain. White lines mark the isoline at the values reported on the color bar.

upper bound for the friction force in the real system. At the
same, the agreement between trends found in experiments
and in MD simulations are robust against variations of crys-
tal orientation and boundary conditions (see Supplemental
Material [37] and Ref. [60]). Hence, we believe the physics
underpinning the experimental results are well described by
the theoretical model, while the assumptions of the model
result in a qualitative rather than quantitative agreement.
These “in silico frictional experiments” were crucial to un-
derstand the origin of this asymmetric rheological response of
suspended graphene in absence of prestrain. Figures 5(b) and
5(c) report the model strain distribution in the membrane as
the bond-length deviation from equilibrium, (8),, = (%),m,
where [y = 0.139 nm is the equilibrium C-C bond length
in MD and the (), indicates the average over the nearest
neighbors of each carbon atom. While no prestrain is present
in the membrane, the tip indentation stretches the membrane
up to § ~ 2% right below the tip as shown by the large yel-
low patch in Figs. 5(b) and 5(c). This tip-induced strain is
larger in the orthogonal direction, as the graphene needs to
comply with both the tip pressure and the clamps pull [see the
brighter horizontal strip highlighted by the white contour lines
in Fig. 5(b)]. Hence, the membrane is stiffer in the transverse
direction. On the other hand, in the parallel direction the tip-
induced strain is lower [see the black regions enclosed by the

white contour lines in Fig. 5(c)]. When the tip was dragged
along the transverse direction, the stiff substrate was not de-
formed significantly by the pushing tip and the force needed
to slide was small. Conversely, when the tip was driven along
the parallel direction the graphene membrane deformed easily
under the action of the sliding probe, resulting in a higher
force opposing sliding and, thus, a higher dissipation. As
the load increases, the orthogonal direction becomes stiffer,
enhancing this effect and leading to the smaller coefficient of
friction shown in Fig. 5(a).

The computational results indicate that the anisotropic
stiffening of the membrane induced by the clamping during
indentation, and not an anisotropic prestrain, which is absent
in our case, is the mechanism underpinning the different fric-
tional response in the orthogonal and parallel directions. This
argument is further corroborated by the experiments. Analyz-
ing the effective piezoelongation as a function of the applied
loads during the acquisition of friction vs load images (see
Supplemental Material [37]), we can extract the tip-induced
elastic deformations of graphene along both the orthogonal
and parallel directions of the groove. This analysis provided
an estimate of the effective elastic constant (K.¢) for the
coupled graphene-cantilever system. The mechanics is that of
two springs in series: One is given by the flexural constant
Kx of the AFM cantilever; the other represents the elastic
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FIG. 6. Elastic behavior of the graphene membrane along the
orthogonal (black) and parallel (red) scan directions (light and dark
lines correspond to different membranes). Elastic constant of the
graphene membrane is evaluated as discussed in text and in Sup-
plemental Material [37]. Data are normalized to the values evaluated
at the membrane center (green triangle in the insets) and they are
shown as relative percentage variation. In the orthogonal direction
the relative variation of Kg, near the clamping regions achieves
40% while along the parallel direction it is almost always contained
within 10%. Reference values at the center are membrane 1 (dark
line) K, = 0.455 £ 0.05 (N/m); and membrane 2 (light line) Kg, =
0.46 £ 0.15 (N/m).

response of the graphene membrane subject to normal load,
whose constant is termed here Kg;.

Figure 6 reports the variation of the graphene elasticity Kg,
as a function of the positions along the orthogonal [Fig. 6(a)]
and parallel direction [Fig. 6(b)] with respect to the value
at the center of the path. In the orthogonal direction, the
relative variation of Kg, near the clamping regions achieves
40%, while along the parallel direction the variation is almost
negligible (within 10% of the value at the center).

Hence, the intrinsic membrane elasticity as described by
Kg: strongly depends on the scan direction. In particular,
the orthogonal scan reveals a nonuniform response along the
profile: The center region is softer while the system grad-
ually becomes effectively stiffer approaching the clamping
constraints. On the contrary, in the parallel scan direction, the
response is essentially constant, as expected from the model.
The behavior described by the intrinsic membrane elasticity
is consistent with computational results: The induced strain
reported in Figs. 5(b) and 5(c) indicates anisotropic membrane
stiffness along the two sliding directions. Tip sliding along
the orthogonal direction [Fig. 5(b)] moved toward higher
strain regions near the clamps compared to the center: The
membrane became stiffer. Conversely, when the tip slid along

the parallel direction [Fig. 5(c)] the strain distribution just
translated unchanged with the tip, yielding the same stiffness
along the path.

IV. CONCLUSIONS

The effect of in-plane strain on the frictional mechanics
of free-standing 2D membranes has been addressed only re-
cently. Within the effort of understanding the nanorheology of
2D materials under strain, graphene has been investigated in
different conformations, from freely suspended on a circular
hole to strained as the hole gets pressurized. We found un-
expected results on the asymmetric tribological response of a
single-layer CVD graphene freely suspended over a specially
designed groove geometry. FFM measurements and friction
vs load analysis performed at the membrane center reveal a
remarkably large anisotropy with respect to the groove axis.
A very low COF is measured by sliding transverse to the
groove while an unexpected nearly threefold increase is ob-
tained when moving parallel. As the prestrain discussed in the
literature is absent in our system, a different mechanism is
required to explain the observed anisotropy. Our MD model,
corroborated by subsequent measurements, suggests that de-
formation induced by indenting and sliding action of the tip is
anisotropic due to the asymmetric clamping conditions. This
also reflects in anisotropic friction response of the graphene
membrane. Sliding orthogonally to grooves produces a larger
strain, where the membrane stiffens and the force needed to
drive the tip drops. On the contrary, moving parallel to grooves
the graphene membrane deforms easily and a larger force is
needed to slide. This mechanism is amplified with increasing
load, which results in an asymmetric dependence of friction
vs load.

These experimental results complemented by numerical
simulations demonstrate how strong adhesion (clamping) and
decoupling (suspension) from the substrate can modulate the
stiffness and the friction on these membranelike systems.
Strongly anisotropic geometries, such as that investigated
here, are likely to occur in realistic systems. Hence, we believe
that our results and analysis will be relevant to design and
tune future graphene-based systems such as nanomechanical
devices and ultralow-friction coatings.
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