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Abstract

Structural superlubricity enables ultralow friction and wear—free sliding by cancellation of
lateral forces at incommensurate, weakly interacting interfaces. However, edge-induced
friction remains non-negligible. In this work, we systematically quantify edge-induced
friction in atomically smooth single—crystal graphite/graphite interfaces using a controlled
edge—contact architecture. By introducing holes with well-defined geometries and sizes,
we systematically vary the total contact edge length while preserving the crystallinity
and atomically smooth morphology of the interior graphite surface. The results reveal
that friction enhancement in the patterned graphite/graphite interface is dominated by
edge-mediated interactions at the hole boundary, demonstrating that total edge length,
rather than real contact area, is the primary parameter governing interfacial friction. This
outcome diverges from conventional contact-area-dependent friction theories, bringing to
light the paramount importance of edge contributions in structurally superlubric interfaces.
We show that engineering the hole perimeter provides a route to tuning friction in layered
materials without changing material composition or external operating conditions.

Keywords: structural superlubricity; edge effects; graphite

1. Introduction

Friction and wear remain fundamental aspects of mechanical systems, governing
energy dissipation, material degradation, and device lifetime [1] across length scales from
macroscopic machinery to micro— and nanoelectromechanical systems [2]. The discovery of
structural superlubricity, a regime of ultralow friction arising from lattice incommensura-
bility, has opened a conceptually new route to frictionless motion without lubricants [3-5].
Layered materials, particularly graphite, are ideal systems for realizing structural su-
perlubricity due to their atomically flat basal planes and weak interlayer van der Waals
interactions [6-8]. Superlubricity has been experimentally observed in graphite at scales
ranging from nanoscale atomic force microscopy to microscale [5,9,10] and even macroscale
graphite mesas [11], with measured friction coefficients reaching ultralow values that
approach the detection limits of current experimental techniques [12,13].

Recent studies have highlighted the important role of contact edges in the frictional
behaviour of superlubric interfaces. The edges have unsaturated bonds, localized elec-
tronic states, and enhanced chemical interactions, which promote pinning and local coher-
ence [14-17], thereby increasing friction. Related theoretical and simulation studies [18-20]
have further predicted that edges and defects can induce the formation of localized pinning
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sites, trigger stick—slip dynamics, and contribute to frictional dissipation in superlubric
systems. Hu et al. [21] showed that by decoupling edge and in—plane friction contribu-
tions, edge—edge and edge-surface contacts play a dominant role in dissipation compared
with basal-plane contact. Despite these advances, precise control over edge—contact con-
figurations remain limited, and friction modulation through edge design in structurally
superlubric interfaces has yet to be achieved. Geometric boundary engineering should
be distinguished from conventional contact—area effects, as these two quantities capture
fundamentally different aspects of the interfacial interaction [22]. Previous studies have
established that twist-angle engineering and grain boundary dislocations undergoing
shear-induced buckling transitions are effective strategies for modulating superlubricity,
driving nonmonotonic friction behavior and energy dissipation through hysteretic elastic
storage [3,8,23,24].

This study proposes a controllable method for fabricating patterned edge structures
with well-defined sizes and geometries while preserving the atomic-level surface smooth-
ness. Based on this design, we establish an edge—contact architecture that directly reveals
edge effects in a structurally superlubric system, demonstrating that hole perimeter is a key
geometric parameter governing frictional behaviour and providing an edge-based route
for tuning friction in structurally superlubric graphite/graphite interfaces.

2. Materials and Methods
2.1. Methods

Silicon (5i) wafers were diced into approximately 1 cm x 1 cm pieces and ultrasoni-
cally cleaned in acetone and isopropanol (IPA) for 20 min each, then dried under nitrogen.
Graphite flakes were then transferred onto Si substrates via mechanical exfoliation using
Scotch tape, yielding atomically smooth graphite surfaces. Micro-hole arrays were fabri-
cated on the graphite surface using photolithography and etching. Triangular, circular, and
square holes with characteristic sizes ranging from 2 to 6 um were fabricated. These holes
introduce well-defined graphite edges. To reduce contamination from fabrication residues,
the patterned samples were repeatedly exfoliated with Scotch tape before transferring the
graphite mesa for measurement. This process effectively removes photoresist residues
and exposes clean, atomically smooth graphite surfaces with holes, which are essential for
achieving structural superlubricity [25].

Microscale graphite mesas for sliding experiments were prepared from thin graphite
flakes. Figure 1a shows that the flakes were first transferred onto a flat graphite surface
using a thermal release tape at 150° C, and then patterned into 8 um x 8 um graphite
mesas via photolithography. The graphite mesas were subsequently positioned onto the
patterned substrates using a transfer system with a tungsten probe [26]. All lateral force
measurements were conducted by reciprocating the graphite mesa along the x—direction
with the scan centered on a single patterned hole as shown in Figure 1b. The displacement
range was selected such that the hole remained enclosed within the mesa contact area
throughout the entire sliding cycle, ensuring that the measured lateral force reflected the
frictional response of a single isolated hole. Hole-to-hole spacing was fixed at 20 um to
prevent interactions with neighbouring features.

The total contact edge comprises two components: the graphite mesa edge length
and the hole edge length. The friction contribution from the hole edges may substantially
exceed that of the mesa edges. This difference is attributed to the non—vertical sidewall
profiles of the microfabricated holes, which may engage the sliding mesa across multiple
edge levels simultaneously, generating a higher density of localized pinning sites and
greater cumulative dissipation.

https://doi.org/10.3390/lubricants14070262


https://doi.org/10.3390/lubricants14070262

Lubricants 2026, 14, 262

3o0f11

(a)

Photo
Lithography

— Ultra Violet
Radiation

Photo Mask

b Graphite rll.l.l.l.l.l.l.l.l.li{: Graphite layer
e oo Silicon wafer
-

Adhesive Tape

hotod Objective
Photodetector lens Laser
Exfoliation T ——AFM Tip

Graphite mesa

ra ' coated with Au
e < \ Scotch Tape -— ) e l t Square
Residues from = Hole
-“

etching procedure

L+ Siliconwafer

(b)

Sliding direction

Step size =20 uym e’ = =

Graphite mesa

"
—
T R ecbed it Au

I—> Patterned Hole

]

& —— Sliding distance: 2 ym

Figure 1. Schematic overview of the (a) fabrication strategy for creating atomically smooth graphite
surfaces with microscale hole patterns and the construction of structurally superlubric graphite
mesas on holes. (b) graphite mesa reciprocating motion, showing the sliding direction (red arrows),
sliding distance (stroke length), and the step size between neighbouring holes in the patterned
graphite substrate.

The subsequent discussion, therefore, focuses on the hole edge contribution as the
dominant parameter governing interfacial friction enhancement. The size of the graphite
mesa is fixed during the measurement, and the contact edge length is systematically tuned
by varying the size and hole geometry.

2.2. Morphological and Topographical Characterization

The morphology and geometric accuracy of the patterned graphite holes were charac-
terized using Scanning Electron Microscopy (SEM). Arrays of circular, square, and triangu-
lar holes with lateral dimensions of 2, 3,4, 5, and 6 um were fabricated. Representative SEM
images of individual 5 um circular, square, and triangular holes are shown in Figure 2a—c.

The circular and square holes exhibit clear and continuous edges, indicating reliable
pattern transfer during fabrication. The triangular holes are also well defined, although
slight rounding is observed near the vertices, consistent with the resolution limits of
standard photolithography. The hole and mesa dimensions measured directly from the
SEM images agree well with the designed values, confirming the geometric fidelity of the
patterned structures. The center-to—center spacing between adjacent holes was fixed at 20
pum to ensure that the measured friction could be attributed to a single hole’s edge. Figure 2d
shows the SEM image of an 8 um x 8 um graphite mesa, with the left panel showing the
Au—coated mesa after etching and the right panel depicting the exposed region following
its removal using a tungsten probe. The close agreement in lateral dimensions between the
mesa and the underlying patterned region verifies the fidelity of the fabrication process.

https:/ /doi.org/10.3390/lubricants14070262


https://doi.org/10.3390/lubricants14070262

Lubricants 2026, 14, 262

40f11

Figure 2. SEM images of patterned graphite holes represent (a) circular, (b) square, and (c) triangular
holes, respectively. (d) SEM image of an 8 um x 8 um graphite mesa with an Au cap.

AFM characterization was performed to verify the structural integrity of the graphite
surface surrounding the holes before friction measurements. Topography images acquired
across the boundaries of the circular, square, and triangular holes (Figure 3a—c) demonstrate
a smooth, well-defined transition from the atomically flat graphite surface to the hole edge.
The corresponding height profiles in Figure 3g—i exhibit a progressive decrease in height
along the hole edges, reflecting a gradual transition from the graphite surface into the hole
interior and confirming well-defined patterning of each geometric feature.

To further assess any potential process—induced modifications to the surrounding
graphite, high-resolution topography images were acquired immediately adjacent to the
hole perimeters (Figure 3d—f), revealing that the graphite surface retains its atomically
smooth character with no detectable residues, defects, or surface deformation attributable
to the photolithography process. The roughness values summarized in Table 1 show no
systematic dependence on hole geometry or size, indicating that the graphite surfaces
adjacent to the holes remain comparable across samples.

For each hole geometry and size, three different regions adjacent to the corresponding
patterned hole edges were selected for AFM roughness characterization. The roughness
parameters (Rq) and (Ra) were calculated from these three independent measurement
regions and are reported as mean =+ standard deviation in Table 1. The roughness values
are generally within the sub-nanometer range and show no systematic dependence on
hole geometry or size, indicating that the graphite surfaces adjacent to the patterned holes
remain morphologically comparable across samples. Although relatively larger standard
deviations are observed for several square-hole regions, the absolute roughness remains
low, suggesting that the friction enhancement cannot be attributed to systematic roughness
variation in the surrounding graphite surface.
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Figure 3. AFM characterization of the graphite holes with different geometries. Topography images
acquired across the edge of (a) circular, (b) square, and (c) triangular holes (The red lines in the
AFM height images indicate the line-scan positions used to extract the corresponding height profiles
shown below each image) and images (d-f) represent the surface topography of the graphite around
the holes. Figures (g-i) represent the corresponding height profiles extracted along the indicated scan
direction for each geometry.

Table 1. Surface roughness characterization of regions adjacent to the patterned hole edges measured
by AFM. The (Rq) and (Ra) values are reported as mean + standard deviation from three different
AFM measurement regions adjacent to the corresponding hole edges for each hole geometry and size.

Shape/Size of Triangle Circle Square

the Holes (um) Rq (pm) Ra (pm) Rq (pm) Ra (pm) Rq (pm) Ra (pm)
2 220.32 £2.82 173.82 +2.24 226.23 £ 11.80 180.13 +-9.24 210.85 £ 14.52 167.74 +12.10
3 238.04 £ 14.84 189.81 + 11.62 215.39 £ 11.41 171.59 +9.27 301.31 £ 69.62 238.33 £ 28.04
4 213.22 +4.02 170.29 + 2.67 227.96 £+ 22.48 181.68 + 18.05 207.43 +7.33 164.71 + 5.58
5 299.97 £ 9.55 210.18 £ 7.89 215.03 £ 3.11 171.46 + 2.30 329.24 £29.16 202.71 £ 6.92
6 218.82 £ 4.56 173.98 4+ 3.48 209.35 £ 0.57 165.79 £+ 2.50 222.02 £ 56.94 177.77 £+ 32.27
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3. Results and Discussion

Having established the geometric accuracy of the holes and the comparable surface
morphology of the graphite regions adjacent to the holes, we next investigate how these
hole edges influence friction in the graphite/graphite interface.

3.1. Effect of Holes on Friction

All measurements were performed under identical Nano Tribological-Atomic Force
Microscopy (NT-AFM) conditions using the same graphite mesa, with the cantilever
calibrated in situ for both normal and lateral-force measurements. The normal spring
constant was obtained using the Sader method [27], which determines the cantilever
stiffness from its resonance frequency, quality factor, and geometric parameters. The lateral
force calibration was performed using a diamagnetic levitation spring system [28], which
provides a well-defined reference force for determining the cantilever’s torsional response.
Figure 4a—d compare the lateral force signals recorded when an 8 um x 8 pm graphite
mesa slid on a single—crystal graphite/graphite interface and on 6 pm triangular, circular,
and square holes, with a sliding distance of 2 pm.
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Figure 4. Lateral force signals recorded during NT-AFM sliding measurements with an 8 um x 8 um
graphite mesa on (a) graphite surface, (b) 6 um triangular hole, (c) 6 um circular hole, and (d) 6 um
square hole. The forward and backward traces are shown as a function of sliding distance. All
measurements were performed at a constant deflection setpoint of 30 nA and a scan rate of 1 Hz
under identical experimental conditions.

The effect of hole boundaries on friction was investigated using AFM-based lateral slid-
ing measurements, in which the AFM tip was used to push the graphite mesa across the hole
following our previous measurement protocol [29]. On the single—crystal graphite/graphite
interface in Figure 4a, the lateral force curves obtained during forward and backward scan-
ning are nearly symmetric over the entire sliding distance, with a central friction force of
approximately 0.2 uN, which is consistent with previously reported values for structurally
superlubric graphite/graphite interfaces [30], corresponding to about 3.1 kPa interfacial
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friction stress for a nominal 8 um x 8 um contact area. This friction stress level falls within
the range reported for structural superlubric van der Waals interfaces [3,8,20,31]. This
result reflects the intrinsic structural superlubricity of the graphite/graphite interface and
provides a benchmark for evaluating the effect of hole boundaries on friction.

In contrast, when the graphite mesa slides across the triangular, circular, and square
holes in Figure 4b—d, the separation between the forward and backward traces increases
markedly, indicating a substantial increase in lateral force at the graphite/graphite interface.
For all three patterned configurations, the measured friction force was significantly higher
than that of the non—patterned interface.

Importantly, this friction enhancement occurs despite the reduction in the real contact
area caused by the holes. This opposing trend demonstrates that the increase in friction is
not governed by the real contact area, but is primarily driven by additional interactions
introduced at the hole edges. This result is inconsistent with the classical Bowden—Tabor
framework, in which friction is expected to scale with the real contact area through interfacial
shear strength [32]. These results demonstrate that the edges of a hole play a dominant role in
friction enhancement in an otherwise structurally superlubric graphite/graphite interface.

We also note that the friction associated with the hole edges is substantially larger than
that arising from the edges of the graphite mesas themselves. This difference likely origi-
nates from the structural characteristics of the holes. Because the holes produced by micro-
fabrication are not perfectly vertical (refer to the SEM and AFM images in Figures 2 and 3),
the in—plane sliding of the graphite mesa may simultaneously interact with edge segments
at different heights near the hole boundary. In contrast, the low friction stress measured
on the unpatterned graphite/graphite reference confirms that the basal-plane contact re-
mains structurally superlubric, whereas the additional dissipation in the patterned samples
originates primarily from the engineered hole edges [6,21,33]. For this reason, the follow-
ing discussion focuses primarily on the role of the hole edges in governing the observed
frictional enhancement.

3.2. Dependence of Friction on Hole Perimeter

Because the graphite mesa remains fixed during measurements, variation in hole
size directly alters the hole perimeter at the sliding interface. Figure 5 shows the friction
measurements for triangular, circular, and square holes with characteristic sizes ranging
from 2 to 6 um. The graphite reference remains nearly constant at 0.2 uN, providing a
narrow baseline for sliding friction on the graphite/graphite interface. The introduction of
holes leads to a substantial increase in friction for all three geometries.
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Figure 5. Lateral friction force measured by AFM as a function of hole perimeter using an
8 um x 8 um graphite mesa for (a) triangular, (b) circular, and (c) square holes on a graphite substrate.

The friction of the graphite/graphite interface is included as a reference (black dots).

https://doi.org/10.3390/lubricants14070262


https://doi.org/10.3390/lubricants14070262

Lubricants 2026, 14, 262

8of11

Figure 5 shows the AFM—measured lateral friction force plotted as a function of
hole perimeter for triangular, circular, and square holes on a graphite substrate, using an
8 um x 8 um graphite mesa. For all hole geometries, the lateral friction force increases
with increasing hole perimeter, showing a clear positive perimeter-dependent trend. In
contrast, the graphite/graphite reference interface remains at a much lower friction level,
as indicated by the black dots. The data shows that the friction force increases from 0.95
to 9.54 uN for holes as the characteristic edge length increases from 2 to 24 um, with
standard deviation error bars. These results demonstrate that all patterned structures
exhibit significantly higher friction than the graphite/graphite interface, with friction
increasing monotonically with edge length. With constant mesa size and sliding distance,
increasing the hole perimeter increases the number of boundary sites involved in sliding.

Such boundary sites may locally disturb the translational symmetry of the graphite
basal plane and enhance interfacial potential corrugation, thereby promoting localized
pinning and additional energy dissipation during sliding [14-21]. Friction force scales
linearly with hole perimeter according to the equation:

Ff=F0+DCL

where Fj is a constant term representing the intrinsic interfacial friction of the graphite/graphite
contact, o is the edge friction coefficient per unit length of hole boundary, and L is the
total hole perimeter. Figure 6 shows that the linear regression across all datasets yields a
slope of & = 0.282 £ 0.016 uN/um, corresponding to a perimeter—normalized increase in
lateral force of approximately 0.282 pN per micrometer of the hole boundary. The fitted
intercept is Fy = —0.052 £ 0.194 uN. The Pearson correlation coefficient r = 0.977, coefficient
of determination R? = 0.954, and adjusted R? = 0.951 confirm an excellent linear relationship
between friction force and hole perimeter. Because this intercept is obtained by extrapolat-
ing the finite-perimeter patterned-hole data to L = 0, it should not be interpreted as the
physical friction force of the graphite/graphite interface. Instead, the fitted slope « is the
more physically relevant parameter, representing the friction enhancement introduced by
engineered hole edges.

10 = Circular Holes
Square Holes
B Triangular Holes
®  Graphite
=T inear fit

-

Force (uN)

'S

0 5 10 15 20 25
Edge length of the Hole (um)

Figure 6. Linear fitting and residual analysis of the relationship between friction force and total
hole—edge length. Lateral friction force as a function of total hole—edge length for circular, square,
and triangular holes. The red line represents the linear fit.

In this description, the graphite/graphite contact contributes only a small background
friction term, whereas each additional unit length of engineered hole boundary contributes
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an approximately constant increment to the measured lateral force. This linear scaling sup-
ports the interpretation that friction enhancement is governed primarily by the cumulative
length of edge-related pinning sites, rather than by the superlubric graphite/graphite con-
tact area. This edge—dominated interpretation is consistent with previous studies showing
that less—confined and structurally flexible edge atoms in van der Waals interfaces can act
as localized pinning sites during sliding [7,18-21,34,35].

3.3. Stability of the Edge-Dependent Frictional Response over Repeated Sliding Cycles

To assess the robustness of the observed edge—-dependent frictional behaviour, the
friction response was further examined over 256 sliding cycles for different hole geometries
and sizes, as shown in Figure 7. For the graphite/graphite interface, the friction force
remains lowest throughout the entire measurement, with only minimal fluctuations, con-

firming the high stability of the structural superlubric graphite/graphite interface under
repeated sliding.
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Figure 7. Frictional force as a function of sliding cycle for patterned graphite interfaces containing
(a) triangular, (b) circular, and (c) square holes with sizes from 2 to 6 um.

In contrast, all patterned samples exhibit consistently higher friction levels than
the graphite reference throughout the cycling process. Although some curves exhibit
modest fluctuations or initial transient behaviour in the early cycles, no abrupt failure or
catastrophic drift is observed. The overall friction hierarchy among the different patterned
structures is largely maintained throughout the repeated sliding cycles, indicating that the
friction enhancement introduced by the hole boundaries is not a transient artifact but a

stable interfacial response. It implies that interfacial friction can be tuned by controlled
variation in edge length.

4. Conclusions

This work demonstrates that friction at structurally superlubric graphite/graphite
interfaces can be tuned by deliberately engineering internal hole edges. The introduction
of holes systematically increases the measured friction force above that of an atomically
smooth graphite/graphite reference interface, even though the nominal contact area is
reduced. This finding shows that edge-mediated interactions constitute an independent
and controllable dissipation channel in otherwise structurally superlubric interfaces.

By varying the geometry and size of the holes, we further show that the friction force
scales approximately linearly with the total engineered edge length within the investigated
geometric range. This result establishes total hole-edge length as a reliable geometric
design parameter, distinct from conventional contact-area—based descriptions of friction.
The repeated—cycle measurements further indicate that the edge-dependent friction en-
hancement is structurally encoded in the patterned interface: the engineered hole edges
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remain persistent geometric features during sliding, while the basal-plane regions retain
their structurally superlubric character.

These results highlight geometric boundary engineering as a practical strategy for
regulating friction in layered—material interfaces without changing material composition,
applied load, or environmental conditions. Future work combining atomic-resolution edge
characterization, spectroscopic mapping of edge chemistry and electronic states, molecular
dynamics simulations, and first-principles calculations will be needed to clarify the relative
contributions of phonon excitation, electrostatic pinning, and local stress concentration to
edge-mediated friction.
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