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 A B S T R A C T

When an elastic membrane is deformed, the external work is stored not only as volume-related elastic strain 
energy but also as area-related surface energies, since the total membrane area changes. The latter contribution 
is challenging to quantify experimentally, especially for ultrathin membranes. Here, we demonstrate that 
such surface effects can be revealed through indentation by comparing tests performed at gas and liquid 
interfaces. Specifically, using monolayer graphene indented across N2–graphene and water–graphene interfaces, 
we show that graphene indented against water appears significantly softer—a signature of interfacial energetics 
favoring the water–graphene configuration. A membrane theory incorporating both elasticity and surface forces 
quantitatively reproduces the measured force–displacement curves, enabling the extraction of the interfacial 
tension difference and, in turn, membrane’s wettability. These results establish indentation as a probe of solid–
liquid surface tension at the membrane limit and highlight that surface effects – often regarded as negligible 
in 2D materials – must be carefully accounted for in applications ranging from straintronics to nanofluidics.
. Introduction

When a membrane is subjected to external forces, the work is 
tored not only as elastic energy but also as surface energy associ-
ted with the increase in surface area [1,2]. In the simplest case of 
ure tension, a capillary membrane such as a soap film exhibits a 
onstant force–displacement relation, while a purely elastic membrane 
ollows Hookean behavior (Fig.  1A). When both elasticity and cap-
llarity are present, the response is their superposition: the effective 
orce–displacement curve is shifted such that the zero-force state cor-
esponds to a slight negative strain (Fig.  1A). Consequently, direct 
easurement of surface tension in a membrane via simple tension is 
hallenging because near the zero-force point, the elastocapillary re-
ponse is indistinguishable from a purely elastic one. Only at relatively 
arge tensions, where more complex surface stresses may emerge, might 
urface effects become apparent [3]. Alternatively, for a thin membrane 
ith clamped edges subjected to transverse loading such as pressure, 
he Laplace law for a capillary membrane predicts a linear pressure–
eflection relation at small deflections [4], whereas a purely elastic 
embrane exhibits a cubic dependence [5,6]. When both effects are 
resent, their superposition produces a distinct elastocapillary response 
Fig.  1B) [2].
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At first glance, applying a transverse load seems to provide a 
straightforward route to measuring surface tension. In the field of 
2D crystals, however, the situation is more subtle. Over the past two 
decades, indentation, blister, and bulge tests have been widely em-
ployed to probe their mechanics [7–16], yet the role of surface tension 
has remained elusive, as previous analyses have generally neglected 
it. A key reason is that pretension or residual tension in 2D crystals 
produces mechanical responses that closely mimic those of surface ten-
sion [2,6]. As a result, surface tension, pretension, and elastic stiffness 
enter the load–deflection response in a coupled manner, making their 
independent extraction from a single curve impossible.

In this work, we overcome this difficulty through indentation exper-
iments in which the interfacial surface energy is tuned by varying the 
surrounding medium. Specifically, we perform atomic force microscopy 
(AFM) indentation tests on monolayer graphene, with the medium 
beneath the sheet controlled to be either nitrogen gas (N2) or water. 
By contrasting the load–deflection curves measured at the N2–graphene 
and water–graphene interfaces, we show that surface tension has a clear 
and measurable influence on the transverse response of 2D crystals. 
Moreover, we demonstrate that this contrast provides a route for de-
termining the water contact angle of the 2D crystal—a quantity that 
has traditionally been difficult to measure.
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Fig. 1. Experimental framework for elastocapillarity. (A) Schematic load–displacement curves for capillary, elastic, and elastocapillary membranes under simple 
tension. (B) Schematic load–deflection curves for capillary, elastic, and elastocapillary membranes with clamped edges under transverse pressure. (C) Schematic 
of the AFM indentation setup. The surrounding medium, either N2 or water, is controlled within the bottom chamber. We note that the dry membrane exhibits a 
slight initial sagging (depth < 4 nm), and that water injection slightly reduces this sagging depth. (D) Raman spectra of graphene interfacing with N2, water, and 
N2 after drying. All spectra are normalized to the intensity of the 2D peak. (E) Indentation force–displacement curves measured on the same graphene sample 
interfacing with N2 (red markers) and water (blue markers). Yellow markers correspond to the same watered sample after drying. The inset shows the curves in 
logarithmic coordinates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
2. Experiments

The indentation test is performed on a custom silicon nitride–
silicon–silicon nitride (SiNx–Si–SiNx) substrate, illustrated in Fig.  1C 
(The substrate fabrication procedure is detailed in S1 of Supplementary 
material). A central channel is etched through the substrate, creating a 
direct path to the environmental chamber below. The chamber, made 
from 3D-printed stainless steel, is attached to the substrate and sealed 
with polydimethylsiloxane (PDMS) to form a closed medium delivery 
system (see details of the device in Fig. S2 of the Supplementary 
material). The upper SiNx layer of the substrate contains a circular 
opening with a radius of ∼ 1200 nm. During the indentation exper-
iments, monolayer graphene, obtained by mechanical exfoliation, is 
transferred over this opening, creating the interfaces with the medium 
flowing through the channel.

Two types of graphene interfaces are examined in this work – 
N2–graphene and water–graphene – achieved by switching the medium 
in the etched channel (see methods in S1 of the Supplementary ma-
terial). Note that when water is introduced into the etched cavity, 
the device is positioned in a vacuum chamber and subjected to a 
vacuum of 80 kPa below ambient pressure for 10 min to eliminate 
any potential trapped air, thereby forming a well-contacted water–
graphene interface. Raman spectroscopy is used to verify the interfacial 
condition (Fig.  1D). Relative to the N2–graphene interface, the G and 
2D peaks of the water–graphene interface are blue-shifted by 5.09 cm−1

and 12.35 cm−1, respectively, accompanied by an additional peak near 
3400 cm−1, consistent with strong water–graphene contact [17]. For 
a sample initially interfaced with N2, then switched to water, and 
subsequently returned to N2 (after solvent exchange and subsequent 
supercritical CO2 drying), the Raman spectra of the N2–graphene inter-
face are fully restored after drying, confirming the reversibility of the 
process (Fig.  1D). This also rules out the possibility of complex swelling 
effects.

We first use tapping-mode AFM to screen for defects such as tears 
and wrinkles and to locate the suspended graphene region. Indenta-
tion tests are then performed at the center of the suspended area. 
Each sample is measured sequentially in three states: first with a 
N2–graphene interface, then with the medium switched to water, and 
finally after drying back in a N2 environment. During indentation, the 
AFM cantilever is first driven downward by a displacement 𝛥, while 
the corresponding applied normal force 𝐹  is recorded. Once the preset 
maximum load of ∼ 140 nN is reached, the cantilever is retracted to 
2 
release the force. The loading speed is fixed at 54 nm∕s to ensure quasi-
static conditions. For each medium, every sample is tested three times, 
and the resulting variability provides the error bars shown in Fig.  2D 
and 3B.

A representative set of force–displacement curves is shown in
Fig.  1E. Both the N2– and water–graphene interfaces follow the scaling 
law discussed in the Introduction [6,18]: as the indentation depth 𝛥 in-
creases, the response transitions from a pretension- or surface-tension–
dominated linear regime to an elasticity-dominated cubic regime. This 
crossover occurs over a range of 20–60 nN. Importantly, for the same 
applied force, the water–graphene interface exhibits larger deflection 
than the N2–graphene interface. This provides direct evidence that 
differences in surface energy influence the mechanical response of the 
membrane. The relatively softer response of the water–graphene in-
terface further suggests that this configuration is energetically favored 
over the N2–graphene interface. At larger indentation depths, however, 
the two curves become nearly parallel (inset of Fig.  1E), indicating that 
the intrinsic elasticity of the graphene sheet eventually dominates the 
response. We note that similar softening behavior was also reported by 
Ferrari et al. in [17], where it was attributed to differences in the initial 
geometry of graphene. In our case, however, the samples exhibit only 
a slight variation in the initial sagging depth (less than 5 nm), which is 
unlikely to account for the observed difference in mechanical response 
(see discussion of Fig. S3 in the Supplementary material).

3. Results and discussion

3.1. An elastocapillary model

We may interpret the results in Fig.  1E with reference to the 
schematic in Fig.  1B. For an elasticity-free membrane in the non-contact 
region, the resistance to transverse loading 𝑝(𝑟) is provided solely by 
the surface tension contributions from the top membrane-gas interface 
(𝛾𝑠𝑔) and the bottom membrane-medium interface (𝛾𝑠𝑚). In this case, 
the Young–Laplace equation gives 
(𝛾𝑠𝑔 + 𝛾𝑠𝑚)(𝜅𝑟𝑟 + 𝜅𝜃𝜃) + 𝑝 = 0, (1)

where 𝜅𝑟𝑟 and 𝜅𝜃𝜃 are the radial and hoop principal curvatures of the 
deformed surface. For a purely elastic membrane with a pretension 𝑇 , 
the balance of forces is instead expressed as 
𝑁 𝜅 +𝑁 𝜅 + 𝑝 = 0, (2)
𝑟𝑟 𝑟𝑟 𝜃𝜃 𝜃𝜃
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Fig. 2. Effects of interfacial adhesion on the mechanical response of elastic membranes. (A) Retracting force–displacement curves measured on the same graphene 
sample interfacing with N2 (red markers) and water (blue markers). Yellow markers correspond to the same watered sample after drying. (B) Schematic illustration 
of contact between a thin membrane and a rigid indenter, with and without adhesion. The shape of the indenter is modeled as a sphere, according to the scanning 
electron microscope (SEM) imaging in Fig. S1 of the Supplementary material. (C) Numerically calculated force–displacement curves for different adhesion energies 
𝛤 , using 𝑇 = 0.1 N∕m, 𝑅𝑠 = 30 nm, 𝑅𝑓 = 1200 nm, and a typical graphene stiffness of 340 N/m. Hollow circles denote the zero-force (initial displacement) states, 
and filled black circles mark the pull-off force 𝐹out . (D) Experimentally measured pull-off forces and the corresponding interface adhesion energies extracted for 
N2– and water–graphene interfaces. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. Extracting surface tension difference by indentation. (A) Fitting of 
indentation force–displacement curves. The scatter points and solid lines 
represent the experimental data and numerical fitting curves, respectively. 
(B) Fitted in-plane stiffness of graphene and the corresponding differences in 
surface tension obtained from five sets of graphene samples. Note that the film 
radius for Sample No. 5 is ∼1 μm and the radius of the indenter is ∼7 nm. (C) 
Schematic of a deformed film subjected to general elastic and capillary forces.

where 𝑁𝑟𝑟 and 𝑁𝜃𝜃 are the radial and hoop stress resultants that need 
to be calculated according to the strain in the deformed membrane 
and Hooke’s law [19]. When both effects are present, the membrane 
becomes elastocapillary. In this case, the governing equation naturally 
generalizes to 
(𝑁𝑟𝑟 + 𝛾𝑠𝑔 + 𝛾𝑠𝑚)𝜅𝑟𝑟 + (𝑁𝜃𝜃 + 𝛾𝑠𝑔 + 𝛾𝑠𝑚)𝜅𝜃𝜃 + 𝑝 = 0, (3)

which is analogous to the equation for wetting problems on elastic 
membranes [2,20,21].

At small indentation depths, both the radial and hoop stresses in 
the membrane are governed by the pretension 𝑇  introduced during 
device fabrication, so that 𝑁𝑟𝑟 = 𝑁𝜃𝜃 = 𝑇 . Using elementary ge-
ometry, 𝜅𝑟𝑟, 𝜅𝜃𝜃 ∼ 𝛥∕𝑅2

𝑓 , where 𝑅𝑓  is the radius of the suspended 
membrane [18], the governing Eq. (3) yields 
𝐹 ∝ (𝑇 + 𝛾𝑠𝑔 + 𝛾𝑠𝑚)𝛥, (4)

indicating that the initial linear force–displacement response is con-
trolled by the combined contribution of pretension and surface ten-
sions. A more detailed analysis shows that the prefactor includes a 
3 
weak logarithmic correction [22]. At larger indentation depths, the 
membrane experiences significant stretching, with the stress resultants 
scaling with the stretching stiffness 𝑌  and the strain ∼ (𝛥∕𝑅𝑓 )2 [6,18]. 
This leads to the classical cubic scaling law 

𝐹 ∝ 𝑌
𝑅2
𝑓

𝛥3, (5)

which is independent of surface energy. Consequently, the overall 
response transitions smoothly from a quasi-linear regime controlled by 
(𝑇 + 𝛾𝑠𝑔 + 𝛾𝑠𝑚) at small 𝛥 to a cubic regime governed solely by the 
intrinsic elastic stiffness 𝑌  at large 𝛥, in excellent agreement with the 
experimentally observed force–displacement curves in Fig.  1E.

3.2. Effect of adhesion

It is natural to exploit the linear regime of the mechanical response 
to quantify the difference in 𝛾𝑠𝑚 between the N2– and water–graphene 
interfaces. However, this analysis is complicated by possible adhesion 
between the indenter and the membrane: adhesive contact can shift 
the apparent zero-force point, introducing a finite deflection even 
in the absence of load due to the interplay between adhesion and 
elasticity [23]. This effect can also manifest during the retraction 
process, where a finite pull-off force is required to fully separate the 
indenter from the membrane, as shown in Fig.  2A. To clarify the role 
of adhesion, we apply a model based on total free-energy minimization 
that incorporates both surface tension and adhesion, following the 
approaches of [24–26]. The theoretical details are presented in S2 of 
the Supplementary material.

A particularly notable feature of adhesion is the emergence of a kink 
at the contact line (𝑟 = 𝑎 in Fig.  2B). In the absence of adhesion, the 
membrane profile is smooth, yielding Hertz-like contact behavior in 
which zero force corresponds to zero displacement (dashed curve in Fig. 
2C). By contrast, the kink induced by adhesion introduces a small initial 
deflection even at zero force (colored curves in Fig.  2C), reflecting the 
coupling between adhesion and elasticity. This apparent pre-deflection 
makes the membrane seem artificially stiffer in the initial regime when 
adhesion energy is large, thereby complicating the extraction of surface 
tension.

Fortunately, in our experiments, the adhesion effect is relatively 
weak, owing to the small indenter size (the radius of the indenter for 
the first four samples, 𝑅𝑠 ≈ 30 nm, and for Sample No. 5, 𝑅𝑠 ≈ 7 nm) 
and the moderate adhesion energy. The adhesion energy 𝛤  between the 
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sphere and the membrane can be directly estimated from the measured 
pull-off force 𝐹out using 
𝛤 = 𝐹out∕(𝜋𝑅𝑠). (6)

Remarkably, this relation is independent of membrane size, surface 
tension, and even the constitutive law of the material [26]. Using this 
expression, we obtain 𝛤  values on the order of 0.5 J∕m2 for graphene 
interfaced with both N2 and water (Fig.  2D). This indicates that the 
underlying medium does not significantly influence adhesion, consis-
tent with recent measurements showing the transparency of graphene 
to van der Waals forces [25]. In Fig.  2C, we plot numerically calculated 
force–displacement curves for our experimental system under varying 
levels of adhesion and zero surface tension (i.e., 𝛾𝑠𝑔 + 𝛾𝑠𝑚 = 0). For 
experimental parameters (𝑅𝑠 ≈ 30 nm, 𝑅𝑓 ≈ 1200 nm for Samples 
No. 1–4, and 𝑅𝑠 ≈ 7 nm, 𝑅𝑓 ≈ 1000 nm for Sample No. 5), the 
curves with and without adhesion show negligible differences. This 
indicates that the variation in the initial stiffness observed in Fig.  1E 
should arise from differences in surface tension rather than adhesion. 
We note that for larger indenters, however, adhesion effects become 
significant and would result in a substantial contact area. In such cases, 
the change in the medium within this contact region must be carefully 
considered, introducing a good deal of complexity that could hinder a 
clear interpretation of the surface tension.

3.3. Comparison with experiments

We then apply the elastocapillary model in Eq. (3) to interpret the 
indentation results for graphene interfacing with N2 and water. Since 
an analytical solution to Eq. (3) is not feasible due to intrinsic geometric 
nonlinearities [6,18], we solve the problem numerically. The model 
involves only two fitting parameters: the combined pretension and 
surface contributions, 𝛾 = 𝑇 + 𝛾𝑠𝑔 + 𝛾𝑠𝑚 (which governs the small-depth 
response), and the in-plane stiffness 𝑌  of graphene (which dominates 
the large-depth response). These parameters are adjusted to reproduce 
the experimental force–displacement curves (Fig.  3A), while adhesion 
effects are neglected (see justification in Fig. S4 of the Supplementary 
material).

Importantly, for each sample with the interfacing medium switched 
from N2 to water, 𝑌  remains physically unchanged, while only 𝛾 is 
allowed to vary to account for the difference in mechanical response. 
We find 𝑌  consistently in the range of 250–330 N/m across all samples 
(Fig.  3B), while 𝛾 ranges from ∼ 100.5 mJ∕m2 to ∼ 243.5 mJ∕m2. 
Although the absolute value of 𝛾 is not itself meaningful, the relative 
change in 𝛾 between the two interfaces directly gives the surface energy 
difference 
𝛥𝛾 = 𝛾𝑠𝑔 − 𝛾𝑠𝑙 , (7)

where 𝛾𝑠𝑔 and 𝛾𝑠𝑙 are the surface energies of the gas–graphene and 
liquid–graphene interfaces, respectively. From our measurements, we 
find a significant reduction in surface tension, with 𝛥𝛾 in the range of 
48.9 ∼ 57.3 mJ∕m2 (Fig.  3B).

It is worth noting that the surface energy of a membrane, in princi-
ple, depends on the in-plane strain state 𝝐 through the Shuttleworth 
effect [27]. Accordingly, a more general form of the elastocapillary 
Eq. (3) in axisymmetry can be written as 𝜇𝑟𝑟𝜅𝑟𝑟 + 𝜇𝜃𝜃𝜅𝜃𝜃 + 𝑝 = 0, 
where 𝜇𝑟𝑟 = 𝑁𝑟𝑟 + 𝛾𝑠𝑔(𝝐) + 𝛾𝑠𝑚(𝝐) and 𝜇𝜃𝜃 = 𝑁𝜃𝜃 + 𝛾𝑠𝑔(𝝐) + 𝛾𝑠𝑚(𝝐) are 
the effective stress resultants, and 𝛾𝑠𝑔(𝝐) and 𝛾𝑠𝑚(𝝐) denote the strain-
dependent surface stresses [20,28–31]. This formulation highlights that 
the elastocapillary response can, in general, be considerably more 
complex than a simple superposition of constant surface energies, as 
illustrated in Fig.  3C. In the present work, however, we restrict our at-
tention to moderate deflections corresponding to small in-plane strains 
(typically below 1%), well within the range where Shuttleworth effects 
are negligible. Nonetheless, extending such studies to more deformable 
membranes such as elastomer films would provide an opportunity to 
probe strain-dependent surface stresses at larger strains.
4 
Fig. 4.  Surface energy differences and contact angles measured by various 
methods. For literature in which WCA is known, the interfacial energy differ-
ence is calculated according to Eq. (8).

3.4. Implications for wettability

Lastly, we extend the discussion of 𝛥𝛾 to wettability, which has 
been reported very inconsistently in the literature, with water contact 
angles (WCA), 𝜃𝑐 , ranging from about 30◦ to nearly 180◦ [32–45]. Our 
indentation tests of graphene with wet and dry interfaces provide a 
different way to estimate this property. In particular, using Young’s 
relation [46], the water contact angle on graphene can be calculated 
from the surface energy difference as 
cos 𝜃𝑐 = 𝛥𝛾∕𝛾𝑙𝑔 , (8)

where 𝛾𝑙𝑔 is the liquid–gas interfacial energy. Using the values in Fig. 
3B, we find that the WCA ranges from 37.3◦ to 47.2◦, indicating that 
graphene is hydrophilic.

In Fig.  4, we summarize representative approaches reported in the 
literature for measuring the WCA of graphene. These methods include: 
(i) direct WCA measurements on substrate-supported graphene [34–
39]; (ii) measurements on suspended graphene, such as clamped free-
standing films [41,42] or through captive-bubble techniques [43]; and 
(iii) indirect assessments of wettability, for example, via adsorption ex-
periments (e.g., the liquid marble method [44]) or surface energy mea-
surements (e.g., surface force balance [45]). Method (i) is complicated 
by substrate effects, as variations in substrate material and geometry 
can lead to significant scatter in the reported WCAs of graphene. By 
contrast, our results are consistent with those of Refs. [42,43], where 
measurements were performed directly on suspended graphene (Fig. 
4). This agreement suggests that probing the out-of-plane mechanical 
response of an elastic sheet offers a promising route for surface energy 
metrology, which is typically challenging for ultrathin membranes.

4. Conclusions

In summary, we have demonstrated that the surface tension of 
monolayer graphene can be directly probed via nanoindentation by 
contrasting its mechanical response at gas and liquid interfaces. Our 
experiments reveal that the water–graphene interface is mechanically 
softer than the N2–graphene interface, providing a clear signature 
of interfacial energy effects. By combining indentation measurements 
with a minimal elastocapillary model, we extract the surface energy 
difference and deduce the water contact angle of graphene, highlighting 
its hydrophilic nature at the atomic limit though disentangling surface 
tension from pretension remains difficult. Beyond fundamental insights 
into the mechanics of 2D crystals, this approach establishes indentation 
as a versatile tool for quantifying surface forces in ultrathin materials, 
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offering opportunities to explore strain-dependent surface stresses, wet-
tability tuning, and interfacial phenomena in more complex membranes 
and heterostructures in the future.
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