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ABSTRACT: The measurement of in-plane mechanical proper-
ties, such as Young’s modulus and strength, of thin and stretchable
materials has long been a challenge. Existing measurements,
including wrinkle instability and nano indentation, are either
indirect or destructive, and are inapplicable to meshes or porous
materials, while the conventional tension test fails to measure the
mechanical properties of nanoscale films. Here, we report a
technique to test thin and stretchable films by loading a thin film
afloat via differential surface tension and recording its deformation.
We have demonstrated the method by measuring the Young’s
moduli of homogeneous films of soft materials including
polydimethylsiloxane and Ecoflex and verified the results with
known values. We further measured the strain distributions of
meshes, both isotropic and anisotropic, which were otherwise
nearly impossible to measure. The method proposed herein is expected to be generally applicable to many material systems that are
thin, stretchable, and water-insoluble.
KEYWORDS: Marangoni effect, surface tension, Young’s modulus, measurement, free-standing film

Stretchable electronics is an emerging field revolutionizing
the ways that robots interact with the environment and

humans monitor their health.1−4 One of the key problems
along this direction is to accurately measure the mechanical
properties (such as modulus and strength) of soft and thin
materials in the devices�this facilitates the design and
fabrication of flexible devices, as well as their integration on
biotissues5,6 and soft robots7,8 because a mechanical mismatch
often leads to an unstable interface and thus limited
lifetime.9−11 In bioelectronics, a material laminated on the
skin or implanted in the body should have a stiffness close to
that of the biotissue for conformal and long-term integra-
tion.6,12,13 Metals and semiconductors, on the other hand, are
often made porous or mesh-like to achieve high stretch-
ability.14−17 However, determination of the mechanical
properties of such materials remains challenging.
While conventional mechanical tests may not be applicable

to such thin and stretchable films or membranes, there have
been several methods to measure the elastic properties of
continuous thin layers. An indirect method is to place a thin
material on a soft substrate and buckle the bilayer by heating or
releasing from a prestretched status, and its modulus can be
determined from the wavelength of surface wrinkles.18−20

However, this method is unsuitable for heterogeneous
materials and the mechanical properties might be affected by
the interfacial adhesion between film and substrate.21,22

Another method is to deform a free-standing film out of
plane by a nanoindentor or applying a pressure,23−27 or

applying an in-plane load through microscopic devices.28,29

Such methods, however, need to grow or transfer the materials
on a nanoscale gap or well. The manipulation is complicated
and requires expensive facilities (e.g., atomic force micro-
scope,23,25 scanning electron microscope,28−30 nanoinden-
tor26,27) and well-trained operators. The measurements may
also be affected by the adhesion between the material and the
supporting substrate.31−33 Furthermore, nanoindentation and
bulge tests cannot be directly applied to a nanomesh or a
nanoporous film.
The Marangoni effect is a phenomenon that a differential

surface tension is imposed to a floating object, leading to the
motion or deformation of the object.34,35 In this work, we use
the Marangoni effect to characterize the in-plane mechanical
properties of stretchable thin layers floating on water including
soft membranes, meshes, and porous films. We have
established models for the measurement based on the change
in surface tension of water that deforms the floating object and
further verified the effectiveness of the model by comparing the
measured moduli of polydimethylsiloxane (PDMS, Sylgard
184) and Ecoflex (0010, Smooth-On) to known results. We
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also show that our method can measure the in-plane
mechanical properties (e.g., elastic modulus and shear
strength) of nanomeshes, both isotropic and anisotropic. The
Marangoni-effect-based method can be conducted at the
macroscale without the use of a high-precision microscope or a
nanoindenter and is effective across scales. This method is also
expected to measure the in-plane mechanical properties of
many other materials, assemblies, and structures that are highly
deformable and floatable on a liquid.

■ PRINCIPLE OF THE MARANGONI-EFFECT-BASED
MEASUREMENT

Our method needs to introduce a surface-tension difference
between the two sides of a thin layer afloat. Water was selected
as the carrying liquid due to two factors. First, water is a stable
and safe liquid that has a high surface tension of ∼72 mN·m−1,
the largest among commonly seen nonmetallic liquids. The
large surface tension provides a large space to tailor the surface
tension (by simply adding a surfactant) to generate a large
tension difference. Second, the viscosity of water is only 1.0
mPa·s, which causes negligible friction when a floating

specimen is being deformed (Figure S1). As a result, a floating
film is considered to be free-standing during the measurement.
The driving force of the method is the differential surface

tension Δγ between the two sides of the floating specimen, Δγ
= γw − γs, where γw and γs are the surface tensions of pure
water and water with surfactants, respectively. The testing
procedure of the floating specimen is shown in Figure 1a.
Before adding any surfactant, the lateral dimensions of
specimen l1 × d1 were captured using a charge-coupled device
(CCD) camera, and the thickness t1 was calculated from the
as-prepared value by considering the areal expansion. After
equilibrium is established, an aqueous surfactant solution,
sodium dodecylbenzenesulfonate (SDBS), is dropwise added
to the water surface. The Janus SDBS molecules diffuse quickly
on the water surface, and the surface tension decreases
substantially (Figure S2), resulting in the shrinkage of the
specimen. The effective biaxial stiffnesses along the x- and y-
direction can be obtained as Ẽx = −Δγ/t1ϵx and Ẽy = −Δγ/t1ϵy.

The engineering strains =x
l l

l
2 1

1
and =y

d d
d

2 1

1
, with l2 and

Figure 1. Principle for the Marangoni-effect-based measurement of mechanical properties. (a) Principle of the measurement. (b) The
measurement of biaxial stiffness. The sample thickness t1 is calculated from the as-prepared value by considering the areal expansion. (c) The two
regions of water, with the closed region being added with SDBS molecules to reduce its surface tension. (d) Stabilized surface tension difference
between the two separate regions with time. At an SDBS concentration of 14.2 mmol·m−2, the surface tension difference is stable over at least 20 s.
(e) Surface tension difference as a function of the surface concentration of SDBS.
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d2 being the length and width at equilibrium after surfactant
addition, respectively, are shown in Figure 1b.
Generating a sufficiently large surface tension difference to

deform the specimen is a key step of the proposed method.
The surface tension of liquids can be measured by the Du
Nouy ring method36 (Figure S3). Surfactant molecules
preferentially arrange on the water surface rather than diffuse
inside water. Therefore, a specimen afloat separating the
surface into discontinuous regions effectively keeps the
surfactant molecules only in the intended region, thus
generating differential surface tension. For example, a floating
annulus specimen will experience decreased surface tension
from the inner region, in which a surfactant is added, while the
tension over the other boundary is unchanged, as illustrated in
Figure 1c. The differential surface tension is stable for ∼20 s
(Figure 1d), allowing deformation measurements through
common imaging methods.
Unlike the dead loads in a conventional mechanical test, the

loads applied through the surface tension vary with the
deformed length of a boundary. For example, the difference in
the nominal stress Δs induced by Δγ, along an edge of stretch
λ in the tangential direction, can be written as Δs = Δγλ/t, with
t being the thickness prior to the surfactant addition. The
differential surface tension Δγ is tuned by controlling the
SDBS concentration. Figure 1e plots Δγ as a function of the

surface concentration of SDBS c, which can be approximated
by an empirical relation, Δγ = 38 mN/m(1 − e−αc), with α =
0.68 m2 mmol−1. The repeatability of the result ensures precise
control of the load by the added volume of the SDBS solution.

■ VERIFICATION OF THE MEASUREMENT
We used stretchable materials (PDMS and Ecoflex) with
known moduli to verify the proposed method. The elastic
modulus of PDMS can vary from tens of kilopascals to a few
megapascals by tuning the weight ratio of the base to the
curing agent. The change in the surface tension of water may
induce a large deformation in a PDMS film afloat. An annulus
PDMS film (the thickness is 3.11 μm) was used in the tests.
Topped by a thin layer of SDBS solution, the surface
surrounded by the ring exhibits a lower tension and the
PDMS ring expands uniformly within 0.1 s. Equilibrium is
stablished within tens of milliseconds and remains stable for a
few seconds, as shown in Figure 2a,b and Movie S1. Images
before and after deformation of the ring were captured by the
camera.
Each material particle in the expanded ring is stretched

biaxially. Because the width of the ring is far smaller than its
diameter, an approximately uniform deformation is assumed,37

and the principal stretches along the radial (λr) and
circumferential directions (λθ) are estimated as

Figure 2. Verification of the effectiveness of the Marangoni-effect-based measurement. (a) A ring-expansion test. (b) Dynamic expansion of the
PDMS ring after a drop of SDBS is added in the inner region of the ring. States at times (T) of 0, 17, 46, and 4271 ms are shown. (c) Relation
between the nominal hoop stress sθ and the reduced strain

1

r
3 2 . (d) Nominal axial stress s and reduced stretch 1

2 curve of PDMS film

measured using conventional uniaxial tension tests.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c00702
Nano Lett. 2024, 24, 4012−4019

4014

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00702/suppl_file/nl4c00702_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00702/suppl_file/nl4c00702_si_002.mp4
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00702?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00702?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00702?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00702?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c00702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


= = +
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b a
B A

a b
A B

,r (1)

Here, A and B are the inner and outer radii of the ring before
expansion, respectively, and a and b are the corresponding radii
in the expanded state (detailed data are shown in Table S1).
The through-thickness stretch λz = 1/λrλθ is calculated from
the volume incompressibility.
On the other hand, the average nominal hoop stress is

estimated as

s
b a

t B A( )
w s

(2)

Generally, the constitutive relation of an isotropic rubbery
material is expressed in terms of the free energy density W =
W(I1), where I1 = λ12 + λ22 + λ32 is the first invariant of the
deformation tensor. Subject to biaxial tension with in-plane
principal stretches λr and λθ, the stress−stretch relation can
then be written as

i
k
jjjjj

y
{
zzzzz=s

W
I

2
d
d

1

r1
3 2

(3)

The experimental data, in terms of the nominal hoop stress
sθ and the reduced strain λθ − 1/λr

3λθ
2, are plotted in Figure

2c. An approximately linear relation between the nominal
stress and the reduced strain is observed for specimens at
different thicknesses, indicating that the material can be well
characterized by the neo-Hookean model.38 The shear
modulus μ of the PDMS is then determined from the slope
of the curve

= W
I

2
d
d

110.7 kPa
1 (4)

We further established a finite-element model for the field of
deformation in the annulus ring subjected to nonequal line
forces on the inner and outer perimeters. A neo-Hookean
material of initial shear modulus μ = 100 kPa is used in the
simulation. The averaged stress−stretch relation is evaluated
from the simulation and compared with the relation directly
from the material model in Figure S4. A good agreement has
been reached under relatively small deformations.
The elastic modulus of PDMS is often regarded as thickness

independent for films thicker than 600 nm,39 while that of
thicker samples can be determined through conventional tests.
Here, for comparison, thicker PDMS specimens (of thick-
nesses 20, 43, 55, and 119 μm) were prepared and subjected to
uniaxial tension tests over a dynamic mechanical analysis
(DMA) machine, and the results are shown in Figure 2d. From
the results, the average shear modulus of PDMS by a uniaxial
tension test is determined to be 116.7 ± 13.4 kPa, which is in
good agreement with our method (110.7 kPa). Likewise,
Ecoflex 0010, a softer elastomer, is also used for the
verification. The Young’s modulus of Ecoflex 0010 has also
been measured using our method and traditional method, and
there is little difference between the results (Figure S5 and
Table S2). These results all demonstrate the effectiveness and
reliability of the proposed surface-tension-driven measurement.
Note that the unique liquid-surface environment of the
method, without expensive and high-precision equipment, is

Figure 3. Measurement of Young’s moduli of ordered 2D nanomeshes. (a−c) Ordered meshes with staggered unit cells (aspect ratio m/n = 2, 4,
and 6 for panel a, b, and c, respectively; n = 1 μm) and measured Young’s moduli. (d) Nanomesh structure with nonstaggered rectangles (m/n =
4). Column (i) shows SEM images of the Au nanomeshes. Column (ii) shows compressive strain distributions of the Au nanomeshes in the x-
direction. Column (iii) shows the measured Young’s moduli of the Au nanomeshes in the x-direction.
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preferred when testing hydrated materials, including hydrogels
and biotissues.

■ MODULUS MEASUREMENT OF ORDERED 2D
NANOMESHES

Intrinsically soft materials aside, the Marangoni-effect-based
measurement can also be applied to other materials with
structure-induced stretchability such as nanomeshes. Nano-
meshes with different topographies differ greatly in their
mechanical properties. Here, a series of Au nanomeshes with
ordered structures were prepared by electron beam lithography
with a ligament width of 170 nm and a thickness of 20 nm.
These ordered Au nanomeshes in Figure 3a−c(i) are staggered
rectangular meshes of aspect ratios m/n = 2, 4, and 6, with m
and n being the length and width of a unit cell, respectively.
The ordered Au nanomesh (m/n = 4) in Figure 3d(i) is an
ordinary rectangular mesh without a stagger. In contrast, the
nanomeshes shown in Figure 3a−c(i) are prone to deform in
the staggered direction (x-direction) and more rigid in the
perpendicular direction (y-direction), exhibiting significant
anisotropy with drastically different Young’s moduli along the
two directions, Ex ≪ Ey. Subject to equibiaxial stress σ, the
strain in the more stretchable direction

=
E E Ex

x
xy

y x (5)

The Poisson effect can be safely ignored as Ey is orders of
magnitude larger than Ex, and the Poisson ratio is finite νxy ∼ 1.
At small deformations, the stress−strain relation is close to
linear.
The loading was applied by adding a surfactant to water to

decrease surface tension. The addition of an excessive amount
of surfactant leads to a dramatic decrease in surface tension,
down to 33 mN·m−1 at saturation, resulting in a tunable range
of 38 mN·m−1 from the initial state in pure water. The
decreased surface tension shrinks the nanomesh. The mean in-
plane strains are calculated from the displacements of markers
on the mesh (Figure 3a−d(ii) and Figure S6). Both

experimental and finite element (Figure S7) results show a
close-to-uniform distribution of the mean strains calculated
from the mesh grid. For the staggered rectangular meshes, the
larger the aspect ratio, the larger the strain ϵx (ϵx
corresponding to m/n of 6, 4, and 2 are 2.8%, 2.4%, and
0.4%, respectively). Nevertheless, the strains in nonstaggered
rectangular meshes are relatively small, ∼5.1 × 10−4. According
to eq 5, the Young’s moduli in the x-direction of the four
nanomeshes are obtained as 473.8 MPa, 78.6 MPa, 68.6 MPa,
and 3.72 GPa (Figure 3a−d(iii)).

■ STIFFNESS MEASUREMENT OF DISORDERED 2D
NANOMESHES

Disordered nanomeshes generally exhibit isotropic in-plane
mechanical properties. The scanning electron microscopy
image and its Fourier transform image of the Au nanomesh
show a random structure (Figure 4a). The Au nanomesh
shrinks biaxially when an excessive amount of surfactant
solution is added to reach saturation (γs = 33 mN·m−1). Digital
image correlation (DIC) analysis shows that the Au nanomesh
has uniform and isotropic shrinkage with ϵx = ϵy = 0.9%
(Figure 4b,c).
In general, the effective biaxial stiffnesses can be calculated

from the differential surface tension and measured strains as

l

m

oooooooooo

n

oooooooooo

=

=

E
t

E
t

1

1

x

E E x

y

E E y

1
w s

1
w s

x

xy

y

y

xy

x (6)

Especially, in the case of an isotropic Au nanomesh,

= = =E E
E

t1x y
w s

(7)

Here, the effective biaxial stiffness of the isotropic Au
nanomesh is determined to be 162 MPa (Figure 4d).

Figure 4. Measurement of biaxial stiffnesses of disordered nanomeshes. (a) SEM image and corresponding Fourier-transform image (inset) of
an isotropic Au nanomesh. (b, c) Compressive strain distribution of the Au nanomesh along the x- and y-directions, analyzed by a DIC device. (d)
The effective biaxial stiffnesses along the x- and y-directions of the Au nanomesh. (e) SEM image and corresponding fast Fourier transform image
(inset) of an anisotropic mesh (ePTFE air filter). (f, g) Compressive strain distribution along the x- and y-directions of the ePTFE air filter,
analyzed using a DIC device. (h) Effective biaxial stiffnesses along the x- and y-directions of the ePTFE air filter.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c00702
Nano Lett. 2024, 24, 4012−4019

4016

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00702/suppl_file/nl4c00702_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00702/suppl_file/nl4c00702_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00702?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00702?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00702?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00702?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c00702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Some special disordered materials are anisotropic, and their
stiffness can also be assessed by using the same method. For
example, a piece of expanded polytetrafluoroethylene (ePTFE)
air filter (thickness: 500 nm) exhibits obvious anisotropy
(Figure 4e). The DIC-based measurements determine the axial
strains of the air filter, ϵx = 6 × 10−4 and ϵy = 2 × 10−5 (Figure
4f,g). According to eq 6, the effective biaxial stiffnesses along
the two directions are 127 MPa and 3.8 GPa (Figure 4h). In
brief, our method can characterize the mechanical properties of
both continuous soft materials (e.g., elastomers) and non-
continuous materials (e.g., meshes), while the latter can hardly
be measured otherwise.

■ MEASUREMENT OF MECHANICAL PROPERTIES
THROUGH DEFLECTION

We further propose a deflection-mode measurement over a
long strip afloat for the characterization of its mechanical
properties (Figure 5a). Fixed at both ends, the strip sample

divided the water surface into two disconnected regions.
Similar to the annulus sample, the strip sample is also loaded
by Δγ between the two regions. Consisting of a resin layer and
a PDMS layer, each fixing point provides a van der Waals force
to constrain the specimen, preventing slippage or delamination
throughout the loading process up to fracture.30 During the
test, the surfactant was added dropwise to one side to deflect
and ultimately break the specimen. Because of the in-plane and
uniform load on the gas−liquid−solid interface, our method is
independent of the structural continuity of the beam.
This method can also be used to measure other mechanical

properties, such as the shear strength. Here, a piece of Au
nanomesh made by grain boundary lithography40 (length L,
width w, and thickness t = 26 nm) was used for the
measurement (Figure 5b). After the SDBS solution was added
to one pool, its surface tension decreased from γw to γs, while
the other side remains γw. Therefore, the in-plane and uniform
load (q) applied to the mesh is equal to Δγ. With a relatively

short span, a beam deflects insignificantly and is more
susceptible to shear (Figure 5c), with average shear stress
over the cross section

= L
wt2 (8)

During the experiment, the SDBS solution was added gradually
dropwise. At a sufficiently large Δγ, the mesh breaks by
shearing at both ends (Movie S2), and the shear strength can
thus be obtained from the value of the shear stress at rupture.
Using this method, the shear strength of the Au nanomesh
tested was determined to be 603 MPa (Figure 5d and Table
S3).
The Marangoni-effect-based measurement presents certain

advantages over other methods but also has its limitations. The
widely used conventional mechanical tests have a limitation on
specimen size. The wrinkle-based method works for ultrathin
films of a wide range of materials by picking a substrate of
appropriate stiffness but is only applicable to modulus
measurement and on homogeneous materials. Indirect
methods, such as indentation and the bulge test, are
inapplicable to the average properties of heterogeneous
materials, such as meshes or porous materials. Neither are
they applicable to anisotropic materials.
The Marangoni-effect-based method captures the in-plane

deformation of floating materials to determine their mechan-
ical properties. This method does not require a substrate and is
applicable to materials that are either homogeneous or
heterogeneous, isotropic, or anisotropic. However, this method
also has its limitations: it can test floating materials only and is
not applicable to water-solvable or hygroscopic materials.
In summary, this work proposes a Marangoni-effect-based

method to characterize the mechanical properties of soft and
thin layers. The method uses the change in the surface tension
of water to load the specimens. The method is first verified
through the measurements of the elastic moduli of soft
elastomers including PDMS and Ecoflex and then used to
measure the modulus and shear strength of different types of
nanomeshes, which were otherwise impossible to measure. It
could potentially fill the gap in the measurement techniques,
especially for measuring the mechanical properties of
heterogeneous, porous, or ultrathin materials. This method is
also expected to be applicable to various other materials,
including biotissues, two-dimensional structures, assemblies,
and 2D materials (e.g., graphene).

■ METHODS
Preparation of the PDMS Ring. Eight grams of PDMS

(polydimethylsiloxane Sylgard 184, from Dow Corning Co.,
Ltd., USA) with a base to curing agent mass ratio of 20:1 was
prepared and completely dissolved into 24 g of n-hexane (AR,
99 wt %, from Aladdin Industrial Corporation), then spin-
coated (5000 rpm, 60 s) on a tattoo paper (a flat hydrosol
layer adhesive on paper, 70 mm × 70 mm), and cured at 80 °C
for 2 h. A PDMS ring with an inner diameter of 21 mm and an
outer diameter of 25 mm was cut and transferred to a water
surface with a diameter of 50 mm and a water depth of 10 mm.
The thickness of the PDMS ring was 3.11 μm. The method
was also applied for the preparation of Ecoflex 0010 (Smooth-
On, PA, USA).

Measurement of Young’s Moduli of PDMS Samples.
During the experiment, the surface tension of water was
controlled by changing the concentration of SDBS (sodium

Figure 5. Measurement of the shear strength of a floating mesh
using a deflection model. (a) Schematic diagram of the measurement
based on a deflection model. (b) Optical image of the setup and SEM
image of a fixed Au nanomesh floating on water. The Au nanomesh
can be sheared under a sufficiently large surface tension difference. (c)
A simplified beam model for the measurement. (d) Measured shear
strength values from ten samples.
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dodecylbenzenesulfonate, AR, 95 wt %, from Aladdin
Industrial Corporation). The added volume of the SDBS
solution was fixed at 15 μL, and the data are shown in Table
S1. Each test was repeated 10 times.

Preparation of Ordered Au Nanomeshes and Meas-
urement of Biaxial Strains. The ordered Au nanomeshes
with randomly distributed marks (Figure S7) were fabricated
on a SiO2-coated (120 nm) silicon substrate by using standard
electron-beam lithography, gold film deposition (20 nm), and
a lift-off process. Next, the specimens were transferred to pure
water. When SDBS solution was added, the deformation of the
floating Au nanomesh was captured using a microscope (Zeiss
LSM-800). The coordinates of each mark in the ordered Au
nanomeshes on the water surface and SDBS surface were
measured, and the local strains were determined by the length
change between adjacent marks.

Finite Element (FE) Simulations. Computational anal-
yses were carried out using commercial FE software
(SIMULIA Abaqus) to simulate the deformation of PDMS
and Ecoflex. All of the geometric and material parameters were
experimentally determined. The simulations were conducted in
two steps using the procedure type Static and General to
reproduce the experimental procedure. In the first step, a
uniform line load, set to the surface tension of water, was
applied to all of the edges of the sample. In the second step,
the line load was reduced at the inner edges of the sample to
mimic the effect of the surfactant.

Characterizations. The surface tension of the liquid was
measured using a surface tensiometer (JYW-200B, Deka
Precision Measuring Instrument Co., Ltd.). The uniaxial
tension of PDMS specimens was carried out over a dynamic
mechanical analysis machine (XLD-20E, Jingkong Mechanical
Testing Co., Ltd.). The SEM images were taken under a
scanning electron microscope (TESCAN). The optical images
were taken using a Zeiss LSM-800 confocal microscope. The
field strain of anisotropic nanomeshes in Figure 3 was obtained
through DIC (vic-3D, Correlated Solutions, Inc.).
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