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A Study of the Mechanical Properties of Au Nanomeshes
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We study the mechanical behavior of Au nanomeshes (AuNMs) based on finite element analysis (FEA) simulation and
deformation tests. The simulated results of mechanical flexibility indicate that polyethylene terephthalate (PET) substrate can
release the stress of AuNMs under mechanical stretching and bending, the displacement of stretched AuNMs yields a 2%
promotion, and the displacement of bent AuNMs yields a 3.5% promotion under buffering of PET substrate at 5 GPa yield
strength of nanoscale Au. The stress and displacement distribution of the AuNMs/PET is demonstrated and analyzed. The
further deformation tests of AuNMs under compressive and tensile loading indicate that the simulation data are in good
agreement with experimental results. This paper is conducive to understanding the mechanical behavior and corresponding
structural response and structural fracture dynamics of AuNMs.

1. Introduction

Traditional electrode materials, such as indium tin oxide
(ITO), are easy to crack in the process of mechanical
deformation due to the brittleness of its ceramics, which
leads to the degradation of conductivity and device perfor-
mance [1–4]. Metallic nanomeshes have attracted much
interest in flexible optoelectronic devices due to their proper-
ties of simultaneous good optical transmittance, electrical
conductivity, and mechanical flexibility [5–8]. However, the
mechanical flexibility of metallic nanomeshes is of interest
for theoretical and technical considerations; morphological
change of metallic nanomeshes is likely to lead to the unreli-
able performance of devices under different levels of defor-
mation, which has been proved to be challenging [9–11].
Due to good biocompatibility and long-term electrical stabil-
ity without corroding through oxidation or sulfidation reac-
tions of metallic gold (Au) [12, 13], we chose Au for the
study here.

In the present paper, the mechanical simulation of
AuNMs was carried out using FEA and considering the per-
formance of electrical conductivity under mechanical defor-
mation. The stress distribution of AuNMs with and without
PET film during mechanical stretching and bending was
investigated, and the stress and displacement distribution of
the AuNMs/PET is demonstrated. Then, the deformation
tests of AuNMs under compressive and tensile loading were
analyzed by comparing the simulated data with experimental
results. Finally, the cyclic compressive and tensile bending
tests revealed good mechanical stability of AuNMs.

2. Methods

2.1. Computational. We investigated the mechanical and
structural response of AuNMs under mechanical deforma-
tion based on FEA simulation [14–16]. In the following sim-
ulation, we set the yield strength of nanoscale gold as 5GPa
and set the thickness of AuNMs and PET to constant values
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of 20 nm and 500μm, respectively, which is consistent with
that of the sample in the test. Further, parameters of material
properties were applied from published experimental data
[17, 18]. The numerical models of AuNMs and AuNMs/PET
analyzed in the following simulation are shown in
Figures 1(a) and 1(b), respectively.

2.2. Experimental. As a comparison, the AuNMs were fabri-
cated by the well-known NSL technique described in our pre-
vious work [19]. In brief, a self-assembled monolayer of
polystyrene spheres (PS, Aladdin Co., Ltd.) with a diameter
of 1μm was deposited onto a PET film with a thickness of
500μm on the glass substrate, which was cleaned with
isopropanol and deionized water. Then, a hexagonally
close-packed monolayer of PS was formed as the following
template [20, 21]. The reactive ion etching (RIE, etching
gases: O2 and CHF3) method was used to form gaps between
PS by reducing the diameter of PS, followed by the deposition
of metallic nanomeshes of 2 nm Ti buffer layer and 20nm Au
in the gaps between the PS using electron-beam evaporation.
Finally, the metallic nanomeshes on the substrate were
yielded after PS were removed by sonication.

The self-assembled monolayer of PS with a diameter of
1μm is shown in Figure 2(a), and the typical AuNMs with
~160nm average interaperture wire width and ~20 nm
thickness (Figure 2(b)) were adopted in the following tests.
The AuNMs prepared show a uniform periodic nanostruc-
ture consistent with that of the AuNM model in the
simulation.

3. Results and Discussion

The application of the metallic nanomeshes always has been
looking forward to excellent flexibility. To reveal the flexibil-
ity inside, the mechanical flexibility of AuNMs was investi-
gated by examining the change in Von Mises stress
distribution of AuNMs under stretching. Here, we compared
the flexibility properties of AuNMs with or without PET sub-
strate, which are shown in Figures 3 and 4.

When AuNMs (Figure 3(a)) and AuNMs/PET
(Figure 3(b)) are stretched with one side fixed and the other

side stretched in –y direction, both of the maximum and
minimum stress values appear in the middle of the side
length of the hexagonal cell, which are also the maximum
and minimum points of force. The results are the same as
in Figure 4. When AuNMs (Figure 3(a)) and AuNMs/PET
(Figure 3(b)) are applied maximum stress of 5GPa, the
stretched displacement of AuNMs increases from 1:356 ×
10−7m without PET in Figure 3(a) to 1:3831 × 10−7m in
Figure 3(b). So, the stretched displacement of AuNMs yields
a 2% ((1.3831-1.356)/1.356) promotion under the buffering
of PET substrate.

Likewise, when AuNMs (Figure 4(a)) and AuNMs/PET
(Figure 4(b)) are applied maximum stress of 5GPa and bent
with one side fixed and the other side bent in –z direction, the
bent displacement of AuNMs increases from 2:6302 × 10−5m
without PET in Figure 4(a) to 2:721 × 10−5m in Figure 4(b).
The displacement of bent AuNMs yields a 3.5% ((2.721-
2.6302)/2.6302) promotion under the buffering of PET
substrate. Notice that the bendability of AuNMs in the verti-
cal direction is larger than the stretchability of AuNMs in the
horizontal direction.

The AuNMs supported by the PET substrate show
improved tensile strain tolerance, which results in the fact
that PET releases the stress in AuNMs under mechanical
stretching and bending. It is worth noting that AuNMs with
the hexagonal unit cell permits large reversible deformation
under strains applied in certain axes due to the axisymmetric
circular hole. The supported nature of the PET substrate
greatly improves PET substrate stability of AuNMs under
bending.

The AuNMs usually need to be placed on a flexible irreg-
ular surface for imaging electrical signal. Herein, the flexible
PET (thickness ~500μm) film is used to represent flexible
irregular surfaces in the following simulation. The stress
and displacement distribution of the AuNMs/PET is demon-
strated and analyzed in Figure 5. Different from the previous
stretching method, both sides of PET in this model are
stretched in y and –y directions, respectively, by equal 4 ×
105N/m2 force, which results in the deformation of PET
and AuNMs. The stress and displacement distribution of
the AuNMs/PET is demonstrated.

(a)

AuNM (20 nm)
on 
PET(500 𝜇m)

(b)

Figure 1: The schematic drawing in simulation (a) AuNMs and (b) AuNMs/PET.
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Figure 2: Preparation of AuNMs: (a) SEM image of the monolayer PS (1 μm diameter); (b) SEM image of AuNMs (~160 nm average
interaperture wire width).
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Figure 3: Contour maps of Von Mises stress distribution of stretched (a) AuNMs and (b) AuNMs/PET with one side fixed and the other side
under stretching in –y direction.
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Figure 5(a) shows the stress distribution and maximum
and minimum stress points of the AuNMs/PET. This way
of stretching causes two sides of PET to be subjected to
the greatest force while the center point of PET is forced
to zero as shown. Due to the fact that AuNMs with large
Young’s modulus cause very little deformation, while PET
with small Young’s modulus causes large deformation via
releasing of the stress, the maximum stress value of AuNM-
s/PET appears in the side of AuNMs, and the minimum
stress value appears in the middle of AuNMs, as shown in
Figure 5(a). Figure 5(b) shows the displacement distribution
and maximum and minimum displacement points of the
AuNMs/PET. For the same reason, the maximum displace-
ment of AuNMs/PET occurs at the side of the PET, and
minimum displacement occurs at the center of PET, as
shown in Figure 5(b). PET absorbs most of the externally
induced physical strain on AuNMs.

The mechanical flexibility was examined here by
studying the effect of strain on sheet resistance under
mechanical deformation. To facilitate comparative analysis,

a sample of AuNMs (thickness ~20 nm) on PET film
(thickness ~500μm) with the same parameters as a model
counterpart of numerical AuNMs/PET has been fabricated.

As shown as Figure 6(a), sheet resistance R of AuNMs in
the simulation under loading remains its original resistance
R0 until the tensile strain ratio reaches threshold point
1.2%. The applied force under AuNMs/PET will lead to ten-
sile strain, which can be accommodated by in-plane rotations
and distortion of periodic nanomesh without inevitable
structural fracture of AuNMs [22], followed by a dramatic
increase of sheet resistance at strain beyond 1.2%, which
would eventually cause structural fracture of AuNMs and
electroconductive failure. The experimental results with a
threshold point of 1.8% show better flexible performance.
This may be caused by the fact that the fabricated AuNMs
with a size of several square centimeters can accommodate
more tensile strain than the simulated model with a size of
several square microns. Figure 6(b) shows the same trend,
but better flexible performance, which is due to the fact that
AuNMs can maintain the electroconductive state better
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Figure 4: Contour maps of Von Mises stress distribution of bent (a) AuNMs and (b) AuNMs/PET with one side fixed and the other side
under bending in –z direction.
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under compressive loading than tensile loading. It is not hard
to find that the simulated results show good agreement with
experimental results.

Finally, sheet resistance of the electrode under cyclic
compressive and tensile bending tests was measured, which
will assess the mechanical stability of the AuNMs. To make
sure the bending test was carried out within a reasonable
range, the bending radii (5 to 10mm) were chosen to apply
enough strain for the bending test, depending on the elec-
trode dimensions of width = 2 cm and length = 3 cm. As
shown in Figure 7, the electrode is bent to 400 cycles for 5
to 10mm bending radii. When the pure Au films (thickness
~20 nm) are bent, there is no change in the resistance value
until the number of bending of ~40 is reached (Figure 7).
However, electrical failure suddenly occurred after the num-
ber of bending of ~130. The AuNMs can retain their initial
sheet resistance until the number of bending reaches ~350.
Thereafter, due to the plastic deformation of AuNMs, the
sheet resistance of AuNMs increases gradually, which even-
tually leads to a complete breakdown of AuNMs. The

AuNMs show seven times higher tolerance than the pure
Au films. The results indicate that AuNMs/PET shows good
mechanical stability under both tensile loading and compres-
sive loading.

4. Conclusions

In conclusion, we investigated the mechanical and structural
response of AuNMs under mechanical deformation based on
FEA simulation. The prepared AuNMs by the versatile NSL
technique shows a uniform periodic nanostructure consis-
tent with that of the AuNM model in the simulation. The
simulated results of mechanical flexibility indicate that the
PET substrate can release the stress of AuNMs under
mechanical stretching and bending, the displacement of
stretched AuNMs yields a 2% promotion, and the displace-
ment of bent AuNMs yields a 3.5% promotion under buffer-
ing of PET substrate at 5GPa yield strength of nanoscale Au.
The stress and displacement distribution of the AuNMs/PET
was demonstrated. In the study of the effect of strain on sheet
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Figure 5: The flexibility performance of AuNMs/PET. (a) Contour maps of Von Mises stress distribution of AuNMs/PET. (b) Contour maps
of displacement distribution of AuNMs on PET with both sides of PET under stretching in y and –y directions, respectively.
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resistance under compressive and tensile loading, the simu-
lated data shows good agreement with experimental results.
Finally, cyclic compressive and tensile bending tests reveal

the good mechanical stability of AuNMs. These results
show the promising potential of using AuNMs in flexible
electronics.
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Figure 6: R/R0 vs. the strain level for AuNMs/PET (where R0 is the initial resistance under zero strain): (a) during tensile loading; (b) during
compressive loading. The insets show maps of AuNMs/PET during compressive and tensile loading, respectively.
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