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Predictive modeling of optical and electrical
coupling in silver nanowire networks for
stretchable transparent electrodes

Kyobin Keum,a Sung Kyu Park *b and Yong-Hoon Kim *a

Metal nanowires, particularly silver nanowires (AgNWs), have been extensively used in transparent electro-

des and substrates requiring high optical transmittance, as well as in flexible and stretchable electronic

devices, owing to their intrinsic material properties. These include the ability to maintain electrical con-

ductivity under mechanical deformation. The optical/electrical performance of such systems is primarily

governed by the percolation behavior among individual nanowires within a two-dimensional (2D) con-

ductive network. In this study, we propose a theoretical approach to elucidate the relationship between

sheet resistance and optical transmittance of AgNW networks, as a function of nanowire dimensions and

network density. Furthermore, considering the broad application of AgNWs in stretchable electrodes, we

present a model to predict changes in sheet resistance and optical transmittance under uniaxial/biaxial

strain, assuming an ideal elastic substrate. The proposed model offers design guidelines for optimizing the

optical and electrical properties of AgNW-based stretchable conductors.

Introduction

With the emergence of the Internet of Things, there has been
a growing demand for technologies in human–machine inter-
faces, medical/healthcare monitoring, soft robotics, wearable
devices, and electronic skins.1 Among the key components
enabling these applications, stretchable transparent electrodes
have attracted significant research interest due to their critical
role in ensuring both electrical functionality and mechanical
compliance.2–6 Conventional transparent electrodes, such as
indium tin oxide, which are widely used in photovoltaics,
organic light-emitting diodes/polymer light-emitting diodes,
and touch screens, offer excellent transparency and
conductivity.7–9 However, due to their brittle nature and lack of
intrinsic stretchability, they pose significant limitations in the
development of stretchable electronic devices, although they
can withstand certain bending deformations. To realize
stretchable transparent electrodes, it is essential to employ
materials that can maintain electrical conductivity under
strain while preserving high optical transmittance.

Among various candidates, silver nanowires (AgNWs) have
emerged as one of the most promising one-dimensional (1D)
conductive materials, owing to their excellent electrical,

optical, and mechanical properties.10–12 Due to their 1D geo-
metry, randomly distributed AgNWs can form percolation net-
works when the nanowire density exceeds a critical threshold,
enabling electrical conductivity. However, when tensile strain
is applied, the effective area of the conductive network
changes, leading to a decrease in the number of conductive
pathways and a consequent reduction in conductivity.13

Therefore, if the relationship between the change in electrical
conductivity under strain and the corresponding change in
optical transmittance can be quantitatively predicted, it would
provide valuable guidance for the rational design and engin-
eering of stretchable AgNW-based transparent electrodes.

In this study, we present a computational model and simu-
lation to investigate the relationship between optical transmit-
tance and the rate of change in sheet resistance as a function
of the area fraction in conductive AgNW networks. Using a
Monte-Carlo approach implemented in MATLAB, randomly
oriented AgNW networks were generated, and the area frac-
tion, defined as the ratio of the projected nanowire area to the
total system area, was calculated based on the system density
and nanowire length. Furthermore, by applying a two-dimen-
sional (2D) percolation theory model to determine the initial
percolation threshold, the area fraction and critical percolation
density were used to compute the generalized density at which
a conductive network is formed. This approach enabled the
estimation of the rate of change in sheet resistance. Finally, by
considering the variation in nanowire density and area fraction
under applied tensile strain, we established the relationship
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between the change in optical transmittance and the corres-
ponding change in sheet resistance.

Results and discussion

Fig. 1a shows the square lattice illustrations of the percolation
network systems with occupancy probability (p). In the system,
the conductors are AgNWs, and the parameter p is closely
related to the conductor density. Assuming that the conduc-
tors are randomly distributed within the normalized system
area, as illustrated in Fig. 1a, the occupied regions correspond
to filled lattice sites, and p is defined based on the fraction of
filled sites.14,15 Due to the random arrangement of conductors,
the minimum conductor density required to form a conductive
path may vary depending on mechanical properties and
spatial arrangement. However, when the conductor density
exceeds the critical threshold necessary for percolation, a con-
ductive path can be established regardless of the alignment or
orientation of the nanowires. In Fig. 1a, the left illustration
depicts a case where the conductors occupy 9% (p = 0.09) of
the system area. In this case, the minimum density required to
form a conductive path is not reached, preventing the for-
mation of a conductive network regardless of the arrangement
of AgNWs. In Fig. 1a (middle), the conductors occupy 30% (p
= 0.30) of the system area. Although this exceeds the critical
percolation threshold required to form a conductive pathway,
the actual formation of such a path depends on the specific
arrangement of the conductive components and may or may
not occur. In Fig. 1a (right), the conductors occupy 60% (p =
0.60) of the system area. Generally, the critical threshold occu-

pancy probability (pc) forming percolation in a square lattice
system was determined as pc = 0.5927.16 Therefore, at this
occupancy level, conductive network clusters are formed
regardless of the spatial distribution of the AgNWs, and the
system exhibits electrical conductivity. We selected the aspect
ratio and nanowire density (N) as the most representative
factors influencing the sheet resistance in AgNW conducting
systems, and visually simulated the resulting conductive
cluster networks. The predefined assumptions for the AgNW
percolation conducting system simulation are as follows;

(1) Each nanowire is a straight, rectangular shape without
any bends or breaks;

(2) All nanowires have the same length and aspect ratio;
(3) All nanowires are randomly distributed within a square

frame without any directional preference.
Fig. 1b shows the results of a simulation of randomly dis-

tributed AgNWs in a normalized system using MATLAB soft-
ware. A square system shows where each side length is normal-
ized to ‘1’. Based on the Monte-Carlo method, the length of
each nanowire was varied to reflect different aspect ratios.
Additionally, the number of nanowires corresponding to a
specified density was set, and it was visually confirmed that
nanowire clusters formed a percolating network. An open
boundary condition was applied such that no material exists
outside the simulation system. Nanowires extending beyond
the domain boundaries were cut-offed, and only the portions
within the domain were considered in the analysis. Percolation
was defined to occur when a connected cluster of nanowires
simultaneously contacted both the left and right boundaries
of the system. The percolation threshold was determined as
the nanowire density at which the percolation probability
reached 0.5, which was defined as the critical density Nc. To
ensure the statistical validity of the results, meaning that the
Nc is identified where the cluster percolation probability con-
verges to 0.5, it is essential that the system length significantly
exceed the nanowire length.17 Consequently, this MATLAB
simulation concentrates on the geometric analysis of random
nanowire networks within a normalized system, focusing on
regimes where percolation is already established, while
accounting for their specific material properties. In the left
simulation result of Fig. 1b, the number of nanowires distribu-
ted in the system does not exceed the critical percolation
density (Nc), and thus no conductive pathways are formed. As
illustrated in the middle of Fig. 1b, when the density of con-
ductors reaches Nc, sufficient conductor clusters are formed,
leading to the formation of conductive pathways. To facilitate
the visual identification of these pathways in the simulation
results, the formed conductor clusters are highlighted in red.
When the nanowire density increases further to approximately
twice Nc, as shown in the right illustration of Fig. 1b, a greater
number of conductive networks are formed and clusters are
observed throughout most of the system.

In the AgNW conducting network, the conductor length
(corresponds to the aspect ratio) and the conductor density are
critical parameters that determine the area fraction of the
system. The area fraction is a numerical value defined as the

Fig. 1 Percolating conductive network formation in regularized 2D
systems. (a) Illustrations of conductive network formation in the system
based on occupancy probability. The red highlighted areas indicate that
conductive clusters form a network, forming conductive paths. (b)
Monte-Carlo percolating simulation performed in MATLAB. Inside the
system, nanowires of the same length are randomly arranged, and the
conductor clusters form clusters according to density (N), forming con-
duction paths. Conductor clusters that form conduction paths are
marked in red.
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ratio of the area occupied by the conductors to the total area of
the system.18 Therefore, the area fraction describes the projec-
tion of the AgNWs per unit-area of the normalized substrate
and it can be defined by the following equation;

AF ¼ N � L � D ð1Þ

Here, AF represents the area fraction of the square system,
N represents the AgNW density (number per unit-area), L is the
AgNW length, and D is the AgNW diameter.19 The area fraction
quantitatively represents the number of density distribution of
the conductive elements, and it is directly related to the
optical transparency of the network. Therefore, the area frac-
tion serves as a key indicator in evaluating the trade-off
between sheet resistance and transparency. Fig. 2 presents the
simulation results of a conducting network as a function of
the conductor density and aspect ratio, based on random dis-
tributions within a normalized system. Fig. 2a presents simu-
lation results illustrating the effect of N while maintaining a
constant L. The left illustration of Fig. 2a shows the distri-
bution of AgNWs at low density, whereas the right illustration
of Fig. 2a shows the distribution of AgNWs at high density.
Similarly, Fig. 2b presents simulation results illustrating the
effect of nanowire length, corresponding to the aspect ratio,
under a constant nanowire density. The left illustration of
Fig. 2b shows the distribution of AgNWs with low aspect
ratios, while the right illustration of Fig. 2b shows the distri-
bution of AgNWs with high aspect ratio. These results visually
demonstrate the formation of a conductive network within the
system and its influence on the optical transmittance as a
function of N.

Through conductivity simulations, it was able to predict
and extract the area fraction which directly influences conduc-
tivity and transmittance as a function of nanowire density. The
area fraction was calculated by analyzing the ratio of the area
occupied by the conductors to the total system area on a pixel-
by-pixel basis. The nanowire length in the simulation was set
relative to the normalized system size, where the side length
was defined as ‘1’. The calculated area fractions corresponding
to different nanowire densities within the simulated system
are presented in Fig. 3a. As the nanowire density increases, the
number of nanowires increases proportionally, leading to a
higher area fraction. Notably, since the nanowire diameter was
fixed in the simulated systems, increasing the nanowire length
resulted in a higher aspect ratio, thereby yielding a larger area
fraction at the same nanowire density. Detailed calculations of
the area fraction as a function of nanowire length and number
density, as well as the formation of percolation networks, are
presented in Fig. S1–S4. In nanowire-based conductive
systems, nanowire density plays a critical role in determining
conductivity, as higher densities lead to a significantly greater
number of contact points between randomly distributed nano-
wires, thereby facilitating the formation of conductive path-
ways. To validate this, we quantified and compared the
number of contact points formed within the simulated system
at varying nanowire densities. Fig. 3b shows that the number
of contact points increases proportionally with nanowire
density. Additionally, as the nanowire length increases, the
potential interaction area expands, resulting in a greater
number of contact points at the same density.

As shown in Fig. 3a and b, the MATLAB-based conductivity
simulation results indicate that the area fraction changes with
varying nanowire density in the conductive network, which in
turn influences the optical properties of the system. Based on
these observations, we developed a predictive strategy
grounded in critical percolation theory to establish a corre-
lation among the Nc, area fraction, and electrical conductivity,
under the assumption of a given initial transmittance. In this

Fig. 2 Monte-Carlo MATLAB-based percolation simulation results as a
function of nanowire properties. (a) Effect of nanowire density N. (b)
Effect of aspect ratio (AR) on system behavior.

Fig. 3 Percolation simulation of a conductive nanowire network using
the Monte-Carlo method. (a) Relationship between normalized nano-
wire density N and area fraction. Filled circles represent percolated
states at the corresponding density and area fraction in the simulation
system. (b) Relationship between normalized nanowire density N and
the number of contact points. Error bars indicate the variation in
contact-point counts from five independent simulation runs. Here, L
denotes the nanowire length normalized by the system size.
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model, AgNWs are represented as 2D rectangular rods with
specified length and diameter. By defining an initial transmit-
tance, the relationship between the Nc, which significantly
affects electrical conductivity, and the corresponding area frac-
tion was applied. Fig. 4a illustrates a schematic diagram outlin-
ing the overall procedure for predicting conductivity in a 2D per-
colated system based on a predefined initial transmittance (T0).

In the Monte-Carlo simulation, the Nc of rods required for
percolation in a 2D system, where rods with negligible width
are randomly distributed and have a defined length L, is given
by the following equation.17,20

Nc � 5:637
L2

ð2Þ

According to the above equation, doubling the nanowire
length results in a fourfold decrease in the Nc required for per-
colation. The relationship between the Nc and the aspect ratio
of the nanowires, based on the aforementioned equation, is
presented in Fig. S5. In Fig. S5, to diversify the aspect ratio
with respect to the length variable, the nanowire diameter was
fixed at 40 nm. If the nanowire diameters are uniform across
all aspect ratio conditions, the aspect ratio is directly pro-
portional to the nanowire length. As the aspect ratio increases,
the value of the Nc required to form a percolation network
decreases. This reduction in Nc suggests that longer nanowires
(higher aspect ratio) are more efficient at creating a conductive
path at a lower concentration. The simulation process begins
by defining two initial parameters: the predefined target T0
and the Nc, which is derived from the percolation threshold
equation based on the given nanowire diameter in a nanowire-
based conductive system. First, the relationship between wave-
length-dependent initial transmittance and area fraction
follows the empirical equation proposed21 (step 1);

%T ¼ 1� a1 � 100AF ð3Þ
where a1 is a parameter that accounts for the optical transmit-
tance characteristics determined by the nanowire diameter.
For nanowires with a diameter of approximately 40 nm, a1 was

reported to be ‘0.87’.18 Applying this equation, the relationship
between optical transmittance and area fraction in a randomly
distributed network of 40 nm diameter nanowires can be
directly derived, as shown in Fig. S6. Therefore, in a conductive
system where 40 nm diameter nanowires are randomly distrib-
uted, the area fraction required to achieve the target transmit-
tance can be calculated. The diameter of 40 nm was specifi-
cally chosen based on established literature18,21 to facilitate a
reliable derivation of the relationship between transmittance
and area fraction using the optical constants associated with
this specific diameter. Since the area fraction is defined as the
product of nanowire N, L, and D, the minimum nanowire
density required to reach the target transmittance can also be
derived in a similar manner (step 2). Consequently, the area
fraction is directly correlated with the aspect ratio. This indi-
cates that both the nanowire density and the aspect ratio vari-
ables directly influence the transmittance. In relation to this,
the relationship between the (normalized) density required to
achieve a specific transmittance at different aspect ratios is
compared and presented in Fig. S7.

Next, according to percolation theory for randomly distribu-
ted nanowire conductive networks, the relationship between
sheet resistance (the inverse of electrical conductivity) and
nanowire density follows the equation below22 (step 3);

σ / 1
Rs

/ ðN � NcÞV ð4Þ

Here, σ represents the electrical conductivity in the percolat-
ing conductive network, Rs is the sheet resistance, and V is a
dimension-dependent constant. Specifically, V is defined as
approximately 1.33 in 2D systems and 1.94 in three-dimen-
sional (3D) systems.15,22 Since the present simulation is per-
formed on a percolating network formed in a 2D space, V is
fixed at ‘1.33’. It is important to note that the above equation
does not yield an exact numerical value but rather expresses a
proportional relationship. Consequently, if the physical pro-
perties of the nanowires (nanowire length and diameter) are
known and a target initial transmittance is defined, the critical

Fig. 4 Flow schematic for predictive calculations of sheet resistance and optical transmittance relationship. (a) Stepwise computational process:
(step 1) estimation of the area fraction from the relationship between area fraction and optical transmittance, based on an initially defined transmit-
tance T0. (step 2) calculation of the nanowire density corresponding to the obtained area fraction. (step 3) derivation of the relationship between
sheet resistance and electrical conductivity as a function of nanowire density relative to the percolation threshold density Nc. (b) Prediction of the
variations in sheet resistance and optical transmittance under uniaxial or biaxial strain, based on the density changes of nanowires induced by sub-
strate area deformation.
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nanowire density required to achieve this transmittance can be
derived using the percolation theory. This allows calculation of
the area fraction, a key parameter influencing optical pro-
perties. Specifically, the area fraction represents the condition
under which a percolated network is formed while maintain-
ing the target transmittance. Therefore, it can be used to deter-
mine the minimum nanowire density required to satisfy the
optical constraint. Once this density is known, the correlation
between sheet resistance, electrical conductivity, and nanowire
density can also be established.

The percolated conductive network inherently maintains
electrical conductivity even under mechanical stretching. In
this stretched network, the relationship between sheet resis-
tance and transmittance under tensile strain can be derived
from the strain-induced change in the substrate area. Fig. 4b
illustrates the simulation process used to predict changes in
sheet resistance and transmittance by calculating variations in
nanowire density and area fraction under uniaxial or biaxial
stretching of the conductive nanowire substrate (step 4). When
a stretchable AgNW substrate is subjected to uniaxial or biaxial
strain (ε), the total number of AgNWs within the conductive
network remains constant, but the system area increases due
to mechanical deformation. In this process, we assume an
ideal tensile deformation, fixing the Poisson’s ratio of the
stretchable substrate to ‘0’. Accordingly, only area expansion is
considered, while cases involving constant or decreasing area
are excluded. It should be noted that our tensile simulation
framework is based on a 2D model, which inherently neglects
3D effects such as substrate thickness that would need to be
considered in a fully 3D system. Moreover, even within a 2D
simulation framework, the change in surface area under
tensile deformation can vary depending on the clamping con-
figuration of the substrate. Therefore, the present analysis
relies on an idealized assumption regarding the boundary con-
ditions. In addition, real elastomeric substrates possess finite
and realistic Poisson’s ratios. When non-zero Poisson’s ratios
induce non-uniform lateral deformation, an accurate evalu-
ation of the resulting area change requires solving the elastic
equilibrium equations, for which finite-element analysis (FEA)
becomes essential. To address this point, as shown in Fig. S8,
we performed uniaxial tensile simulations of a square elasto-
meric substrate using COMSOL Multiphysics and quantitat-
ively evaluated the corresponding surface-area changes as a
function of the Poisson’s ratio. Consequently, the increase in
substrate area resulting from stretching under a non-zero
Poisson’s ratio can be determined via FEA simulations. From
the obtained post-stretch area (Aε_real), the subsequent changes
in nanowire numerical density (N/Aε_real) and area fraction ((N/
Aε_real) × L × D) can be calculated accordingly. As the system
area increases under ideal strain, the nanowire density
decreases proportionally, resulting in a reduced area fraction.
Since the sheet resistance of a percolation-based network is
inversely related to the area fraction, the sheet resistance
increases with increasing strain. Conversely, the reduction in
area fraction also leads to an increase in optical transmittance,
as described by the relationship between transmittance and

area fraction. This demonstrates a clear trade-off in which
tensile strain improves optical transmittance due to decreased
nanowire coverage, while simultaneously degrading electrical
conductivity as a result of reduced conductive pathways.
Therefore, to achieve the desired balance between electrical
conductivity and optical transparency in stretchable AgNW
electrodes under mechanical strain, careful engineering of
parameters such as nanowire density and aspect ratio is
essential.

Fig. 5 shows the detailed simulation computing process for
predicting the variations in optical transmittance and sheet re-
sistance. These predictions are based on changes in area frac-
tion and AgNW density in the stretchable substrate, under
ideal uniaxial or biaxial tensile strain conditions, as described
in Fig. 4b. Fig. 5a illustrates the relationship between area
change and area fraction under uniaxial stretching of a nor-
malized substrate containing silver nanowires with a unit-area
density N. Assuming an ideal stretchable substrate with a
Poisson’s ratio of zero, the stretched dimension increases by
the uniaxial strain εuni, so the substrate area expands from the
normalized 1 × 1 = 1 to 1 × (1 + εuni) = 1 + εuni. Because the
number of nanowires is conserved, the post-strain nanowire
density is calculated as follows;

Nuni¼ N
1þ εunið Þ ð5Þ

Using the relation AF = N·L·D, the area fraction after uniax-
ial strain becomes follow equation;

AFuni¼Nuni � L � D ¼ N � L � D
1þ εuni

ð6Þ

Fig. 5b presents the strain-dependent evolution of area frac-
tion and the resulting change in optical transmittance under
uniaxial stretching, based on the relationship summarized in
Fig. 4b. Assuming an initial transmittance of 90% for a perco-
lated AgNW network (a typical target that maintains good con-
ductivity while providing high transparency),23,24 the area frac-
tion decreases from 0.115 to 0.076 over 0–50% strain, while
the transmittance increases from 90% to 93.3%. Fig. 5c shows
the normalized change in sheet resistance under uniaxial
strain, computed from the strain-induced change in nanowire
density. The resistance variation increases with strain, and the
increase is more pronounced for networks with lower nanowire
aspect ratios. This behavior is consistent with a higher prob-
ability of conductive-cluster disruption in shorter-nanowire
networks during tensile deformation. Fig. 5d similarly illus-
trates the area change and resulting area fraction under biaxial
stretching of a normalized substrate containing silver nano-
wires with an areal density N. When an equal biaxial strain εbi
is applied, both lateral dimensions scale by (1 + εbi), and the
substrate area increases from the normalized value 1 to (1 +
εbi)

2. Because the number of nanowires is conserved, the post-
strain areal density becomes;

Nbi ¼ N

1þ εbið Þ2 ð7Þ
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Using the relation AF = N·L·D, the area fraction after biaxial
strain becomes follow equation;

AFbi¼Nbi � L � D¼ N � L � D
1þ εbið Þ2 ð8Þ

Fig. 5e shows that, under biaxial strain of 0–50% and fol-
lowing the same procedure as in Fig. 5b, the area fraction
decreases from 0.115 to 0.052, while the optical transmittance
increases from 90% to 95.5%. Fig. 5f presents the normalized
change in sheet resistance under biaxial strain (0–50%). As in
the uniaxial case, networks with lower nanowire aspect ratios
exhibit larger resistance variations. For a given strain, the resis-
tance change is slightly greater under biaxial stretching than
under uniaxial stretching, which is attributed to the larger area
increase and the more extensive disruption of conductive clus-
ters. The simulated results shown in Fig. 5b for uniaxial
stretching and Fig. 5e for biaxial stretching exhibit trends con-
sistent with previously reported relationships between optical
transmittance and sheet resistance in AgNW conductors.18,19,25

However, it should be noted that the resistance values
obtained from the present modeling represent relative changes
in sheet resistance rather than absolute sheet resistance

values. This is because, in practical AgNW conductive net-
works, the overall sheet resistance is determined by both the
intrinsic resistance of individual nanowires (Rwire) and the
junction (contact) resistance (Rj) at nanowire to nanowire inter-
faces, both of which play a significant role. To account for this,
we fixed the AgNW aspect ratio condition in the simulation
system and assumed that, within a given simulation system,
the Rwire and Rj act as a common scaling factor. Under these
assumptions, the model allows the isolation of the effects
associated with the statistical breaking and formation of junc-
tions during elongation, which contribute to geometric con-
nectivity loss. As a result, by focusing on strain-induced
changes in conductive pathways, the sheet resistance is
described in terms of relative variation. In addition, the results
obtained from this model are valid within the percolation-
driven regime, in which a percolating network is consistently
maintained and conductive clusters remain stable. In practical
AgNW networks, the application of strain beyond a critical
threshold can trigger various mechanical failures, such as
delamination, cracking, and junction degradation, leading to a
fracture-driven regime characterized by an exponential
increase in sheet resistance.26,27 These factors, which deviate
from the ideal percolation environment assumed in our

Fig. 5 Calculation of the variation in optical transmittance and relative sheet resistance changes as a function of strain under uniaxial and biaxial
tension. (a) Illustration of the change in nanowire density in a percolation network system under uniaxial tensile strain ε. The substrate is modeled as
a normalized square domain, with Poisson’s ratio assumed to be ‘0’. (b) Variation of area fraction and optical transmittance as a function of strain ε

under uniaxial tension. (c) Relative resistance changes as a function of strain ε under uniaxial tension for systems with different aspect ratios. (d)
Illustration of the change in nanowire density in a percolation network system under biaxial tensile strain ε. The substrate is modeled as a normalized
square domain, with Poisson’s ratio assumed to be ‘0’. (e) Variation of area fraction and optical transmittance as a function of strain ε under biaxial
tension. (f ) Relative resistance changes as a function of strain ε under biaxial tension for systems with different aspect ratios.
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model, may cause discrepancies between simulated and
experimental values and should therefore be considered when
interpreting the results.

Methods

A Monte-Carlo percolating simulation was implemented using
MATLAB 2024b.28 The simulation was performed in a normal-
ized square domain, where nanowires were randomly distribu-
ted by specifying their number and length. The number of
nanowires parameter (N) was varied from 200 to 1350, and their
normalized length (L) parameter was set to 0.05, 0.10, 0.15, and
0.20. The parameter of N and L, which govern the network
density and aspect ratio respectively, serve as scalable input
parameters within the Monte-Carlo simulation. This flexibility
allows for the adjustment of density and aspect ratio over a high
or low value to meet specific simulation systems. The system
side length was normalized to ‘1’, and aspect ratios were com-
puted accordingly. The percolation conductive path was defined
along the horizontal axis. A conductive cluster was visualized by
rendering the connected nanowires in red (Fig. 1b). The total
number of contact junction points was obtained by counting
pairwise rod overlaps. To ensure statistical significance, each
condition was repeated five independent times, and standard
deviations were reported. In all numerical computing, the nano-
wire diameter was fixed at 40 nm and the initial transmittance
was set to 90%. The area fraction was quantified using ImageJ
by calculating the ratio of nanowire-projected black pixels to the
total number of pixels in the system (115 600 pixels). For the
structural mechanics simulations performed using COMSOL
Multiphysics, a square geometry was defined and assigned
material properties corresponding to polydimethylsiloxane
(PDMS), with a density of 970 kg m−3 and a Young’s modulus of
750 kPa. To evaluate the surface area after tensile deformation,
an Integration operator was added in the Model Builder under
the Component node. Subsequently, a Global Evaluation was
defined in the Results module to calculate the deformed area.

Conclusions

We presented a concise, design-oriented simulation framework
that predicts the strain property trade-off in stretchable AgNW
electrodes through the chain ‘T0 → area fraction → Nc → rela-
tive sheet resistance changes’. The core of the approach links
applied uniaxial or biaxial strain to two key parameters; area
fraction and nanowire density. As the substrate stretches, its
area increases, inducing corresponding changes in the spatial
distribution and effective density of AgNWs, which directly
modulate optical and electrical performance. Within this
framework, the model quantifies relative change rates of
optical transmittance and sheet resistance under mechanical
loading, thereby elucidating the trade-off between transpar-
ency and conductivity. These predictions may provide useful
guidance for estimating operating limits and for the design of
more reliable stretchable transparent electronic devices.

Limitations of study

In this study, a stick percolation model was employed to investi-
gate the strain-dependent electrical conductivity and optical
transmittance of stretchable AgNW networks, with the aim of
providing reliable design guidelines. To clarify the physical val-
idity of the proposed model and to outline directions for future
work, two primary limitations are acknowledged as follows.

First, the present simulation framework is based on an ideal-
ized elastomeric model with a zero Poisson’s ratio. This
assumption was adopted as a strategic choice to accommodate
the constraints of a 2D simulation environment, particularly to
avoid complications associated with thickness variation and to
control the non-uniform area changes arising from different
clamping configurations under biaxial stretching. A more accu-
rate evaluation of area changes associated with realistic
Poisson’s ratios in elastomeric substrates could be addressed in
future studies through FEA simulation, as illustrated in Fig. S8.

Second, the proposed model is valid primarily within the
‘percolation-driven’ regime, in which network connectivity is
preserved, while the behavior in the ‘failure-driven’ regime
under excessive deformation is only partially captured. At
strains exceeding a critical threshold, microstructural reconfi-
gurations such as nanowire delamination, cracking, and junc-
tion failure are expected to accelerate resistance changes in
practical devices. In addition, nanowires are idealized as
defect-free straight rods in the present model, and both intrin-
sic wire resistance and junction resistance are treated as a
common scaling factor. Consequently, comparisons across
networks with different aspect ratios should be interpreted in
terms of qualitative design trends rather than absolute
numerical values. In conclusion, to establish more realistic
and predictive design guidelines for stretchable electrodes,
future modeling efforts should integrate the effects of finite
Poisson’s ratios in real elastomeric substrates along with
microstructural failure mechanisms under large deformation.
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Supplementary information contains additional data and ana-
lyses from the simulations reported here, including infor-
mation from repeat simulations. Supplementary information
is available. See DOI: https://doi.org/10.1039/d5nr04505c.
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