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Flexible transparent electrodes employing metal nanowires (NWs) find extensive use in various applications
such as optoelectronic devices, solar cells, light-emitting diodes, and transparent heaters. NW networks
in flexible transparent electrodes can withstand mechanical deformations and conduct electricity but are
susceptible to localized damage caused by mechanical stress and current density concentration. This localized
damage ultimately results in electrode failure. Our study aims to track locally induced damage from both
mechanical and electrical sources and assess their collective influence on electrode performance until failure
occurs. To this end, we create two-dimensional digital samples that represent the NW networks, transform
them into beam networks and equivalent resistor networks, and perform finite element simulations of the
mechanical and electrical network responses while varying the NW content.

Our simulations reveal crack-like patterns in the distribution of damaged elements at network failure that
depend on the process inducing the damage. While our results suggest that the impact of electrically induced
damage on overall network stability is more significant than that of mechanically induced damage, the latter

must not be ignored.

1. Introduction

Metal nanowires (NWs) arranged in network structures have been
found to be appropriate for the fabrication of flexible transparent elec-
trodes. These metal NW electrodes exhibit both transparency and elec-
trical conductivity comparable to those of commercial thin film elec-
trodes, making them suitable for various applications, the most com-
mon being optoelectronic devices such as touchscreens and flat panel
displays, solar cells, light emitting diodes, and transparent heaters for
defrosting and heating applications [1-4]. Compared to thin films,
metal NW electrodes possess excellent mechanical flexibility, making
them ideal for deformable applications as well. Examples of such
applications include flexible displays, sensors, wearable devices, and
stretchable electronics [1,3]. The unique characteristic of metal NW
electrodes lies in the interplay between their local (NW level) and
global (network level) responses, which ultimately rely on the integrity
of the NWs. The failure of a single NW alters the local response of the
network and can trigger a cascade of further failures in a loop that
affects the network local and global responses [1]. The relationship
between the damage of NWs and the resulting impact on the electrical
and mechanical functionality of the electrode is the focus of this
contribution.

* Corresponding author.

The fabrication of a metal NW electrode entails the random deposi-
tion of NWs on a substrate and a post-treatment welding strategy [3].
The latter is performed to provide NW connections (junctions) with
desirable mechanical and electrical properties. The electrode enables
electrical current conduction only if the NW assembly creates a NW
network. Such a condition is statistically fulfilled if the amount of NW
exceeds a minimum content, the so-called critical percolation [5] (or
percolation threshold). The existence of a NW network also ensures
that the collective response of the NWs accommodates the macroscopic
deformation of the electrode through a load bearing mechanism analo-
gous to that of beam frames. At variance with these structures, the NW
network is an entangled assembly of NWs that exert constrains on the
displacement of the surrounding NWs. As a consequence, simple macro-
scopic deformation modes (electrode bending and stretching) induce
complex deformation regimes (combination of tension/compression,
bending, twisting and torsion) on the NWs [6-10].

The structure of the NW network is not static: it evolves and deteri-
orates during service. A NW subject to sufficiently high electric current
levels breaks either due to Joule heating or electromigration [11-
13]. In NW electrodes, the random arrangement of the NWs [14] and
local fluctuations of the NW density [15,16] make the electric current
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distribution highly inhomogeneous. Experimental evidence shows that
electric current levels attained in some network locations are sufficient
to cause NW breakages during standard electrode operations [16-19].
Mechanical stress and deformation similarly lead to NW breakage [20—
26]. Several experimental investigations report about fractured NWs
in electrodes undergone about 2%-3% strain when subject to either
repeated bending cycles [6-9,15,27,28] or tensile test [10]. Tensile
fracture [10], buckling [7,10,29], and bending [10,27] have been iden-
tified as the dominant failure mechanisms within the NWs. Significant
strain localization, equally resulting in network breakage, has been
observed in close proximity of the junctions [6-10,27]. Electrically and
mechanically induced damage result in network connectivity losses that
alter the macroscopic response of the electrode. Both types of damage
determine electrode failure when a continuous pathway across the NW
deposition no longer exists.

The sheet resistance is the property typically monitored during
electrode stability analyses [6-10,15,17,18,27-33] because it reflects
the state of health of the NWs. Indeed, as the breaking of NWs results
in alteration of the NW network a sheet resistance rise is observed.
Charvin et al. [32] conducted a study that combines experimental
and computational methods to assess the impact of electrically in-
duced NW failure on electrode stability. The study reports a non-linear
relationship between the number of NW ruptures and the sheet re-
sistance of the electrode. Mechanically induced failures can equally
affect the overall response of flexible transparent electrodes [6-10,15,
27,29-31,33]. Nevertheless, the authors are not aware of any previous
attempts to investigate the relationship between mechanically and
electrically induced damage and the resulting impact on the mechanical
and electrical functionality of NW networks. Such a study could pro-
vide valuable insights into the degradation mechanisms that are most
relevant to electrode failure.

To this end, we carry out two-dimensional numerical simulations
on numerically generated distributions of one-dimensional objects rep-
resenting NW electrodes. A Monte Carlo approach is pursued. The
numerical realizations are converted into networks of beam [34,35]
and resistor [36] elements. The former is employed to simulate the
mechanical response of NW electrodes undergoing in-plane tensile
deformations and determine the corresponding distribution of stresses.
The latter is employed to simulate the electric current conduction
processes and determine the electric current distribution throughout
the network. Electrical damage evolution analyses are performed by
replicating the approach pursued by Charvin et al. [32], which is
here extended to enable the analysis of mechanical damage evolution
(Section 2.1). In particular, we compute the mechanical stresses in each
NW of the network while a macroscopic deformation is applied on
the electrode. The location more likely to fail is therefore identified.
We select the in-plane effective stiffness and the electrical conductivity
of the electrode as indicators of the electrode mechanical and elec-
trical functionalities, respectively. Although mechanical and electrical
damage analyses are performed independently (no coupling effects
are considered in the simulations), the effective stiffness and effective
electrical conductivity are both evaluated during each damage analysis
(Sections 2.1 and 2.2). A parametric study is performed (Section 4.1)
ahead of the damage analyses to determine how the in-plane effective
stiffness of pristine electrodes depend on NW content of the electrode,
NW cross-sectional shape, and flexural stiffness of the junctions. A
similar investigation is considered unnecessary for the effective elec-
trical conductivity because a rich body of literature already describes
analogous relationships (e.g., Refs. [14,32,37-39]).

The results reported in Section 4.2 show that the distribution of
damaged NWs is consistent with cracks patterns identified in experi-
mental tests [15,16,18,19,27,31-33,40]. From the spatial analysis of
these patterns we conclude that it is not possible to identify the
NWs more likely to fail based on the visual inspection of the NW
assembly. This is because there is no direct correlation between the
arrangement of the NWs and the locations of damaged NWs resulting
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Table 1
Geometrical properties of AgNWs.

characterization reference diameter (nm) length (um)
this study 100 15
electrical/optical Charvin et al. [32] 70 + 10 8+3
Gomes da Rocha et al. [38] 50 6.7
Khaligh et al. [17] 90 25
Kim et al. [41] 62.5 13.5
Kim and Nam [42] 31.9
McCarthy et al. [43] 54-78 1-50
Nguyen et al. [15] 79+ 10 7+3
Papanastasiou et al. [16] 70 + 10 8+3
Sannicolo et al. [18] 79+ 10 7+3
Sun et al. [44] 30-60 1-50
Waliullah et al. [13] 53-173
Zhu et al. [19] 54 39
mechanical Aghazadehchors et al. [31] 90 10-20
Batra et al. [12] 65-195 15-60
Chang et al. [45] 30-170
Filleter et al. [22] 40-120 ~5-10
Hu et al. [29] 60 5-15
Hwang et al. [6] 62.5 13.5
Hwang et al. [7] ~ 100 ~ 15
Hwang et al. [8] 35
Jing et al. [46] 40-120
Kim et al. [9] 20 18.5
Lee et al. [27] 35 15
Liu et al. [28] 25 25
Noh et al. [33] 197.5 20.9
Ojeda et al. [26] 2.5-10.5
Poblete et al. [25] ~ 60 7.3-20.3
Schrenker et al. [10] 35-85 tens of pm
Vlassov et al. [23] 76-211
Wu et al. [20] 16-35
Xu and Zhu [30] 90 10-60
Zhu et al. [21] 34-130 2.09-5.73
ACS Material® [47] 23-120 13-200
Novarials® [48] 10-200 5-200
Sigma-Aldrich? [49] 20-200 6-40

a Commercial product. Geometrical description according to producer specifications.

from the application of mechanical and/or electrical loads on the NW
electrode. Furthermore, the results highlight an inherent difference
between mechanical and electrical responses. The primary variable of
the mechanical analysis is the displacement field, a vectorial field,
while the primary variable of the electrical analysis is the electric
potential, a scalar field. As a consequence, the ‘flows’ of mechanical
stresses and electric current follow different patterns and result in
different spatial distributions of the damaged NWs. This evidence allow
us to concluded that both mechanical and electrical assessments are, in
general, required. The results presented in Sections 4.3 and 4.4 show
that the electrically induced damage is the most critical for the network
performance because it results in a more pronounced mechanical and
electrical functionality decay compared to the mechanically induced
damage (for equal number of NW failures).

2. Numerical modeling of nanowire networks

We focus on silver NWs (AgNWs) because a rich body of literature
is devoted to their characterization, and because both geometrical and
material properties are readily available. The approach is however
general and the main conclusions extend readily to analogous scenarios.
Typical values of AgNWs length and diameter are listed in Table 1.
We limit our study to AgNWs with length /, = 15 pm and effective
diameter d,, = 100 nm, where the effective diameter indicates the
diameter of the circle that circumscribes the NW cross section.

The mechanical response of NWs and junctions is dictated by their
structure, shaped by synthesis and welding processes, respectively.
AgNWs synthesized by the polyol method, for example, possess a
peculiar fivefold twinned structure with five twin boundaries parallel
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Fig. 1. Representative as-generated geometry, alternatively indicated as ‘observable geometry’ [14], at NW density n = 6 and domain size L = 4/, (a) with the corresponding
percolation network (black lines) (b) and solution fields in terms of stress and current maps in the NWs (c).

to their axis (they are hence called ‘penta-twinned AgNWs’) [44].
Homogeneous NWs are known to have a size dependent elastic [50]
as well as plastic [51] response caused by the increasing relevance of
surface tension for decreasing diameter. Additionally, penta-twinned
NWs have size effects caused by their special geometry [52], which
is characterized by the presence of a disclination centered in the
longitudinal axis. These effects appear to be negligible for diameters
larger than 100 nm [21,23,45,46,52] and will be therefore disregarded.
In this study, we make the assumption that NWs are homogeneous,
are subject to quasi-static loads, and undergo small deformations in
accordance with linear elasticity.

Experimental characterization indicates that the aspect ratio (/, /d,,)
of metal NWs is on the order of 100 or higher (according to the values
of d,, and I, listed in Table 1). As such, it is appropriate to model these
NWs as one-dimensional beams, where flexural and shear deformations
are accounted for through the application of the Timoshenko beam
theory. We also account for axial deformation.

In modeling NWs, we utilize the following simplifying assumptions:

1. NWs are represented as straight widthless objects of constant
length I, endowed with identical cross-sectional shape and
area A,;

2. all material properties are considered constant along the NW
axis;

3. the diameter of the NWs used in the analysis is sufficiently large
such that both elastic and plastic size effects can be considered
negligible;

4. the mechanical damage analysis of the NW network is conducted
under the assumption that the NWs exhibit a brittle mechanical
response;

5. the contacting NWs are welded together, and the weld between
contacting NWs is called a ‘junction’;

6. a junction is a point-like constraint connecting the NWs (no
attempt is made to explicitly describe its physical structure).

Although a distribution of lengths would provide a more realistic
representation of actual NW ensembles (see Refs. [19,41,53], among
many others), we aim to limit the variables to those strictly necessary
and therefore assume that all the NWs have the same length /. An
investigation into the effect of a non-uniform length distribution of rod-
like fillers on the percolation threshold and electrical conductivity of
the network can be found, for example, in Ref. [54].

To generate the numerical geometries, we adopt the methodology
presented in Ref. [14] and produce two-dimensional structures referred
to as ‘observable geometries’, according to the terminology used in the
reference. Numerical simulations are conducted on two-dimensional
samples of size L x L in which the NW content is defined by means
of the NW density

i

n=NWE,

(€8]

where N,, indicates the number of NW in the simulation domain.
Since some NWs in the observable geometries are either isolated or

form isolated clusters (refer to Fig. la for an example of observ-
able geometry), we focus solely on the percolation network (Fig. 1b)
which consists of the subset of NWs involved in both electric current
conduction and mechanical stress distribution processes. For detailed
information regarding the generation of observable geometries and the
process of identifying percolation networks, please refer to section S1
of the Supplementary material (Appendix A). For the sake of clarity,
the definitions of the terms most frequently used throughout this work
are given below. In this context, we use the term ‘stick’ to represent
a simplified form of a NW as a one-dimensional straight object. A
'NW segment’ refers to the section of a NW that is identified by
two adjacent junctions, essentially where the stick intersects with two
other sticks. Within the context of this work, the terms ‘beam’ and
‘resistor’ correspond to mathematical models utilized for simulating the
mechanical and electrical responses of a NW, respectively.

To investigate mechanical and electrical properties of the network,
numerical simulations are carried out. Mechanically and electrically
induced damage, which will be referred to as ‘mechanical damage’
and ‘electrical damage’ respectively from here on, are analyzed sepa-
rately and their mutual influence is investigated by means of a loosely
coupled approach. Both investigations are based on the same under-
lying assumptions: i) damage occurs in the element where the stress
(either electrical or mechanical) is maximum among all elements in
the network, ii) damaged elements make negligible contributions to
the overall response, and iii) elements in the network undergo damage
sequentially, one at a time. When damage leads to the breakdown of
the percolation network, the electrode fails and its mechanical strength
and electrical conduction capability decay to zero. Therefore, we con-
stantly monitor the percolation network during the damage evolution
assessment procedures. Additional information about the numerical
simulations is provided in the next sections.

2.1. Mechanical damage characterization

We assume that NWs deform in the plane of the network and
neglect stress contributions arising from torsional and out-of-plane
deflections. In order to determine the in-plane effective stiffness E¢; of
the NW electrode and to carry out the mechanical damage analysis, we
convert the percolation network into a beam network using the method
described in section S4 of Appendix A. A similar approach is used in
Refs. [34,35,55] to model the mechanical response of porous fibrous
materials employed as substrates in battery electrodes.

Among the experimental characterization strategies employed to
assess the mechanical stability of NW electrodes, tensile test is a vi-
able option [10,29,30,33]. We simulate in-plane tensile load tests and
evaluate the in-plane effective stiffness as

FL
Eert = 79ar
which is understood as the effective property that relates the extent of
the network elongation AL to the magnitude of the force F (parallel to
the elongation) that induces it. With L, W, and 7 we indicate the length

@
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of the domain along the elongation direction, the width of the domain
in the direction orthogonal to the elongation, and the out-of-plane
thickness, respectively. The product ¢ W indicates the cross-sectional
area of the electrode. The (generalized) internal forces (axial N and
shear T forces, and bending moment M) in each beam element are
computed through standard post-processing procedures [56]. Further
details are provided in sections S1 and S4 of Appendix A.

The experimental characterization of AgNWs reveals a broad spec-
trum of potential mechanical behaviors, spanning from brittle [20,
21,24] to ductile [10,22-24]. We assume that the material response
of the NW is elastic up to failure, in agreement with the modeling
assumptions adopted by Poblete et al. [25] and Ojeda et al. [26] for
the interpretation of experimental tensile tests performed on AgNWs.

In structural integrity analysis, it is common practice to utilize a
scalar measure of the local stress field and define a failure criterion
based on it. To follow a similar approach, we adopt the local stress
measure

crf2 =c’+ af2 2,
to identify failed NW segments, where ¢ and r represent the axial and
shear stresses, respectively, at any location on a generic cross section
that is perpendicular to the beam axis.

We utilize the Guest-Tresca criterion and therefore use oy = 2.
Indicating with N and M the axial force and bending moment acting
on a NW cross section, respectively, the axial stress is computed as

_N_M
A, 1, Vs

where the coordinate y € [—d,,/2,d,, /2] quantifies the distance from

the neutral axis of the cross section. The shear stress on a NW cross

section caused by the shear force T acting on it is assumed to be equal

to

T=—\

AW

The maximum value of o; on a beam element is thus

2 2
or = m+%d_w +4 1
f A, I, 2 A, )

Applying this procedure to all beam elements in the network, we detect
the maximum o; value for any cross section of any beam element.

The mechanical damage analysis starts with the ‘undamaged beam
network’ representing the percolation network. The element with the
maximum value of o; is identified and removed from the beam network.
A new simulation is then performed on the resulting ‘damaged beam
network’ which is the undamaged beam network without the first
damaged element. The process is repeated to identify the next damaged
element. We iterate this process and stop the damage analysis when
either the percolation network is disrupted or the in-plane stiffness
drops below 1% of the undamaged value. We identify either of these
occurrences as ‘mechanically induced network failure’.

To evaluate the effect of mechanical damage on the electrical re-
sponse of the network, a recursive approach is employed. The electrical
simulations start with an undamaged beam network. Subsequently,
one damaged element is excluded from the simulations at a time.
This procedure enables a direct comparison between the evolution of
electrical and mechanical properties for the same portion of damaged
network.

Several authors [6-10,27] agree that stress accumulates in sec-
tions of NWs near junctions due to constraints from neighboring NWs,
thereby making these regions susceptible to failure. This failure mech-
anism is consistent with our modeling approach, as explained in sec-
tion S4 of Appendix A. However, it is important to note that the failure
in metal NWs is intricately linked to factors such as the crystallo-
graphic structure and the presence of defects like grain boundaries.
These defects can serve as sites for stress/strain localization, ultimately
leading to fracture or triggering the nucleation and transmission of
dislocations [12,13,22-24,26,52]. These phenomena have not been
included in our study.
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2.2. Electrical damage characterization

The percolation network is converted into an equivalent resistor
network to determine the in-plane effective conductivity x.; of the
NW electrode and to conduct the electrical damage analysis. Since
the approach described in Ref. [14] is replicated in this study, only
a short summary of the numerical simulation procedure is provided in
section S5 of Appendix A.

We simulate the in-plane electric conduction process and evaluate
the effective conductivity . as

o =

eff AVt
which is understood as the property that relates the potential differ-
ence AV across the domain to the electric current I flowing through
it. At variance with Ref. [14], the thickness ¢ of the electrode is
introduced in the definition of the effective conductivity for consistency
with the mechanical simulations (refer to Section 2.1 and section S4
of Appendix A).

The procedure pursued for the electrical damage evolution analysis
is similar to the mechanical one. The electrical conduction process is
first simulated on the ‘undamaged resistor network’. The element asso-
ciated with the maximum value of current is identified and removed

3

from the network. The procedure is recursively repeated until the re-
moval of the damaged element causes the complete degradation of the
percolation network. Since the electrical conduction process is halted
if a percolation network no longer exists, we identify the ‘electrically
induced network failure’ with this occurrence. The simulation strategy
employed for analyzing electrical damage is comparable to the method
proposed by Charvin et al. [32] for characterizing the degradation of
metallic NW networks caused by localized Joule heating. This approach
has been demonstrated to replicate experimental observations.

To assess the impact of the electrical damage on the network
mechanical behavior, a series of mechanical simulations is conducted,
mirroring the methodology used for the mechanical response. The
simulations begin with the beam network corresponding to the pris-
tine resistor network, and are iteratively repeated by removing one
damaged element at a time.

3. Macroscopic electrode response: Parametric investigation

We aim to provide an overview of the dependence of the macro-
scopic mechanical electrode response on electrode design parameters.
To this end, we investigate the dependence of the in-plane effective
stiffness on three parameters: NW content n, NW cross-sectional shape,
and flexural stiffness of the junction. Table S1 of Appendix A lists lower
and upper bound values for the parameters under investigation, while
details regarding their identification is provided next.

NW content. The macroscopic response of metal NW electrodes shows
a percolative behavior and strongly depends on the NW content. The
percolation threshold (expressed in terms of density (1)) of a two-
dimensional random assembly of widthless one-dimensional objects
is n, ~ 5.64 [57]. We therefore examine the response of observable
geometries with NW content in a range between n = 6 and 60, which
approximately corresponds to a range from n = n, to 10n.. This
interval of values includes the range of values appealing for AgNWs
transparent electrode applications (between 5n, and 10n, according
to Bellet et al. [4]) and conforms to the range of values considered
in several numerical investigations (up to 4n. in Ref. [42], up to 7n,
in Ref. [14], and up to 10n, in Ref. [37]).
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NW cross-sectional shape. The in-plane effective stiffness of the network
is influenced by various factors, with the axial and flexural response
of the NWs being among the most important. An important factor is
the shape of the NW cross section [23,45] as shown next. Indicating
with E, the Young’s modulus, A, the cross-sectional area, and I,
the moment of inertia of the NWs, the ratio between axial E_ A, and
flexural E I, rigidity is A,,/I,. The value of this ratio depends only
on the shape of the NW cross section, which ranges from approxi-
mately circular to polygonal depending on the synthesis process and
the characteristic size of the NWs. For example, NWs synthesized by
the polyol method exhibit a characteristic pentagonal cross-section [44]
when the diameter is greater than about 120 nm; when the diameter
is smaller than about 100 nm [45], the shape appears rounded. In con-
trast, NWs synthesized by physical vapor deposition show a truncated
rhombic shape [24]. As a consequence, several cross-sectional shapes
have been experimentally studied (circular [45], pentagonal [8-10,12,
13,20-23,25,26,41,45,46], truncated rhombic [24]) and considered in
numerical investigations (pentagonal [52,58], rhombic [58], truncated
rhombic [58], circular [59]).

In this parametric investigation, the dependence of the NW cross-
sectional shape is accounted for implicitly through the axial-flexural
contribution defined by the non-dimensional parameter

A2
ﬂaf = I_v\j (4)

A higher value of g,; implies a greater dominance of the axial response
over the flexural response. Furthermore, the value of g, increases
monotonically with the number of edges of regular-polygon-shaped
cross sections. We conduct numerical simulations using both square and
circular cross sections, and therefore g,; ranges from 12 to 4z = 12.566
(Table S1 of Appendix A). The entire range of parametric investigations
is carried out using a constant value for the reference diameter d_,
whose value is provided in Table S1.

The in-plane effective stiffness of the network is also influenced by
the shear deformation, which depends on various factors at the NW
level such as the cross-sectional shape, length, and stiffness, as detailed
in section S3 of Appendix A. In that section, we provide a justification
for utilizing the Timoshenko beam theory to accurately account for
shear deformation.

Flexural stiffness of the junction. The mechanical and electrical network
responses are ultimately determined by the properties of the NWs
and their junctions. Numerous studies show that the NW-to-junction
electrical resistance ratio is crucial for the electrical response of NW
networks (refer, for example, to Refs. [14,32,37-39]). It will be shown
in the following that, in analogy to the electrical network response,
the mechanical network response is influenced by the mechanical
properties of both the NWs and the junctions, and the relationship
between them.

From the mechanical perspective, the junction can be characterized
in terms of its capability to oppose to relative rotations and sliding
between NWs. Two parameters, flexural (denoted by k) and transla-
tional stiffness, can therefore be introduced. According to experimental
observations, the welding process determines the extent of the relative
rotations between welded NWs. Hwang et al. [6,7], for example, show
that junctions obtained with a thermal annealing process are bulkier
than those obtained with mechanical welding, ultimately resulting
in lower degree of flexibility and higher stress concentration in the
proximity of the junction. While relative rotations between welded NWs
are expected to take place, relative sliding is unlikely to occur unless
the junction is damaged. A comprehensive understanding of damage
evolution at the junction would require lower scale analyses (e.g.,
performing atomistic simulations). This task, however, falls beyond the
scope of the current study and we therefore restrict our analyses to
the relative rotation case only. Driven by similar considerations, Wang
et al. [34,35] performed numerical simulations focusing on the role
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of the flexural stiffness at the fiber junction (‘fiber—fiber bonds’ in the
references).

We introduce a simple junction model in which we assume that the
junction provides a perfect constraint for the relative displacements of
NWs (i.e., they are impeded) but allows relative rotations to take place.
The mathematical details are provided in section S4 of Appendix A.
For a rigid-joint junction, k; tends towards infinity, indicating that the
relative rotation between NWs is impeded. For a pin-joint junction, k;
tends towards zero, indicating that relative rotations between NWs are
allowed. In the current investigation, we exclusively consider the two
limit cases k; - oo and k; — 0 accordingly. Expressing k; in terms of
the flexural stiffness of the NW segments, conditions k; — o and k; — 0
correspond to the cases k; > E I, /d, and k; < E, I, /I, respectively.

4. Results

We present a summary of the findings from the numerical simula-
tions. To provide a contextual framework for the results, the analysis
of the network response at different NW contents is described first,
followed by the study of the network damage. The number of real-
izations employed to conduct the investigations is specified in each
section and refers to the number of percolated networks considered
(more realization are generated at n = n, to obtain the same number of
percolated networks). Material and geometrical parameters employed
in the numerical simulations are listed in Table S1 of Appendix A.

4.1. Macroscopic electrode response

Figs. 2a and b depict the correlation between the in-plane stiff-
ness E. (2) and the NW content n. Three scenarios are examined, each
involving a different combination of NW cross sections and mechanical
behavior of the junctions: A) square cross section with rigid-joint
junctions (k; — o0), B) circular cross section with pin-joint junc-
tions (k; — 0), and C) circular cross section NWs with rigid-joint
junctions (k; — o0). The markers in the plots correspond to the
average in-plane effective stiffness (2), which was determined from
100 numerical realizations for each NW content. Numerical simulations
are performed according to the procedure described in Section 2.1.

Fig. 2a shows that there is a significant variation in the value of E;
over the range of NW content from n. to 10n,, encompassing a range
of five to six orders of magnitude. The dependence on the specific
combination of cross section and junction flexural stiffness is rather
small and becomes negligible at large n. Based on the slope of the
curves, two distinct regions can be identified. Between the percolation
threshold n, and four times the percolation threshold, the in-plane
effective stiffness E.¢; increases by more than four orders of magnitude,
ranging from approximately 2 kPa to around 700 MPa, depending
on the considered combination of cross section and junction flexural
stiffness. However, over the range of four to ten times the percolation
threshold, the change in E,; is at most one order of magnitude,
increasing from about 700 MPa to around 8 GPa. As the NW content n
approaches 10n,, the curves show a reduced slope, and at n = 10, they
approach E.; = 8 GPa, which is more than an order of magnitude
lower than E,,. The strong dependence of the effective stiffness on
the NW content within the range n, to 4n, can be attributed to the
percolative behavior of the system.

Combination A produces the highest effective stiffness over the
entire range of NW content, while combination B produces the lowest.
Fig. 2b displays the relative difference
AE. = |Eeff,;f = Eer i

eff,ref
between different combinations of cross section and junction mechani-
cal responses. In the expression above, E . and E;; are the values
of the effective stiffness E.;; (shown in Fig. 2a) at a given NW content
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Fig. 2. Dependence of network effective properties on NW content n (results obtained with the material parameters listed in Table S1 of Appendix A). (a) Effective stiffness (2)
versus n for three combinations of NW cross-sectional shape (circular and square) and flexural stiffness of the junction (rigid-joint: k; — oo, or pin-joint: k; — 0). Each marker
represents the average of 100 realizations. (b) Relative difference AE,;; between the values of E.; shown in panel (a). The combination of circular cross section NW and rigid-joint
junctions (k; — o) is selected as the reference. The standard deviation of the values of E; for the combination of circular cross section NW and rigid-joint junctions is included
for completeness. The values of the standard deviation are scaled by the average value of E,; at the same NW content. (c) Effective conductivity (3) versus n for circular cross
section NWs in the limit cases R, > R;, R, = R;, and R, < R;. The effective conductivity is computed as i,;; = 1/ (Rg d.), where Rg is the sheet resistance determined through
the analytical equation proposed by Forré et al. [39]. The values of the NW properties E,, and «,, are indicated in the plots.

for the reference combination and the combination being assessed, re-
spectively. In this case, we select combination C (circular cross section
and rigid-joint junctions) as the reference, and evaluate combinations A
and B relative to it.

The standard deviation of the values of E ;; computed with combi-
nation C is displayed for reference in Fig. 2b (empty circle symbols and
yellow line). The values are scaled by the average values of E;; shown
in Fig. 2a. We do not report the standard deviation of combinations A
and B because differences with the values reported are visible only
at n = n,, while all the curves overlap for n > 2n.. As the NW
content approaches the percolation threshold n., the standard deviation
increases, which is expected as it is known that at n = n_ the effective
properties show a large degree of variability.

Fig. 2b shows that the relative difference AE ; monotonically re-
duces with n and reaches a value below 7% at n = 10n, for both
combinations A and B. The comparison between combination A and C
(square purple symbols in Fig. 2b) shows that the effect of the shape
of the cross section is modest and barely sensitive to n. The extent of
the relative difference is 4%, lower than the standard deviation. The
comparison between combinations B and C (full orange circle symbols
in Fig. 2b) shows that the impact of the junction flexural stiffness on the
effective stiffness strongly depends on » and is significant at low NW
contents. In fact, the value of AE; approaches 1 as n approaches n,
(at n = n, the effective stiffness of combinations B and C differ by
an order of magnitude as shown in Fig. 2a). Intuitively, the network
becomes more entangled as the NW content increases. Indeed, the
average number of junctions per NW is linearly proportional to » while
the average segment length scales as 1/n [55], thus rendering the
junction flexibility k; less critical to the effective mechanical stiffness.
From these observations, we draw three main conclusions. First, the
NW content is the key design factor: when the NW content reaches
sufficiently high values the influence of the cross section shape and
junction flexural stiffness on the effective stiffness vanishes. Second,
when modeling the mechanical response of the network, assuming
that NWs have circular cross section is an acceptable approximation
irrespective of the NW content. Third, accurately characterizing the
mechanical properties of the junction is crucial for predicting the me-
chanical properties of the network at small n. This aspect is particularly
relevant for applications where high transparency requirements limit
the amount of NWs that can be used.

Fig. 2c shows the dependence of the effective conductivity ¢ (3)
on the NW content for the limit cases R,, > R;, R, = R;, and R,, < R;.

The values of the effective conductivity are computed using the ana-
lytical expression proposed by Forré [39] (a comparison between this
analytical expression and our computational strategy for the evaluation
of the effective conductivity is available in Ref. [14]). The general
pattern observed in the effective conductivity is similar to that of the
effective stiffness. There are however two notable differences. First, the
range of values spanned by «; is much narrower, around two orders
of magnitude, compared to that of E;. Second, the ratio between
nanowire and junction resistances (R, / R;) has a more significant effect
on the effective conductivity than the junction flexibility (k) has on the
effective stiffness. In fact, the curve corresponding to R,, > R; is shifted
three orders of magnitude higher than the curve corresponding to
R, < R;. An intrinsic difference between the electrical and mechanical
model formulations clearly emerges here. Since the electric potential
is a scalar field, the electrical response of the junction is completely
described by the junction resistance R;, and condition R,, < R; repre-
sents a weak electrical connection between the NWs. The displacement
field is vectorial instead. The flexural stiffness k; therefore provides
a partial description of the mechanical response of the junction. As
we assumed that no sliding between NWs take place (translational
stiffness approaching infinity), the condition k; — O represents a weak
mechanical connection in terms of relative rotations only, being the
relative sliding between NWs prevented.

4.2. Damage assessment

We proceed with the identification of the correlation between the
extent of the local network damage and the macroscopic network
response. Since the results just discussed show that the shape of the
cross section has a minor impact on the mechanical response of the
network, we consider NW with circular cross section only. We also
restrict the investigation to the junction setting that provides the best
mechanical and electrical response: such a setting corresponds to the
limit of infinite flexural stiffness (k; — oo) and negligible junction
resistance (R,, > Rj).

We quantify the extent of the local network damage through the
number of damaged elements Ny and damage ratio

l
dy = =<, ®)
ll
Na
where /4 = Zld,i is the cumulative length of the damaged NW seg-

i=1
ments, /, = [, N, is the sum of the length of the sticks in the realization,
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Fig. 3. Damaged element pattern. (a—c) Damaged elements at failure (I, = 0.01) identified through the numerical simulation of the mechanical damage evolution process. Results
for three realizations at n = 2n, (a), n = 6n, (b), and n = 10n, (c). Damaged and intact elements are highlighted in red and black, respectively. (d-f) Damaged elements at failure
(I, = 0) identified through numerical simulations of the electrical damage evolution process. The same realizations represented in panels (a—c) are considered. Damaged and intact
elements are highlighted in blue and black, respectively. (g-i) Local NW density maps for the realizations shown in panels (a—f). A regular grid of squares with edge size /; = L/16
is employed for the discretization. Darker squares indicate higher density. Damaged elements identified through the numerical simulations of mechanical (red) and electrical (blue)

damage evolution processes are superimposed to the maps.

and l4q; is the length of the i-th damaged segment. We assess the
macroscopic network response in terms of mechanical and electrical
integrity defined as

Ecttaa Keff,dd
I,= ——, and I, = ——, 6)
Ecttua Keff,ud

respectively. In the expression above, the subscripts dd and ud make
reference to a property being evaluated in the damaged and undamaged
network, respectively. According to our numerical simulation setting,
the integrity I, is constrained to the range between O (corresponding
to the network failure) and 1 (representing an undamaged network),
while I, is constrained to the range between 0.01 and 1 (refer to
Section 2.1 for details).

The identification of mechanically damaged elements is performed
according to the procedure described in Section 2.1. In the search of
the highest mechanical stress we exclude the vertical strips near the
vertical edges. These two strips extend from the bottom to the top of the
simulation domain and are 0.025L wide (the excluded domain therefore
amounts to 5% of the entire domain). The exclusion of these regions is
necessary because stress tends to localize along the vertical edges due
to the enforcement of boundary conditions. These localizations can be

misleading and do not provide a representative picture of the overall
electrode response.

Fig. 3 shows examples of the spatial distribution of damaged ele-
ments throughout the network. Numerical simulations are carried out
to investigate the mechanical (Fig. 3a—c) and electrical (Fig. 3 d—f) dam-
age processes. Examples of spatial distribution of damaged elements at
mechanical failure (I, = 0.01) for three realizations at n = 2n_ (a),
n = 6n, (b), and n = 10n, (c) are shown in Figs. 3a-c. The spatial
distributions of damaged elements at electrical failure (I, = 0), for
the same realizations, are shown in Figs. 3d-f. Crack-like patterns are
recognizable regardless of the physical process driving the damage,
whether it is mechanical or electrical, with fully-developed cracks at
failure splitting the network in two disconnected regions. The crack
patterns in Fig. 3 are consistent with those observable in the exper-
imental post failure scanning electron microscopy (SEM) images of
AgNW [18,19] and carbon nanotube [40] networks, in which electrical
failure was induced. Similar patterns result also from the numerical
simulations of Charvin et al. [32], who pursued the approach described
in Section 2.2. Fig. 3 shows also that mechanical and electrical damage
analyses performed on the same realization result in different sets of
damaged elements (compare a—c against d—f). This stems from the ob-
servation that mechanical and electrical stresses reach their maximum
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values at distinct locations within the same network (refer to the maps
shown in Fig. 1c for an example). The mechanical damage evolution
process from I, = 1 to 0.01 involves a larger number of damaged
elements compared to the electrical one (more details are provided in
the following paragraphs). Overall, the spatial distribution of damaged
elements resulting from the mechanical damage analyses (a—c) appears
more dispersed compared to those resulting from the electrical damage
analyses (d-f), irrespective of the NW content.

Metal NW networks can also be coated with an oxide layer [15,27,
31] or embedded in a polymeric matrix [29,30] to enhance stretch-
ability or to achieve application-tailored performance improvements.
Experimental investigations show that, when subject to mechanical
loads capable of inducing NW failure, macroscopic cracks progressively
develop [15,27,31,33] and that a concurrent increase of the sheet
resistance is detected. Despite these analogies with coating-free NW
network, the crack initiation and propagation process of these sys-
tem is more complex. This complexity arises from both the mutual
interactions among NWs and, especially, on the interplays between
the NWs and the surrounding material. More appropriate simulations
strategies are therefore needed. For example, the mechanical behavior
of ensembles of one-dimensional inclusions in a hosting matrix is often
performed by means of numerical approaches that rely on embedded
fiber models [60]. These approaches have recently been modified to
simulate electrochemical processes taking place in fibrous electrodes
for rechargeable batteries [61] and appear thus appropriate to inves-
tigate the electrical-mechanical response of transparent electrodes at
once.

Figs. 3g—i show the local NW density maps obtained from the
observable geometries shown in Figs. 3a—f. The construction of NW
density maps starts from the discretization of the simulation domain
with a grid of squares of equal size /;. The NW density in each square
of the grid is computed as the sum of the length of the NW segments
within the square divided by lé. The spatial distributions of damaged
elements shown in Figs. 3a—f are superimposed to the NW density maps.
Figs. 3g—i show that there is no obvious correlation between the local
NW density and the location of the damaged elements, as they appear
to be equally located in high (dark) and low (bright) density squares.
Repeating the analysis using larger or smaller grid discretizations (not
shown for brevity) did not lead to any significant differences, and no
clear trend emerged. The results of this preliminary analysis suggest
that relying solely on a visual inspection of NW electrode micrographs
is not a reliable approach for predicting the location of damage. There-
fore, it appears necessary to carry out analyses of the mechanical and
electrical network responses, as described next.

4.3. Mechanical damage analysis

Figs. 4a-d summarize the results of the mechanical damage simu-
lations. The evolution of damage is tracked from the undamaged stage
(I, = 1) up to failure (I, = 0.01). The effective conductivity is assessed
at a later stage by repeating electrical numerical simulations on the
network that has undergone mechanical damage.

Figs. 4a and b illustrate the correlations between mechanical in-
tegrity I.,, electrical integrity I,, and the number of mechanically-
damaged elements for ten realizations with » ranging from n_ to 10n,.
The effective stiffness E g and conductivity xg,q values of the
undamaged networks are consistent with the average values in Fig. 2 at
the corresponding NW content, and these values are used to calculate I,
and I, using (6).

The curves describing the dependence of I, and I, on Ny show clear
distinguishing features. The relationship between I, and Ny (full sym-
bols) is only linear for a portion of the damage evolution process, while
the mechanical integrity I, (empty symbols) exhibits an approximately
linear dependence on Ny over the entire range from I, =1 to 0.01. As
N4 approaches the value corresponding to the mechanical failure (I, =
0.01), the electrical integrity I, shows an abrupt decrease. Interestingly,
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Figs. 4a, b show that mechanical damage compromises the electrical
performance only partially. In fact, all the curves representing I, lie
above the corresponding curve representing I, with I, ~ 0.5 when
mechanical failure (I, = 0.01) is attained. We therefore conclude
that the ‘flow’ of stresses (resulting from the mechanical equilibrium)
and the flow of electric current (resulting from charge conservation)
follow different paths within the network. As a consequence, an electric
conduction pattern through the network still exists when the effec-
tive stiffness of the network amounts to 1% of the undamaged value
(I, = 0.01). This observation indicates that even with the presence of a
considerable number of mechanically-damaged elements, the networks
still maintain a relatively high level of effective conductivity, which is
about 50% of the undamaged effective conductivity &g ,4. This trend
is independent of the NW content.

Figs. 4a and b also show that the number of damaged element at
failure is directly proportional to n, thus confirming the conclusion
that can be drawn from the visual inspection of Fig. 3: as the NW
content increases, the network becomes more entangled, requiring a
larger number of NW failures to split it into disconnected subsets. To
validate this statement, the relationship between N4 and n is shown
in Fig. 4d. Five realizations are considered for each NW content. The
average values are displayed in the plot. We emphasize that mechanical
failure is attained at Nq = 1 with the realizations at n = n.. We therefore
conclude that the breakdown of a few elements (a single element in the
worst case scenario) is sufficient to cause the failure of the NW network
if the NW content approaches the percolation threshold.

Fig. 4c presents an alternative representation of the relationship
between the macroscopic network response and the local network
damage. Instead of using the number of damaged elements N4, damage
is expressed in terms of d,;, (5). The curves for mechanical integrity I,
shown in Figs. 4a and b are compressed into a narrow range of
values. At failure, d,, ranges from 6 x 103 to 1.2 x 1072, The curves
almost overlap, suggesting that roughly the same percentage of network
(expressed in terms of length) is damaged at failure, regardless of the
NW content.

4.4. Electrical damage analysis

Figs. 4e-h summarize the results of the electrical damage simu-
lations. The procedure is specular to the procedure that led to the
results shown in Figs. 4a-d. The electrical numerical simulations are
performed first, and the effective stiffness is assessed afterwards. The
damage evolution is tracked from the undamaged stage (I, = 1) up to
failure (I, = 0). The results in Figs. 4e-h were obtained using the same
realizations as those used to generate the results in Figs. 4a-d.

Figs. 4e and f show the relationships between electrical I, and
mechanical I, integrity and the number of electrically damaged ele-
ments. The curves representing the relationship between I, and Ny (full
symbols) show an approximately linear trend (up to I, ~ 0.2) with a
sudden drop in close proximity of electrical failure. This response is
consistent with the result reported by Charvin et al. [32] who inves-
tigated the behavior of the sheet resistance Rg (which is equivalent
to Ry = 1/ (k. d,), with ko defined according to (3) and ¢ = d,)
as a function of the number of simulation steps (equivalent to Ny).
They show that the dependence is approximately linear for a significant
portion of the simulation (around 110 steps out of 140), but a rapid
increase in Rg occurs during the remaining part of the simulation (see
Figure 4 in the reference).

The electrical integrity curves shown in Figs. 4e, f are generally
steeper than their counterparts in Figs. 4a, b. This is mainly due to
the fact that the number of damaged elements N4 corresponding to the
failure condition I, = 0 is lower (roughly half) than that needed for the
failure condition I, = 0.01 for a given NW content. The comparison
between the two sets of curves is obvious from Figs. 4d and 4h, where
the maximum value of Ny is approximately 600 and 300, respectively.
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Fig. 4. Damage processes and impact on the network response. Mechanical I, and electrical I, integrity (6) are indicated with empty and full symbols, respectively. Consistently,
the same color is employed to indicate identical content » in both cases. Mechanical (a-d) and electrical (e-h) damage. (a, b, e, f) Mechanical and electrical integrity dependence
on the number of damaged elements Ny. Five realizations with NW content » in the range from n, to 5n. (a, e), and five in the range from 6n, to 10n, (b, f). (c) Mechanical
integrity dependence on local network damage d,, (5) for the datasets considered in panels (a) and (b). (g) Electrical integrity dependence on local network damage d,, (5) for
the datasets considered in panels (e) and (f). (d, h) Average number of damaged elements N, versus NW content. Each marker represents the average value of five realizations,

while the error bar expresses the standard deviation.

Remarkably, the curves representing the mechanical integrity I,
(empty symbols) in Figs. 4e, f are consistently lower than those repre-
senting electrical integrity I, (for a given NW content). This observation
may seem counterintuitive and requires some explanation. We recall
that we use an electrical damage simulation that involves the iterative
removal of the network element with the highest current value. This

results in a more significant reduction in stiffness compared to effective
conductivity (i.e., the reduction in I, is more pronounced than in I.).
Consequently, the impact of the electrical damage is more detrimental
for the mechanical response of the network than for the electrical
response itself. We attribute this effect to the altered ‘flow’ of stresses
through the network caused by the electrical damage. To estimate the
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magnitude of this effect, one can compare the curves representing I,
in Figs. 4e, f with those in Figs. 4a, b. It is evident that the effect of
electrical damage on effective stiffness is more detrimental than that of
mechanical damage alone. This can be readily confirmed by comparing
the values of I, in those figures for the same »n and Nj.

We can conclude that the element of the network subject to the
highest stress level (according to the criterion described in Section 2.1)
is not necessarily the most critical element for the network mechanical
response. Therefore, the maximum electric current criterion is the most
conservative alternative in identifying the most critical element for
both electrical and mechanical responses.

Fig. 4g shows the relationship between electrical integrity and d,,,.
A more concise representation of the results is obtained compared to
Figs. 4e, f, and it reveals a regular trend that differs from Fig. 4c: the
value of d,, at failure progressively decreases with increasing n, ranging
from 6.4 x 1073 for n = n, to 2.7 x 1073 for n = 10n,.

5. Conclusions

The computational approach employed in this study is based on
several key modeling simplifications. To begin with, the mechanical
and electrical damage analyses are conducted independently without
considering any coupling effects (their mutual influence is however
addressed in a loosely coupled approach). Next, the damaged NW seg-
ments are assumed to undergo a sharp transition from fully operational
to inactive. Finally, the electrical and mechanical responses of the NW
are assumed to be linear throughout the analysis. These assumptions
allow us to perform damage analyses through a recursive search for
the most stressed (either mechanically or electrically) element of the
NW network using a loop of linear analyses (see Sections 2.1 and 2.2).

Our investigation suggests that it is necessary to analyze both
mechanical and electrical stresses within a network in order to identify
damaged NWs, since a visual inspection of the electrode morphol-
ogy cannot be conclusive (as discussed in Section 4.2). Our findings
demonstrate that the spatial distributions of mechanical stresses and
electric current within the network differ, as evidenced by Fig. 1c. This
difference in turn influences the locations where stress and electric
current are most intense. As damage initiation and propagation follow
different paths depending on the physical phenomena that trigger them
(as discussed in Section 4.2), both mechanical and electrical stress anal-
yses are necessary for a comprehensive damage assessment. However, if
only a single analysis can be conducted, priority should be given to the
examination of electrical damage due to its more detrimental impact.
Indeed, the results discussed in Sections 4.3 and 4.4 show that electrical
damage causes the most severe reduction of mechanical and electrical
functionalities of the electrode, irrespective of the NW content.

It is important to note that the modeling simplifications utilized in
this study may affect the accuracy and predictability of the model. Ne-
glecting coupling effects may lead to erroneous estimate of the damage
level and, consequently, of the failure load. Bending of a single NW,
for example, has been demonstrated to provide a mitigation strategy
against electromigration breakdown [12]. The assumption of a sharp
transition from fully operational to inactive may not accurately depict
the actual behavior of the material, which could potentially undergo
a gradual deterioration prior to reaching failure. Most importantly we
could not meaningfully compare the critical quantities that lead to
failure by means of the two mechanisms: we have assumed that the
applied load is large enough to break the component with max stress
and that the potential leads to failure of the component with largest
current. This does not mean to be.

The assumption of linear behavior may be valid only for small
deformations and low current densities, while the actual response
may be nonlinear for large deformations and high current densities.
Additionally, including non-linear effects such as plastic deformation
or non-ohmic electrical response would result in a distinct evolution
of the damage pattern that could generate correlations between local
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damage and electrical and mechanical functionality that are different
from those demonstrated in Sections 4.3 and 4.4. Finally, due to the
linear response assumption and the peak value criterion adopted in
our damage analyses, the results are not affected by the magnitude of
the deformation or the applied potential difference. This insensitivity
implies that the model does not consider scenarios where multiple NWs
exceed their yield stress during a single iteration of the mechanical
damage analysis. Further investigations are needed to assess the valid-
ity of these simplifications and to improve the accuracy and reliability
of the model.
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