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ARTICLE INFO ABSTRACT

Keywords: Nanoparticle clouds feature a unique evolution of the Seebeck coefficient under applied strain. At low strain, the
Seebeck coefficient Seebeck effect is very stable while, when a critical strain threshold is reached, it sharply decreases to zero. The
Nanoparticles

evolution mechanism of this phenomenon that contributes to the development of various strain-insensitive
sensors has yet to be documented. We elucidate here this evolution by proposing a phenomenological model
supported by strong experimental evidence. We realize a full study of the Seebeck effect evolution for a network
of nanoparticles under variable strain. We describe the evolution of this network as three subsequent stages:
completely connected, partially connected, and disconnected. Based on the conductance-weighted formula, we
theoretically analyze the evolution of the Seebeck coefficient in each stage. The Seebeck coefficient’s initial
stability is attributed to the connected pathways that exist in the first two stages. We validated these theoretical
results by constructing percolated networks with embedded silver nanowires in elastomers and calculating the
Seebeck coefficient under various stretching conditions. Finally, using the theoretical results as a guide, we

Percolated networks
Stretchable temperature sensor

created a temperature sensor that is highly resistant to mechanical damage.

1. INTRODUCTION

Owing to the increasing demand in the areas of soft robotics [1-3],
wearable sensors in healthcare [4,5], and human/machine interfaces [6,
71, the development of stretchable sensors, such as humidity [8-10],
strain [11-13], pressure [14-16], and soft temperature sensors [17-19],
has advanced considerably. Currently, most stretchable sensors employ
resistance- or capacitance-based sensing techniques, where the micro-
structure of the functional layer of the sensor changes under various
stimuli (mostly mechanical, thermal, or chemical stimuli). However,
such microstructures are often affected by the applied strain; in other
words, the measured signal depends on both the quantity being
measured and the strain, affecting the accuracy of the obtained targeted
information. For example, pyroelectric temperature, resistive tempera-
ture, and thermistor sensors do not return accurate information under
stretching conditions because the applied strain modifies the conduc-
tance of the sensors’ functional layers [20-25]. The Seebeck coefficient
is highly insensitive to noise strain when compared to resistance and
capacitance, and the related Seebeck effect has been widely applied to
flexible/stretchable thermoelectric generators [26-28].
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In our previous work, we designed a strain-insensitive stretchable
temperature sensor based on the Seebeck effect of nanomaterial-
percolated networks (i.e., silver (Ag) nanowires (NWs) and carbon
nanotubes (CNTs)) [29]. The Seebeck coefficient was found to be very
stable from zero strain to a high strain threshold (40%), above which it
rapidly decreased to zero. The developed temperature sensor exhibited
high linearity, strong repeatability, and considerable strain insensitivity,
attributed to the excellent stability of the Seebeck coefficient below the
strain threshold.

However, the underlying mechanisms of this unique evolution of the
Seebeck coefficient under stretching conditions in clouds of nano-
particles is still not fully understood. To overcome this issue, we divided
the problem into two subproblems: the structural evolution of
nanoparticle-percolated networks under stretching conditions and the
variation in the Seebeck coefficient related to the percolated network
structure under different stretching conditions.

The first subproblem has been thoroughly investigated in the context
of stretchable strain sensors [30-33]. In percolated networks, particles
can be segregated into two groups: isolated particles that do not
contribute to the percolation phenomena and particles connected to

Received 24 February 2022; Received in revised form 19 April 2022; Accepted 27 April 2022

Available online 16 May 2022
2352-9407/© 2022 Elsevier Ltd. All rights reserved.


mailto:gilles.lubineau@kaust.edu.sa
www.sciencedirect.com/science/journal/23529407
https://www.elsevier.com/locate/apmt
https://doi.org/10.1016/j.apmt.2022.101503
https://doi.org/10.1016/j.apmt.2022.101503
https://doi.org/10.1016/j.apmt.2022.101503

Y. Xin et al.

percolated branches. The structure of percolated networks can be
simplified from a net-like model to a model of parallelly connected
bundles/pathways. These pathways consist of serially connected nano-
particles (or nanowires/nanotubes), and each pathway represents a
percolated cluster of particles. All pathways are closed at the beginning
of the stretching process because the nanoparticles are well connected.
In the first stage, the equivalent length of the pathway increases because
of the relative sliding among the connected nanoparticles under
stretching. When the applied strain is increased further (stage 2), some
nanoparticles lose contact, opening some pathways. Finally, all path-
ways are opened when the strain reaches the critical threshold in the last
stage (stage 3) [30].

Several studies have examined the link between the Seebeck coeffi-
cient of particle clouds and their percolation properties; however, they
did not consider the stretching condition [34-37]. A
conductance-weighted formula has been established based on the
conductance-weighted principle and the model of the parallelly con-
nected pathways [34,36]. This formula describes the relation between
the Seebeck coefficient of the global percolated networks and those of
the substructures, i.e., the pathways.

Herein, to investigate the evolution of the Seebeck coefficient in
percolated networks under stretching conditions, we conduct a theo-
retical analysis based on the structural evolution of percolated networks
and conductance-weighted formula. Furthermore, we design experi-
ments based on the percolated networks of AgNWs to validate the results
of our theoretical analysis. The experimental results show good consis-
tency with the theoretical results. Finally, we design a self-healing,
damage-insensitive temperature sensor based on our theoretical
analysis.

2. Experimental section
2.1. Materials

Two types of AgNWs were purchased from MilliporeSigma. The
average length and diameter of the first kind of AgNW (hereinafter
referred to as short AgNWs) were 10 um and 60 nm, respectively. The
average length and diameter of the second type of AgNW (hereinafter,
referred to as long AgNWs) were 20-50 ym and 120 nm, respectively.
Both types of AgNWs were dispersed in 0.5 wt.% isopropyl alcohol
(IPA). The AgNW/IPA suspension was used directly without any change
in its concentration. The short AgNWs were employed to prepare the
samples for most experiments, whereas the long AgNWs were solely
used to evaluate the stretchability of the percolated networks compared
to that of the short AgNWs.

2.2. Ink printing on the polymeric nanofilter

A Microplotter II ink printer system (Sonoplot) was used to print inks
of AgNWs in a straight line with a length of 25 mm on a polymeric
nanofilter (Nuclepore polyester diameter: 35 mm), (Figure S1 (a)). To
remove any aggregate that may block the nozzle during printing, the ink
was passed through a syringe filter (Thermo Fisher Scientific; pore size:
30 pm) (Figure S1(b)). A commercial 27G syringe needle (inner diam-
eter: 21 um) was used as the printing nozzle. Before printing, the sharp
tip was altered to a blunt tip using a sandpaper to provide a stable
contact area between the ink droplets and the filter. The computer-
controlled nozzle could move along the X, Y (working plan), and Z
axes. The printing speed along the X and Y axes was fixed at 10 mm/s. A
syringe pump was used to supply the ink at 30 yL/min. Printing timings
were implemented to control the coverage of percolated networks. First,
the ink was printed on a polymeric nanofilter using the printing system.
Thereafter, IPA was rapidly removed via vacuum-assisted deposition
(Figure S1 (c)), leaving only the nanomaterials of the ink before ink
flushing, which increased the printing sharpness. After the vacuum-
assisted deposition, the printed filter was dried in air for 10 min to
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remove any solvent residue, followed by washing three times with
distilled water (Figure S1(d)).

2.3. Preparation of samples with percolated networks

First, polydimethylsiloxane (PDMS) and a curing agent were mixed
at a weight ratio of 15:1, similar to the case in previous work [31]. Then,
5.3 g of the mixed PDMS was poured into a Petri dish to prepare the first
layer. To remove air bubbles from PDMS, uncured PDMS was subjected
to vacuum treatment for 15 min. Thereafter, the uncured PDMS was
partially cured at 70 °C for 12 min to be in a viscous state. The printed
nanofilter was transferred to the partially cured PDMS substrate by
establishing a contact between the printed face of the nanofilter and the
partially cured PDMS substrate (Figure S1(e)). The van der Waals forces
ensured good adhesion between the printed nanofilter and the partially
cured PDMS substrate. Thereafter, the PDMS substrate was heated in an
oven at 80 °C for 10 min to complete the PDMS curing, affording an
inlayed printed pattern on the substrate [31,38]. Next, the nanofilter
was dissolved in dichloromethane (Figure S1(f)). The sample was con-
nected to copper wires fixed to the substrate using Ag epoxy at the two
ends of the percolated networks [31,38]. To protect the percolated
networks, another 5.3 g of PDMS was poured on top of the sample,
followed by vacuum and heat treatments at 80 °C for 1 h.

2.4. Characterizations

A Mechanical extension was controlled using a 5944 Instron machine
(Figure S2(a)). A Keysight 34461A digital multimeter was employed to
test the Seebeck voltage. The temperature difference between the two
ends of the percolated networks was monitored using a picometer
combined with two K-type thermocouples (Figure S2(b) and ((c)). The
Seebeck coefficient was defined as @ = V/AT, where V, and AT repre-
sent the Seebeck voltage, and temperature difference, respectively. The
conductance of the percolated networks was tested using voltammetry
resistance measurements (G= I/V, where G, V, and I represent the
conductance, applied voltage, and current, respectively). The applied
voltage was provided using an IT6720 DC power supply. The current and
voltage were recorded using Keysight 34461A digital and Keysight
1242B multimeters, respectively.

Electrical conductance of the percolated networks under different applied
voltages To verify the presence of electron tunneling and track the
nonlinearities in the voltage/current relation, the conductance of the
samples was analyzed under different applied voltages using voltam-
metry resistance measurements. The coverage of the nanomaterials was
controlled in this section by printing 40 times. The coverage of the
nanomaterials was controlled in this section by printing 40 times. The
voltage was increased from 1 to 5 V using an IT6720 DC power supply.
Moreover, different macroscopic strains were applied to the sample
(0%-140%) during the measurement of the electrical conductance.

Seebeck coefficient of the percolated networks under different applied
strains and temperature differences The sample used in this section has the
same coverage (printing 40 times) as the previous section. First, we
investigated the Seebeck coefficient of the printed percolated networks
under different applied strains and temperature differences. Tests were
conducted to obtain the evolution curves of the Seebeck coefficient as a
function of the mechanical extension. In all the tests, the nominal strain
was incrementally increased from 0% to the threshold, at which point
the Seebeck voltage became zero. The step length between neighboring
test points was 10% of the nominal strain, corresponding to a 1.5 mm
extension using the Instron machine. Thereafter, to determine the in-
fluence of the temperature difference on the evolution curves namely,
the change in the Seebeck coefficient with respect to the applied strain,
the evolution curves were measured with temperature differences of 10
°C, 30 °C, and 60 °C.

Influence of the coverage on the Seebeck coefficient under different strains
The influence of the coverage (density of the nanoparticles) on the
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Seebeck coefficient under different strains was investigated. The
coverage of the nanomaterials was controlled using different printing
times (10, 20, and 80 times). Figure S3 shows the scanning electron
microscopic (SEM) images of the samples with different coverage levels.

Influence of the morphology of the nanomaterials on the Seebeck coeffi-
cient under different strains The AgNW morphology was modified by
controlling the AgNW length. Two different AQNW lengths were printed
to form the percolated networks, and the evolution curves of the Seebeck
coefficient based on these two networks were compared. Figure S4
presents the SEM images of the morphology of AgNWs with different
lengths.

3. Results and discussion
3.1. Theoretical analysis

Herein, we aimed to design a simple predictive model that explains
the evolution of both the global effective electrical conductance G and
the global effective Seebeck coefficient a for a nanoparticle network
under applied strain. Such a model can be kept relatively simple by
making relevant assumptions on the network structure and its response
to the growth of gaps at different junctions.

3.1.1. Conductance and Seebeck coefficient of a nanoparticle network

First, we simplified the nanoparticle network (Fig. 1(a)) into paral-
lelly connected pathways (Fig. 1(b)). Based on the previous studies
about the morphology of the nanoparticle-percolated networks, the
nanoparticles can be organized into different families: (a) isolated par-
ticles; (b) particles belonging to “dead-ends” in the percolated clusters
that do not participate in conduction; and (c) particles within the
functional parts or percolated clusters, which contribute to macroscopic
conduction [32,33]. Considering that there is a finite number of distinct
conductive pathways, a conductance-weighted model is introduced as a
surrogate model to bridge G and a (the properties of the entire nano-
particle network) to the properties of different pathways (G; and ¢;
represent the electrical conductance and Seebeck coefficient of the jth
pathway, respectively) [37,39]. Assume that I and V denote the global
current and voltage between the two ends of the nanoparticle network,
respectively, and I; and V; denote the current through the jth pathway
and the voltage between the two ends of the jth pathway, respectively.
Then, the following relations describe the generation of voltage between
the ends of the network based on a combination of Ohmic and Seebeck
effects:
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V =1/G+ aAT, V; =1;/G; + a;AT. @

Considering the parallel connection of the pathways, it is evident that
1=>5
1

where n denotes the number of active pathways for a given morphology
of the network. Combining Eqs. (1) and (2), we achieve

G:Xn:cj,
1

If aj and G; are known, a and G can be estimated easily using the
conductance-weighted formula described in Eq. (3).

Eq. (3) presents a crucial feature of nanoparticle networks: the
conductance’not the Seebeck coefficient’is highly dependent on the
number of conductive paths. To illustrate this point, assume, for
example, an extreme configuration where all pathways exhibit similar
properties, i.e., the same conductance values and Seebeck coefficient
(G; = Gj = Goand o; = aj = ay, Y(i,j)). In this case, we achieve G = nG,
anda = ao. This implies that if the pathways progressively disconnect (n
is decreasing), the electrical conductance will also decrease accordingly,
while the Seebeck coefficient will remain constant until the last pathway
has been disconnected.

n
1%G;

= 21%Y 3)
Z]Gj

Modeling outcome: We expect a progressive decrease in the electrical
conductance during stretching. Alternatively, the Seebeck coefficient
is expected to remain constant until it sharply drops from its nominal
value to zero above the stretch threshold called the “Seebeck
extinction stretch threshold”, which corresponds to the electrical
disconnection of the last pathway.

We validate this theoretical prediction in the following theoretical
analysis and experimental verification sections.

3.1.2. Evolution of the pathway properties (Gj, o;) with mechanical/
thermal loading

In the previous section, we elucidated the relation between the
global properties of the nanoparticle network and the properties of each
pathway (Gj, a;). Next, to understand the evolution of each pathway (Gj,
a;), we must examine the electron transfer induced either by an external
power source (conductance part) or temperature (Seebeck part).

(b)

Pathway 1
: aq
Pathway 2
G, : az
L]
Pathway n

Parallel modeln

% S

\&\”\v‘%‘\. A.,V\:Z:;K?

=0 ; ;=0

Fig. 1. Simplification of the percolated networks and their structural evolution under applied strain. (a) Schematics of the percolated networks. (b) Simplification of
the percolation networks as a set of pathways in parallel. (c) and (d) Relative conductance and Seebeck coefficient for the completely connected and disconnected

pathways, respectively.
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Regarding the Seebeck effect, the potential energy of the electrons on
the hot side increases considerably, higher than that on the cold side,
driving electrons to the cold side. The resulting accumulation of elec-
trons on the cold side induces a Seebeck voltage Vr. Regarding the
electrical conductance, a potential difference between both the sides is
generated using an external power source. These mechanisms, as well as
the corresponding values of o; and Gj, can be described using Eq. (4):

Ip . _ VT

G=y, ¢ YTn -1

4

where Tj, and T, represent the temperatures of the hot and cold sides,
respectively, Vr is the related Seebeck voltage, and the Ip represents the
current flowing through the pathway induced by an applied voltage Vp.

For completely connected nanoparticles, the electrons can easily
transfer through the junction. Thus, the pathway for the completely
connected nanoparticles can be regarded as a single long nanowire
(Fig. 1(c)) with the same Seebeck coefficient as the material (ay,):

= Ay )

When a gap is created between two NWs, it is difficult for electrons to
pass through the gap, inducing a zero current because of a relatively
high energy barrier (Fig. 1(d)). Therefore, we assume that the Seebeck
coefficient and conductance for the disconnected pathway decrease to
zero:

G, = 0. 6)

Reality is, in fact, more complex as tunneling is voltage-dependent and
might still be activated by ultra-high voltages locally. But the above
binary assumption is enough to demonstrate our point about the evo-
lution of the network.

3.1.3. Predicted overall evolution of the conductance and Seebeck
coefficient

In summary, Fig. 2(a) shows a simplified model with three proposed
configurations of the nanoparticle network under applied strain [30,31].

In regime 1, all the pathways are well-percolated and most junctions
are in contact, with no gaps. Thus, the conductance of each pathway
decreases only slightly due to the equivalent elongation caused by
stretching. Conversely, the Seebeck coefficient of the pathways are all
equal to an because no gap exists. Combining the aforementioned
analysis with the conductance-weighted model, the conductance of the
nanoparticle network is determined to be high and relatively insensitive
to the stretch; further, the Seebeck coefficient is equal to the Seebeck
coefficient of the nanoparticles and is constant in regime 1 (Fig. 2(b)).

In regime 2, the pathways are partially connected and some gaps
begin to appear, inducing a rapid decrease in the conductance of the

(a)
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percolated networks (Fig. 2(b)). The disconnected pathways do not
notably affect the Seebeck coefficient. To verify this conclusion, we as-
sume that the first h pathways are completely connected with a Seebeck
coefficient of am, and h+1 to n pathways are disconnected with a
Seebeck coefficient of zero. Applying this assumption to the
conductance-weighted formula, we obtain

o E’foh‘mGj
EIGJ

In regime 3, all pathways are disconnected because of the large
applied strain. The conductance progressively decreases to zero. As no
completely connected pathway remains, the Seebeck coefficient de-
creases sharply from its nominal value to zero (Fig. 2(b)).

Our qualitative modeling also provides some indications on the
evolution of the response with respect to the coverage (Figure S5(a)) and
(the morphology of the nanoparticles (Figure S5(b)). With increasing
coverage, the range of regime 2 is expected to increase as the discon-
nection of the last pathway is delayed. This should increase the stability
domain of the Seebeck coefficient, described by the Seebeck extinction
threshold. Next, we estimated the influence of the nanoparticle
morphology (length) on the Seebeck coefficient. A similar trend is
observed when long nanoparticles are used instead of short nano-
particles. Long nanoparticles can ensure contact under large stretching
and induce the extension of regimes 1 and 2. Accordingly, using long
nanoparticles, we can extend the stage at which the Seebeck coefficient
remains stable.

=aq,,. @]

3.2. Experimental verification

We designed experiments to verify the results of the above-described
theoretical analysis.

3.2.1. Evolution of the conductance of the network

First, we monitored the evolution of the conductance of a sample
with increasing strain under different applied voltages.

Fig. 3 (a) shows that the conductance decreases with the applied
strain, consistent with our theoretical prediction. Moreover, the
conductance is sensitive to the applied voltage when the stretch becomes
very high (>90%), attributed to electron tunneling. This electron
tunneling effect has been reported in nanomaterial-based percolated
networks and was investigated in our previous work [31]. The
conductance shows a positive relation with the applied voltage because
a high voltage can cause additional electrons to tunnel through the gap
[40].

At low strain (regime 1), the conductance is insensitive to the applied
voltage (Fig. 3(a)). The transfer of charge is guided by the direct contact
between the particles that overlap widely. Tunneling may exist;

(b)
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Fig. 2. Investigation of conductance and the Seebeck coefficient under different stretching conditions. (a) Three-regime assumption of percolated networks under
applied strain. (b) Illustration of the expected conductance and Seebeck coefficient in each regime.
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Fig. 3. Experimental results of the electrical conductance and Seebeck coefficient of the percolated networks under stretching. (a) Conductance of the percolated
networks under stretching at different applied voltages, showing voltage-dependent conductance. (b) Changes in the Seebeck coefficient changes with respect to the
strain with different temperature differences, showing two-stage properties and insensitivity to temperature difference. (c) Seebeck coefficient at different coverage
levels under applied strain, indicating that a large coverage can increase the extent of the stable stage. (d) Seebeck coefficient evolution curves with different AQNW

lengths, showing that long nanowires can enhance the stability range.

however, it is very limited. The conductance curves overlap until a 30%
strain is achieved, above which they begin to deviate from each other.
This indicates that “regime 1” is applicable until 30% strain, above
which other mechanisms become applicable.

Above 30% strain, the conductance becomes sensitive to the applied
voltage and exhibits an increasing trend as the voltage increases (Fig. 3
(a)). This voltage-sensitivity of the conductance is observed from 30%
strain, although it becomes predominant above 90% strain. This voltage-
sensitive behavior can be explained by following effects: (a) the high
stretch induces to a gradual increase in the gap at most junctions and (b)
as the tunneling becomes a major mechanism in these junctions with a
gap, a high applied voltage induces sufficient potential energy for the
electrons to tunnel through the junctions.

This first series of results (Fig. 3(a)) illustrates what is classically
known about voltage-dependent and strain-dependent conductance in
nanoparticle-percolated networks: the progressive multiplication of
junctions with a gap and the increasing influence of tunneling under
applied strain.

3.2.2. Evolution of the Seebeck coefficient

Second, we measured the Seebeck coefficient with temperature dif-
ferences of 10 °C, 30 °C, and 60 °C under different applied strains (Fig. 3
(b)). The Seebeck coefficient is very stable and independent of the
stretching level until a strain of 120%, above which it suddenly drops to

zero. This is consistent with our theoretical results, which demonstrates
that as long as at least one of the pathways is still completely connected,
the Seebeck effect is not affected by the progressive disconnection of
some pathways. When the last conductive pathway is disconnected, the
Seebeck coefficient suddenly drops to zero, as explained previously.
Note that this threshold is almost independent of the temperature dif-
ferences: for 10 °C, 30 °C, or 60 °C, the Seebeck coefficient drops to zero
around the same 120% strain threshold. This is because, compared with
the applied voltage (>1 V) in the conductance analysis, the relatively
low Seebeck voltage (approximately 25 uV and 150 uV for temperature
difference of 10 °C and 60 °C, respectively) could not support electron
tunneling.

Next, we estimate the Seebeck coefficient of percolated networks
with different coverage levels (i.e., the density of particles per unit area)
under stretching; the results are shown in Fig. 3(c). We control the
coverage using the printing times. Moreover, we examine three coverage
levels and test five samples for each level. The reproducibility is found to
be very good from sample to sample, and the threshold at which the
Seebeck coefficient drops to zero is highly dependent on the coverage
(Fig. 3(c)). The Seebeck coefficient is stable in a wide strain range at a
high coverage level because the number of completely connected
pathways increases, consistent with our theoretical results.

Finally, we analyze the influence of the morphology of the nano-
materials on the Seebeck coefficient of percolated networks printed
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using different AGNW lengths; the results are shown in Fig. 3(d). The
mean value of the strain threshold of the Seebeck coefficient for the long
AgNWs is 85%, while it is approximately 30% for the short AgNWs (10
pm). This result is also consistent with our theoretical result because the
pathways in networks with long AgNWs exhibit extended regimes 1 and
2; the disconnection of the last conductive pathway occurs considerably
later in the case of the long AgNWs.

3.3. Self-healing temperature sensing application

Here, we exploit the obtained theoretical understanding to design a
self-healing temperature sensor. Notably, the Seebeck effect appears
almost insensitive to network perturbations as long as at least one
conductive pathway is still active. This indicates that the Seebeck effect
can be restored in damaged nanonetworks by restoring a limited number
of conductive pathways, enabling easy self-healing.

First, we print a “U”-shaped temperature-sensing layer comprising
single-wall CNTs (SWCNTs) and AgNWs on a nanofilter, as described in
our previous paper [29]. Thereafter, the printed percolated networks are
transferred and embedded on a PDMS substrate to form the functional
layer of the self-healing temperature sensor (Fig. 4(a)). The second and
fourth layers comprise patterned PDMS substrates, forming two separate
chambers when the four layers overlap and are glued together. We
employ a CO, laser machine to engrave poly(methyl methacrylate)
(PMMA) as the model (Figure S6). Fig. 4(b) shows the patterned sub-
strate fabricated using the laser-engraved PMMA model. The four layers
are glued together, and their surfaces are spin-coated using the uncured
PDMS, followed by 2 h of heating at 80 °C. Thereafter, the two chambers
are filled, one with pure PDMS and the other with the curing agent
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(Fig. 4(0)).

Second, after fabricating the self-healing temperature sensor, we cut
the SWCNT line (Fig. 4(d)). The injected liquid leaks out of the designed
chambers, after which the sensor is released and cured at room tem-
perature for 24 h. Fig. 4(e) shows the temperature sensor after self-
healing. To examine the mechanical integrity of the substrate after
self-healing, we bent the sample (Fig. 4(f)). We investigate the
conductance and Seebeck effect of the temperature sensor before and
after the cutting and self-healing processes (Fig. 4(g) and (h)). The
conductance decreases by approximately two-thirds after cutting. This
was expected because the conductance is highly dependent on the
number of percolated pathways that cannot be completely recovered
with no disconnections during self-healing. However, the I/V curve
retain good linearity, indicating the presence of many completely con-
nected pathways in the percolated networks after self-healing. Unlike
the conductance, the evolution curve of the Seebeck voltage with respect
to the temperature difference remains nearly unchanged before and
after the cutting and self-healing processes. Therefore, the Seebeck co-
efficient of this self-healing temperature sensor is insensitive to me-
chanical damage such as cutting.

This demonstration opens new paths when it comes to the design of
stable sensors that can be insensitive to mechanical damage. It also in-
dicates that the Seebeck effect is globally very independent of the var-
iations in microstructures, that is also a path to make such sensors
relatively independent on processing quality and conditions.

4. Conclusions

In summary, based on the conductance-weighted model and the

Current/mA
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Fig. 4. Self-healing temperature sensor based on the Seebeck coefficient, comprising percolated networks of single-wall CNTs (SWCNTs) and AgNWs. (a) Structure of
the self-healing temperature sensor containing two chambers to space out the pure PDMS and the curing agent. (b) Image of the patterned PDMS substrate used to
form the chamber. (¢) Injection of pure PDMS or curing agent into the chambers using a syringe. (d) Cutting the temperature sensor to induce the leakage of the liquid
PDMS and curing agent. (e) Image of the temperature sensor after self-healing. (f) Temperature sensor bending after the cutting and self-healing processes. (g) I /V
curves of the temperature sensor before and after cutting and self-healing processes, showing a decrease in the conductance of the percolated networks. (h) Change in
the Seebeck voltage with respect to the temperature difference before and after cutting and self-healing processes, indicating almost no change in the performance of

the temperature sensor.
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evolution of percolated networks under stretching conditions, we con-
ducted a theoretical analysis to explain the evolutionary characteristics
of the Seebeck coefficient of percolated networks under different applied
strains. We found that the stability of the Seebeck coefficient under low
strain is attributed to the completely connected pathways present in
regimes 1 and 2. Moreover, we demonstrated that the threshold of the
Seebeck coefficient is independent of the temperature difference.
Although the conductance of the percolated network progressively de-
creases under stretching because of the partial disconnection of the
nanoparticle pathways (i.e., the classic piezoresistive effect usually
employed in the design of many sensors), the Seebeck coefficient re-
mains constant as long as at least one percolated pathway exists in the
structure. Long NWs and a high coverage can increase the duration of
the stable Seebeck coefficient stage. These theoretical results were
supported by experimental results, suggesting that the theoretical
analysis successfully revealed the evolution mechanism of the Seebeck
coefficient under stretching conditions. Finally, we implemented this
theoretical results to develop a self-healing temperature sensor that was
insensitive to mechanical damage.
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