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The development of a strain sensor that can detect tensile strains exceeding 800% has been challenging.
The non-conductive stretchable Eco-flex tape has been widely used in strain sensors due to its high
elastic limit. In this work, an Eco-flex-based strain sensor that was conductive until occurrence of
fracture was developed. The silver nanoparticles and carbon nanotubes constituted stretchable
conductive paths in the Eco-flex matrix. The maximum tensile strain of this sensor was 867%, and the
resistance change rate was higher than 10*, while the strain resolution was 7.9%. Moreover, the sensor is

characterized by segmented logarithmic linearity. This excellent performance was attributed to the

Eizzgﬁ% %ﬁ}’ﬁggfg?;;gg;l ginkgo-like pattern, the patterned strain-coordinating architecture (PSCL), and specific nanocomposites
with micro-cracks. The deformation of the architecture and the evolution of the microcracks were

DOI: 10.1039/d1na00817] studied. In addition, the application of this strain sensor on a wing-shaped aircraft was proposed and its
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1 Introduction

As the physical carriers of artificial intelligence, stretchable
electronics have been developed in many fields," including
bioelectronics,* thin film transistors,** optical fiber sensors,*
three-dimensional printing,® human organ surgery,” and flex-
ible batteries.® Strain sensors play an important role in these
fields and their performance is mainly measured by their
sensitivity and stretchability.® To date, some sensors have ach-
ieved sensitivity above 10° under a tensile strain of less than 8%
(ref. 10 and 11) while several studies have also demonstrated
conductors with a stretchability of more than 500%, or even as
high as 2000% that however have not been used to sense
strain.”*™** While a large number of previous studies have ach-
ieved a stretchability of approximately 300% and a sensitivity of
approximately 50, more recent studies have found it difficult to
further improve the overall strain sensor performance.'®>*

The use of nanomaterials and deformable structures are the
two most common strategies for obtaining stretchable elec-
tronics. Graphene,* carbon nanotubes,”*** silver flakes and
nanoparticles,* polyurethane/gold nanoparticles,* and liquid
metals® have been widely used as conductive carriers for
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composites. In another approach, the PEDOT:PSS/ionic mate-
rial was composited in the styrene ethylene butylene styrene
(SEBS) substrate, making the composite conductive at 800%
strain.*” Additionally, nanomesh,* fiber fabric,** kirigami
structures® and different patterns®***” have been combined with
traditional rigid metals to obtain conductive paths that are
robust under tensile strains. It is clear that further development
of these two strategies is highly promising for achieving excel-
lent strain sensitivity.

Recently, some intrinsically stretchable strain sensors have
attracted widespread attention.*®*** Kim et al. prepared nano-
composites by bonding multiple-wall carbon nanotube
(MWCNT) forests and PU, obtaining a remarkable maximum
strain of 1400%.* It was found that the nanocomposites can
sense strain until 300% with a normalized relative resistance (R/
R,) of 5. Kim et al. developed a strain sensor by spinning carbon
nanotube (CNT) fibers onto an Eco-flex substrate, and obtained
an R/R, of close to 360 for a tensile strain of 960%.** The strain
resolution of this sensor was 20%, and the resistance of the
sensor hardly changed under 0-400% strain. Strain resolution
is defined as the minimum difference between two strains that
the sensor can detect accurately, with a smaller minimum
difference corresponding to a higher resolution. Yu et al
fabricated NIPAM in an AgNW aerogel to prepare a sensor that
could detect 800% strain.”” The R/R, was approximately 2, and
the strain resolution was 100%. Hong et al. achieved a record-
breaking maximum tensile strain of 1780% by adhering silver
flakes to the hydrogel\Eco-flex hybrid substrate** and obtained
a strain resolution of 100%, and an R/R, of approximately 20 for
0-1000% strain. Lee et al. developed an excellent strain sensor
by connecting silver flakes and liquid metal to an EVA tape.*
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The R/R, of this sensor was approximately 70 under 1000%
strain, and the strain resolution was 50%. The above studies
have significantly advanced the field of stretchable electronics.
Improving the R/R, and strain resolution under 0-2000% strain
and realizing full strain spectrum detection are the current
focus of research in the field of strain sensors.

The graphene foam-PDMS composite and graphene-Silly
Putty have been studied, which were used as compliant,
stretchable and flexible strain/pressure sensors capable of
sensing even the human pulse.***” A sensor based on spider
cracks has achieved a promising gauge factor of 1700.*® Gra-
phene foam prepared through the two-step technique has
shown a stable resistance signal.* What's more, porous micro-
structure graphene assembled films have been used in two-
segment linear resistive sensors.”® The CNT-Eco-flex nano-
composite was conductive until 500% strain.** A fully 3D prin-
ted multi-material soft bio-inspired whisker will be applied to
underwater detection robots.>*

Here, we report a promising strain sensor obtained using the
combination of nanocomposites and architecture strategies.
The ginkgo-like sandwich structure was introduced in a strain
sensor for the first time and was used together with Eco-flex-
based nanocomposites and patterned strain coordination
layers. These features made key contributions to achieving high
sensor performance with an R/R, of higher than 10* at 867%
strain, excellent cycle stability and a strain resolution reaching
7.9%. We analyzed the logarithmic linear regression equation
and gauge factors. Additionally, the architecture and micro-
cracks of the sensor were simulated and characterized, and an
application of this sensor in smart devices was proposed and
simulated.

2 Results and discussion
2.1 Patterns, architectures and nanocomposites

Ginkgo-like patterns, patterned strain-coordinating layers
(PSCL) and specific nanocomposites make key contributions to
this ultrastretchable strain sensor. In this work, the ginkgo-like
pattern was applied for the first time to stretchable electronics.
For the nanocomposites, the elasticity of the silicone rubber
matrix was impaired by inorganic nanofillers, and thus the
fracture strain of the nanocomposite was much smaller than
that of Eco-flex. It was necessary to introduce a pattern to
coordinate the large strain. The optical photograph of the
ginkgo leaf and the schematic diagram of the leaf vein are
shown in Fig. 1(a and b). The layout of these veins is similar to
a symmetrical structure with the petiole as the axis. The ginkgo-
like pattern in this study was evolved from this layout, as shown
in Fig. 1(c). Seven lines and five nodes (A, B, C, D, and E) are
included in this pattern. The line between the two nodes A and
B is named L,g, and similarly, lines Lgc, Lep, Lag, Leg, Leg, and
Lpg are obtained. The stretching direction was marked by two
brown arrows. During electrical characterization, the two posi-
tive and two negative probes of the four-probe resistance
measurement were connected to nodes B and C, respectively.
During stretching, these lines prepared by the nano-
composites were subjected to axial and lateral strains, and the
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latter caused devastating damage to the pattern. In order to
avoid this damage, for the first time, PSCL was introduced into
the architecture of this device. The important role of PSCL was
demonstrated by the results of ANSYS simulations. Fig. 1(d) and
(f) show two device models with and without PSCL, respectively,
where the brown block is the conductive layer and the stretch-
ing direction was perpendicular to the brown block. The strain
distributions of the conductive layer in the two models for the
tensile strain of 100% of the bottom layer are shown in Fig. 1(e)
and (g). It is clear that the lateral strain of the conductive layer of
the model with PSCL was much lower than that of the other
model. The maximum strain of the conductive layer of the
model without PSCL was almost 7 times higher than that of the
other model.

A polyline pattern similar to “M” was introduced into
a model with PSCL, as shown in Fig. 1(h). The strain distribu-
tion of the whole model for the strain of the bottom layer close
to the fracture strain of Eco-flex is shown in Fig. 1(i). The
conductive layer with low strain (blue) is in sharp contrast with
the high-strain substrate (yellow). Although the maximum
strain of the substrate was close to 900%, the strain in most
areas of the conductive layer was less than 60%, and these lines
were hardly affected by the lateral strain. Even better, there was
almost no deformation at the shoulder position (marked by
a red circle) of the pattern in the stretching direction. An
enlarged view of this position is shown in Fig. 1(j). The equiv-
alent strain at this shoulder position was only 0.2-2.7%, proved
by the simulation data. Compared with the 900% strain of the
substrate, the deformation of the shoulder was almost negli-
gible. This result was because of the PSCL, which was very
important for electrical testing. For electrical characterization,
the cable of the instrument was a rigid metal wire, and the
conductive layer of the device was a flexible elastomer. Due to
the sharp difference in elastic modulus, a terrible error of the
test data was caused by the mismatch of the connecting posi-
tions of the rigid metal and the flexible elastomer during the
stretching process. Fortunately, this cruel problem was perfectly
avoided here. Therefore, the PSCL plays a key role in the device.
The novel patterned structure in this work provides an impor-
tant supplement to the research on strain sensors. The
maximum tensile strain that the sensor can sense is far greater
than the tensile limit of advanced soft materials.

Rubber-based nanocomposites are intrinsically stretchable.
Fig. 1(k) shows a schematic diagram of the spatial distribution
of nanofillers. The MWCNTs (blue) are constructed in the
matrix as the main conductive skeleton, and AgNPs (yellow) are
dispersed in the areas near the skeleton to assist in electrical
conduction. Since the conductivity of MWCNTs is lower than
that of AgNPs, the obtained results indicated that both of these
two kinds of nanofillers must exist in the nanocomposites. In
the absence of silver, the conductivity of the nanocomposites
will be too low and lower than the observed value. However, in
the absence of MWCNTs and in the presence of only AgNPs, the
nanocomposites will not be able to maintain their conductivity
under tension, which is in disagreement with the experimental
results. Thus, only the presence of both MWCNTs and AgNPs
can explain the experimental results. The morphology of these

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The novel ginkgo-like pattern and the ANSYS simulation of the architectures. (a) A photograph of the ginkgo biloba leaf. (b) Leaf veins. (c)
Ginkgo patterns and stretching directions. (d) and (e) The simulation of the model with PSCL. (f) and (g) The simulation of the model without
PSCL. (h) and (i) The simulation of the model with PSCL and polyline patterns. (j) An enlarged view of the location marked by the red circle in (i). (k)
Schematic diagram of the spatial structure of AgNPs and MWCNTs in the nanocomposites. (1)—(n) SEM images of the schismatic area of the

nanocomposites, scale bar 500 nm.

two nanofillers in the nanocomposites is shown by the SEM
images in Fig. 1(I-n). Because the nanofillers were deeply buried
inside the matrix, it was difficult to clearly characterize them by
SEM. Here, a micron-scale crack appeared in the nano-
composites by locally applying pressure, and therefore AgNPs
and MWCNTs were exposed separately. The SEM images of
AgNPs and MWCNTs are shown in Fig. S1(a and b) (ESIt). The
elemental distribution of the nanocomposites was character-
ized by the EDS maps, as shown in Fig. S1(c)-(f).t The volume
fraction of AgNPs was quite small and the AgNPs were distrib-
uted among the MWCNTs. Fig. S1(g)t shows the SEM image of
a schismatic area with a width of 5 um. The red and green boxes
in this area are enlarged and shown in Fig. S1(h)-(j).T Both
nanofillers were clearly photographed.

Carbon-based nanomaterials play an important role in
nanocomposites.  Considering the dispersibility and

© 2022 The Author(s). Published by the Royal Society of Chemistry

composition, carbon nanotubes were chosen as the main filler
instead of graphene.

A lot of experiments were conducted to verify the most
suitable composition of the nanocomposite. As shown in
Fig. S2,7 composition_1 corresponds to W(AgNPs) = 8.1% and
W(CNT) = 9.0%, and composition_2 corresponds to W(AgNPs)
= 6.6% and W(CNT) = 10.0%. Obviously, the increase in the
content of silver nanoparticles can reduce the resistivity, and
the increase in CNTs can improve the stretchability. In addition,
the polymer matrix cannot contain an unlimited amount of
nanofillers. Too high content of nanofillers leads to the deteri-
oration of stretchability. These factors are contradictory, and it
is necessary to optimize the composition, so as to obtain the
required resistivity and stretchability.

According to percolation threshold theory, when the
conductive filler of the nanocomposite reaches the percolation
threshold, its conductivity has a leap of more than 5 orders of

Nanoscale Adv., 2022, 4, 1681-1693 | 1683
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magnitude. When the dispersion of nanofillers in the polymer
is very uniform, the relationship between the electrical
conductivity and the composition and the properties of the filler
conforms to a specific formula.”® However, the mechanical
mismatch between agglomerated nanomaterials and polymer
matrices lead to a poor dispersion state, making that specific
formula no longer applicable. In this work, the actual percola-
tion threshold was about W(CNT) = 8.0%, and the maximum
content was about W(CNT) = 12%. Finally, we used two specific
compositions mentioned in this article.

In conclusion, these novel patterns, structures and nano-
composites are the prerequisites for the preparation of the best
strain sensors.

2.2 Fabrication

The fabrication process of the sensor is shown in Fig. 2.
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First, the specific size of the ginkgo-like pattern was
designed, and the intaglio mold was manufactured. The sche-
matic and cross-section of the mold are shown in Fig. 2(a_1) and
(a_2). Second, liquid Eco-flex was poured into the mold, and the
ginkgo-like patterned grooves were filled with Eco-flex, as
shown in Fig. 2(b). Third, after the bubble removal and curing
steps, the Eco-flex substrate was peeled from the mold and
flipped over, as shown in Fig. 2(c) and (d). Fourth, mask 2 and
the substrate were assembled, and patterned grooves appeared
again, as shown in Fig. 2(e), (f1) and (f2). Then, using multiple
screen printing processes, the conductive layer was connected
to the PSCL. The compositions of the various lines of the
conductive layer were different as shown in Fig. 2(g).

Then, the device was peeled off from mask 2, followed by
heat treatment, as shown in Fig. 2(h)-(j). Finally, four probes
were connected to nodes B and C. We note that other commonly
used fractal patterns can also be applied in this preparation

(b)

groove

Pour

Peel
off

(c)

Substrate

(9 ..
Screen

Printing

Heat
treatment

4=

Fig.2 Fabrication process of the samples. (a_1) and (a_2) The intaglio mold and the cross-section. (b) Eco-flex pouring. (c) Substrate peeling off.
(d) Substrate flipping over. (e) Mask 2 and substrate assembling. (f_1) and (f_2) The assembly and the cross section. (g) Screen printing. (h) Sensor

peeling off. (i) Heat treatment. (j) 3D schematic of the sensor.
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method. The optical images of the two samples are shown in
Fig. S3.1

2.3 Highly stretchable sensors

The electrical properties during stretching are shown in Fig. 3.
The pattern parameters and composition of ginkgo_1 are given
in Table 1.

For the sensor with the ginkgo_1 pattern, as shown in
Fig. 3(a), the maximum tensile strain was 867%, and the cor-
responding resistance growth rate (R/R,) was 10 615. R, is the
resistance of the sensor at 0% strain. The resistance increased
monotonically with increasing strain, and strain resolution was
as low as 10.8%. The sensor was conductive until the Eco-flex
substrate was fractured. Therefore, the strain sensor in this
study was extremely stretchable, and highly sensitive and dis-
played high resolution.

Linearity is one of the important parameters of strain
sensors. In this study, due to the multiple induction

View Article Online
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mechanisms of the nanocomposite, the growth rate of resis-
tance was more than 10", A series of resistance data is essen-
tially different from an arithmetic sequence, and is not a linear
increase in conventional mathematics. Here, the electrical data
(R/R,) were mathematically converted to logarithm, log;o(R/Ry)-
For easy display, it was abbreviated as 1g(R/R,). The performance
of this sensor was converted into a logarithmic linear curve.
This curve was divided into three linear segments, as shown in
Fig. 3(b). In the first linear segment (orange), the strain is from
0 to 21.7%, and 1g(R/R,) is from 0 to 0.37. By the least squares
method, the linear fit of this segment was obtained. The linear
regression equation is given as eqn (2.1),

R
log,, (R_o) = 1.65¢

where ¢ is tensile strain. The 1g(R/R,) and ¢ are respectively
equivalent to x and y in the plane coordinate system. The
regression coefficient (R*) of this equation is 0.9974, which

2.1)

ginkgo_1

0)=0_34g + 1.22

ginkgo_1

ginkgo_2

|g(RIR0)=°-1 5¢+1.18

Ig(R/R,)=5.70¢ - 43.30 /

ginkgo_2

—o—ginkgo_1
. —o—ginkgo_2

2
o
see X

300%

600% 900%

Tensile Strain (g)

) Conductive layer

€=90%

(g) Conductive layer : ‘ €=500%
(h) PscL Q 98=500%

Fig. 3 Electrical and stretchable properties. (a) Resistance change rate of the sensor with the ginkgo_1 pattern. (b) The logarithmic linear fit. (c)
Resistance change rate of the sensor with the ginkgo_2 pattern. (d) The logarithmic linear fit. (e) Gauge factor of these two sensors. ANSYS
simulation of the pattern deformation during stretching for (f) conductive layer at 90% strain, (g) conductive layer at 500% strain and (h) PSCL at

500% strain.
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Table 1 Ginkgo_1 pattern and composition of 7 lines

Composition of nanocomposites Lgc W(MWCNT) = 11.2%
(weight fraction) W(AgNPs) = 6.8%
Others W(MWCNT) = 9.3%
W(AgNPs) = 6.9%
Included angle between Lag and Lpg  48°

two lines (°) Lgg and Lgg  16°

Lag and L¢p
Lag and Lyg

proves the perfect linear fitting result. R? is calculated by using
eqn (2.2),

2 SSReg

~ SSReg + SSE (22)

where SSReg is the sum of squares for regression, and SSE is the
sum of squares for error.

In the second linear segment (red), the strain is from 21.7%
to 303.5%, and Ig(R/R,) is from 0.37 to 1.77. The second linear
regression equation is given as eqn (2.3),

log,, (R%) = 0.35¢ 4 0.60 (2.3)

R® of eqn (2.3) is 0.9740.

In the third linear segment (pink), the strain is from 303.5%
to 867.0%, and 1g(R/R,) is from 1.77 to 4.03. The third linear
regression equation is given as eqn (2.4),

R
1og,0(?0) = 0.34e + 1.22 (2.4)

R? of eqn (2.4) is 0.9882.

Segmented logarithmic linearity is a potential concept for Al
sensors. The regression coefficients of the above three equa-
tions are all very close to 1.0000, indicating the rigorous linear
correlation between logarithmic resistance change rates and
tensile strain. These calculation results have proved the excel-
lent sensing performance of the sensor with the ginkgo_1
pattern.

However, the change of R/R, for the sensor with the ginkgo_2
pattern was different from that of the sensor with the ginkgo_1
pattern, as shown in Fig. 3(c). The included angles between Lyg
and Lpg, Lgg and Lgg, and L and Lep were 60°, 16°, and 108°,
respectively and the resistance rose monotonically with
increasing strain. The maximum tensile strain was 829%, and
the strain resolution was as low as 7.9%. When the tensile strain
changed from 32% to 782%, the R/R, value only increased from
17.8 to 265.2, which was seriously inconsistent with the
maximum R/R, of this sensor of 9836.

The resistance change rates of this sensor has been loga-
rithmic conversion and linear fitting, and the results are shown
in Fig. 3(d). Similarly, this curve is divided into three linear
segments. In the first linear segment (orange), the strain is from
0% to 23.7%, and Ig(R/R,) is from 0 to 0.69. The first linear
regression equation is given as eqn (2.5),

1686 | Nanoscale Adv, 2022, 4, 1681-1693
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(2.5)

R
log,, (R_o) =2.95¢

R’ of eqn (2.5) is 0.9998.

In the second linear segment (red), the strain is from 23.7%
to 805.6%, and 1g(R/R,) is from 0.69 to 2.74. The second linear
regression equation is given as eqn (2.6),

log,, (1%) =0.15¢ + 1.18 (2.6)

R? of eqn (2.6) is 0.9872.

In the third linear segment (pink), the strain is from 805.6%
to 829.3%, and 1g(R/R,) is from 2.74 to 3.99. The third linear
regression equation is given as eqn (2.7),

R
log, (R—) = 5.70e — 43.30 (2.7)
0

R? of eqn (2.7) is 0.9306.

Obviously, the segmented logarithmic linearity is also
represented in the sensor with the ginkgo_2 pattern,
because the regression coefficients are very close to 1.0000.
However, the fly in the ointment is that compared with the
first sensor, the slopes of the three linear regression equa-
tions are quite different. This phenomenon was attributed to
the slight mismatch between the included angles of
ginkgo_2.

The ginkgo-like pattern was deformed in the process of
withstanding the strain, as shown in Fig. S4 (ESIf). The frac-
ture occurred first in Ly, followed by Lyg and Lcp. When these
two fractures occurred prematurely, the conductive path can
only be the fold line composed of Lgg and Lcg. This will
inevitably lead to a slow increase in the resistance, because
most of the tensile deformation will be dissipated by the fold
line. Therefore, the slope of the second segment is relatively
low.

Sensitivity is another important parameter of strain sensors,
which is generally represented by gauge factors (GF). GF can be
calculated by using eqn (2.8),

R—-R,
F= 2.
G Roc (2.8)
Eqn (2.8) can be written as eqn (2.9),
R
A 1
GF =" (2.9)

&

Since the resistance change rate has been logarithmically
converted, eqn (2.9) is logarithmically converted into eqn (2.10),

R

log,,(GF) = logy,

(2.10)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The 1g(GF) is called the logarithmic sensitivity. According to
the logarithm algorithm, eqn (2.10) can be written as eqn (2.11),

R
log,,(GF) = logy, (R_o - 1) — logyge (2.11)

where

(2.12)

Since the resistance increases monotonously with strain, R >
R, and ¢ > 0 can be ensured, and inequality (2.12) can always be
satisfied. The GF of the above two sensors are given in Fig. 3(e).
For the sensor with the ginkgo_1 pattern, the GF changed from
4.1 to 1224.2, and for the other, the GF changed from 9.6 to
1186.0. The logarithmic sensitivity of the above two sensors is
given in Fig. 3(e) and S5.1 For the sensor with the ginkgo_1
pattern, the 1g(GF) of the second segment basically remained at
0.95, the 1g(GF) of the first segment increased from 0.61 to 0.98,
and the 1g(GF) of the thirdsegment increased from 1.70 to 3.09.
For the sensor with the ginkgo_2 pattern, the 1g(GF) of the
second segment mainly remained at 1.12, the 1g(GF) of the first
segment increased from 0.98 to 1.73, and the 1g(GF) of the third
segment increased from 1.83 to 3.07. These sensitivities have
unfortunately not remained stable.

The ANSYS simulation of gingko pattern deformation during
stretching was studied. For the conductive layer at 90% strain,
all the lines were conductive but the conductivity of Lgc was
already very poor, as shown in Fig. 3(f). At 500% strain, Lag, Lgc,
and L¢p have not played a role in conductivity, and the defor-
mation of the other lines of the conductive layer and PSCL is
shown in Fig. 3(g) and (h). Comparing the deformation of the
ends of these two layers, it can be seen that the large strain of
the substrate was transferred to the PSCL and therefore the
conductive layer was protected.

The design principle includes multiple conditions. First, the
number of leaf veins (similar to L,g) needs to be determined.
Different leaf veins play an important role in different strain
ranges, and at the same time their deformations influence each
other. Secondly, the length and included angle of different leaf
veins directly affect the overall resistance change and stretch-
ability of the device. The most suitable pattern parameters
needs a lot of experiments to determine. In the end, the two
patterns in this article were selected because they can keep the
conductive layer with a monotonic resistance change until the
substrate breaks.

Note that some leaf veins will break and restore connection
during the process of stretching and recovery. The angle and the
length of the line are not independent variables. They are
interdependent and used to control the strain caused by the
fracture of the vein. In addition, the included angle has a deci-
sive influence on the stretching limit. Fig. S7f shows the
simulation results of the 32° and 48° fold line at 500% and
270% strain. These patterns could not be stretched more. The
above is the main mechanism of deformation.

The ANSYS simulation method of the structure in this work
is shown in Fig. S8.f The software interface of the simulation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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result is shown in Fig. S8(a). The mesh of the geometry is
shown in Fig. S8(b), where inflation layers were set near the
interface between the conductive layer and the PSCL, and the
specific nodes are shown in Fig. S8(c).t Fig. S8(d) shows the
boundary conditions, including fix support (Fig. S8(e)),
displacement (Fig. S8(f)), and frictionless support (Fig. S8(g)).T
The three conditions were set on three faces of the substrate. Fix
support and displacement were set on two parallel faces,
perpendicular to the stretching direction.

2.4 Performance of folding line patterns

Ginkgo-like patterns are composed of basic geometric figures
such as straight lines, arcs and fold lines. When the straight line
was stretched axially, PSCL provided optimization for
mechanical properties, as shown in Fig. 4(a). The maximum
strain of the devices with straight lines was increased by 25%,
and non-monotonic behavior was avoided due to PSCL. On the
other hand, the change in the resistance was affected by the
included angle of the fold lines, as shown in Fig. 3(a). A smaller
included angle corresponded to a smaller change in the resis-
tance within the low strain range, and even non-monotonic
behavior. However, the maximum strain that could maintain
conductivity decreased with increasing angle. For the fold line
with an included angle of 18°, the maximum strain is only
662%, which is attributed to the too large thickness and width
of the substrate. For the included angles of 32° and 48°, the
ANSYS simulation results of these architectures are shown in
Fig. S9.1 It is clear that the strain of the conductive layer was
greater than 300%, already exceeding the maximum strain at
which the nanocomposite can maintain conductivity. For
ginkgo-like patterns, the deformability of the fold lines is
affected by other lines, as shown in Fig. S10.7 Therefore, the
fracture of Ly and L¢gp was inevitable.

The cyclic stretchability of this architecture was studied. For
the fold line with an included angle of 36°, the R/R, values
during the stretching cycles are shown in Fig. 4(b) and (c). It is
observed that the device showed stable electrical and mechan-
ical comprehensive performance. For the 0-350% stretching—
releasing cycles, the R/R, was approximately 595. However, for
the 0-400% cycles, the R/R, increased to more than 2000, as
shown in Fig. 4(d). This proved that the resistance sensitivity of
the fold line depends strongly on the strain. In the large strain
range, the R/R, changed strongly, while in the small strain
range, the R/R, increased only slightly. For another fold line
with an included angle of 32°, the R/R, was only ~108 in the 0-
450% cycles, as shown in Fig. 4(e) and (f). This proved that the
strain range increased with decreasing angle for the changes in
the R/R, that determine the sensitivity.

Thousands of stretching cycles have been tested, as shown in
Fig. 4(g). The angle of the fold line is 16°. For 0-500% strain
cycles, the resistance change was stable. The insets are photos
of samples at 0 and 500% strains, respectively. Fig. 4(h) shows
the cyclic curve in the yellow rectangle in Fig. 4(g). In each cycle,
the resistance change under low strain is not monotonous, due
to the satisfactory coordinated deformation ability of the fold
line under low strain. Therefore, for the 0-400 strain cycle, the
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resistance change is very unstable, as shown in Fig. S11.7 Severe
drift and errors are exhibited here. This once again proves that
the fold line can only show a monotonous resistance change in
a specific strain range.

The zero point drift has been calculated, taking the stretch-
ing cycle curves in Fig. 4 as the object. The calculation method is
as follows. The initial resistance of the device is marked R, and
the resistance at 0% strain in each cycle is marked Ry(n), while n
is the number of each cycle. Select Ry(n) with the largest devi-
ation from R, and mark it as Ry(min). The zero drift is calculated
from

M % 100%
Ry

D= (2.13)
where D is the zero drift of these cycles. The calculation results
are shown in Table 2.

In Fig. 4(b), the zero drift of the first dozens of cycles is only
2.8%, but the decrease of the zero resistance value afterwards
leads to a final zero drift of —32.2%.

In addition, the drift and error were checked through the

overlap of the curves of different stretching cycles, as shown in

1688 | Nanoscale Adv, 2022, 4, 1681-1693

Fig. S6.T Obviously, the coincidence degree and error of the first
dozens of cycles in Fig. S6(a)t (associated with Fig. 4(c)) are
quite satisfactory. However, a slight error and hysteresis was
seen in Fig. S6(b)t (associated with Fig. 4(f)) due to too large
strain.

2.5 Microcracks in nanocomposites

Cracks are shown in Fig. 5.

The change in the sensor resistance was attributed to the
microcracks of the nanocomposites under tensile strain. The
size and number of microcracks grew with increasing tensile
strain during the stretching process, resulting in fewer current

Table 2 The zero drift and gauge factor of this work

No. Zero drift Gauge factor
Fig. 4(b) 2.8% (—32.2%) 161.3
Fig. 4(d) —15.2% 451.0
Fig. 4(e) —18.9% 26.8

© 2022 The Author(s). Published by the Royal Society of Chemistry
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percolation paths. By contrast, the microcracks were gradually
self-healed during the release process, eventually reducing the
resistance of the sensor to the initial value. The evolution of the
microcrack width was confirmed by the SEM images of the
nanocomposites under tensile strain, as shown in Fig. 5(a).
When the strain increased from 0% to 100%, the width of the
longitudinal microcracks grew to approximately 100 pm. Upon
recovery, the microcracks gradually self-healed, leaving only
surface traces. Furthermore, the depth propagation of the
microcracks was characterized by three-dimensional surface
topography of the nanocomposites, as shown in Fig. 5(b). The
nanocomposites were stretched in situ under the confocal
eyepiece of an optical 3D profiler. For a strain of 40%, the depth
of the micro-cracks was already greater than 100 pm, as shown
in the dark blue areas. The depth, width, length, and amounts
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25% 50%
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of microcracks continued to increase in the subsequent
stretching. During release, the microcracks gradually dis-
appeared until the depth decreased to 0. Therefore, the evolu-
tion of the microcracks contributed strongly to the high
sensitivity of the resistive strain sensor, and the self-healing
ability ensured the stable recyclability of the sensor.
According to the simulation results of Fig. 1(i) and 3(g), when
the strain of the substrate exceeds 500%, the strain of the
conductive nanocomposite (Lgg and Lcg) is still far below 100%.
According to the crack image in Fig. 5, when the strain of the
nanocomposite is less than 20%, no obvious cracks appear. At
this time, the increase in resistance is attributed to the decrease
in the number of percolation networks composed of CNTs and
AgNPs. The influence of tensile deformation on the percolation
network has been verified." On the other hand, when the strain
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Fig. 5 Crack evolution of nanocomposites during stretching. (a) SEM images of the microcracks in nanocomposites under tensile strains. (b) 3D

surface topography of the nanocomposites during in situ stretching.
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Table 3 A summary of current studies

R/IR,  Maxstrain  Strain resolution ~ Gauge factor =~ Reference
10* 867% 7.9% 1224.2 This work
350 960% 20% 36.4 41
150 1780% 100% 8.4 43
117 500% 20% 23.2 18
70 1000% 50% 6.9 44
4.45 280% 2.3% 1.2 28
3 800% 100% 0.3 42
4.9 50% — 7.8 45
4 10% — 535 46
3.15 90% — 2.4 47
35 2% — 1700 48
9.5 30% — 28.3 49

of the nanocomposite material is greater than 20%, obvious
cracks appear and expand, and the successive breaks of Lgc and
other lines lead to an increase and abrupt change in resistance.

The ginkgo-like pattern broke twice during the stretching
process, resulting in two abrupt changes of resistance, and so
the resistance-strain curve was divided into three linear
segments. It needs to be emphasized that all abrupt changes
were not expected. For the logarithmic resistance-strain curve,
the slopes of the three segments are expected to be the same. In
addition, the curve of pattern 1 is not the average of multiple
experimental data, but the performance of the sample itself.

A summary of the maximum detected strain, maximum R/R,,
and strain resolution of seven previously reported high-perfor-
mance strain sensors is given in Table 3 and Fig. S12f for
comparison with the characteristics of the sensor obtained in
this work. It is observed that the strain sensor of this work
exhibited superior performance to the other sensors.

2.6 Application

A potential application of the sensors with large stretching
limits was proposed in this study. After carefully observing the
dynamics of the wings, the related tensile strain changes were
simulated by a programmable stretching test machine, and the
results are shown in Fig. 6.

The wings of a bird-like bionic aircraft exhibit three states —
folded, unfolded, and flapping. The wingspan of such an
aircraft experiences a tensile strain of more than 600% during
the change from the folding state to the unfolding state. The
monitoring of these states plays an important role in the
development of bionic aircraft. Here the wings of pigeons were
selected as the research object. In Fig. 6, the primary feathers of
the wing in the completely folded state are shown in the inset
photo_1. The completely unfolded state is shown in the inset
photo_2. If a strain sensor was installed on these primary
feathers, the status of the wing could be monitored. The strain
state is represented by the blue curve, and the resistance change
of the sensor is shown by the red curve. In this dynamic simu-
lation, the changes in the resistance detected by the sensor were
almost identical to the changes in the strain. This shows that
the proposed sensor is suitable for meeting the huge demand
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for emerging artificial intelligence equipment in the field of
large strain detection.

3 Conclusions

In this study, a high-resolution sensor capable of detecting
tensile strains of up to 867% was developed. The novel ginkgo-
like pattern can withstand most of the tensile deformation, and
PSCL provided protection for this pattern. The linear regression
equation and sensitivity of the sensor were analyzed through
mathematical logarithmic operations. The multi-component
structure of the nanocomposites exhibited excellent electrical
conductivity and cyclic stretchability, and the changes in the
number and thickness of the microcracks caused the resistance
change rate to be greater than 10*. Both the ANSYS simulations
and experimental results demonstrated the potential of ginkgo-
like architectures. In the future, this approach can be used to
further increase the maximum detected strain by matching the
elastomer with a larger tensile limit, so as to no longer be
limited by the tensile limit of Eco-flex. This super strain sensor
is likely to be widely used in wing-shaped aircraft and other
artificial intelligence devices.

4 Experimental
4.1 Materials

Eco-flex 0030 (Smooth-on), multi-wall carbon nanotubes
(MWCNTs, Aladdin, China), Ag nanoparticles (AgNPs, Aladdin,
China), PVC slices, and silver wires (diameter 30 pm).

4.2 Fabrication of the nanocomposites

The conductive nanocomposites were composed of Eco-flex
0030, MWCNTs and AgNPs. The parts A and B of Eco-flex were
mixed uniformly in a mass ratio of 1 : 1 to serve as the matrix.
Then, the Ag nanoparticles (AgNPs) were added to the liquid
matrix and stirred under ultrasonication for 2 min. Next,
MWCNTSs were immediately mixed into the mixture, and stirred
again for 3 min. Care was taken to avoid contact of MWCNTSs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with water and oxygen in the air. The above three steps were
completed within 10 min. The obtained nanocomposites were
stored overnight in a refrigerator at —2 °C.

4.3 Fabrication of the Eco-flex substrates

The architecture in this study was fabricated by connecting the
substrate and a conductive layer. The Eco-flex substrate was
composed of a bottom layer and a patterned strain coordinating
layer. First, the PVC slice was pattern-engraved by a laser, and
thus mask 1 was fabricated. The pattern was similar to the veins
of ginkgo leaves. Then, mask 1 was welded to another PVC
sheet, and a template similar to the intaglio mold was obtained.
After fixing the enclosure around the PVC sheet, liquid Eco-flex
was poured into the template. The whole template was placed in
avacuum chamber for 10 min to completely remove air bubbles,
and then cured in a dry box for 24 h. Then, the whole template
was immersed in water for 2 h so that the substrate was
completely peeled from the template. Finally, the substrate was
flipped over, and the patterned strain coordination layer was
fabricated face up.

4.4 Fabrication of the strain sensor

The pattern size of mask 2 was the same as that of mask 1, but
its thickness was equal to the sum of the thicknesses of the
strain-coordinating layer and the conductive layer. First, mask 2
and the patterned layer of the substrate were assembled
together, and the patterned grooves appeared again. At this
step, the whole template was similar to a new intaglio mold.
Then, the conductive nanocomposites were printed into the
grooves. We note that the different lines of the pattern must be
printed in stages due to their different compositions. Third, the
whole template was heat-treated in an incubator for 24 h at 30
°C. Finally, the sensor was peeled from mask 2, followed by the
installation of two silver wire cables at points B and C.

4.5 Characterization

The accuracy of the analytical balance was 0.0001 g and the
power of the ultrasonic disperser was 100 W. The pattern on the
mask was engraved by using a controllable laser. Scanning
electron microscopy (SEM) images and electron dispersive
spectroscopy (EDS) maps were obtained using a Hitachi field
emission scanning electron microscope (Hitachi S4700, Japan).
A programmable automated lead screw and fixture were
assembled to facilitate the application of tensile strain to the
sample. A resistivity test system (ET96, East Changing Inc) and
the lead screw were combined to test and record the real-time
resistance of the sample simultaneously. Moreover, the size and
included angle of the sample pattern were measured using
a high-resolution optical microscope (MSHOT MS60). The
surface topography was scanned using an optical 3D profiler
(Rtec/UP-Lambda) in the confocal mode.
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