Downloaded by KING ABDULLAH UNIV SCI TECHLGY at 05:46:06:966 on May 28, 2019
from https://pubs.acs.org/doi/10.1021/acsami.8b08166

IEESAPPLIED MATERIALS

Research Article

INTERFACES

& Cite This: ACS Appl. Mater. Interfaces 2018, 10, 33507-33515

www.acsami.org

Making a Bilateral Compression/Tension Sensor by Pre-Stretching
Open-Crack Networks in Carbon Nanotube Papers

Yangyang Xin, Jian Zhou, Ran Tao, Xuezhu Xu, and Gilles Lubineau™

Physical Sciences and Engineering Division (PSE), COHMAS Laboratory, King Abdullah University of Science and Technology

(KAUST), Thuwal 23955-6900, Saudi Arabia

O Supporting Information

ABSTRACT: Highly stretchable strain sensors are key
elements of new applications in wearable electronics and
soft robotics. Most of the available technologies only measure
positive strain (stretching), and cannot measure negative
strains (compression). We propose here a stretchable
technology that enables the measurement of both negative
and positive strains with high sensitivity. A carbon nanotube
paper is pre-cracked to introduce a well-controlled network of
open cracks as the sensing element; then, the pre-cracked
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paper is sandwiched by a thermoplastic elastomer. The resulting sensor is also pre-stretched and subjected to thermal annealing,
which removes any residual stress so that the pre-stretched configuration remains stable. This process results in a stretchable
structure with a network of open cracks that is sensitive to both negative and positive strains. We demonstrate that such sensors
can measure negative strains up to —13% with high sensitivity and robust stretchability.
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1. INTRODUCTION

New demands in human-body motion detection,' > soft
robotics,é_8 and structure health monitoring,g_12 have
increased the need for stretchable strain sensors in the recent
years. On the basis of carbon black,"’ carbon nanotubes
(CNTs),”'* silver nanowire,"” graphene,é’16 conductive nano-
particles,”’18 or conductive polymers,lg’20 these sensors meet
engineering needs in terms of sensitivity, stretchability,
linearity, stability, and response time. However, most existing
works focus on improving the performance of sensors
subjected to positive strains (stretching). There is no
technological solution today for monitoring negative strains
(compression) using flexible and stretchable sensors with high
sensitivity. Yet, this is key to developin% fully functional e-skins
for monitoring complex strain states.””>* Moreover, monitor-
ing negative strains is often critical for thin structures as it can
drive buckling and global instabilities that could be
detrimental. Conventional metal strain gauges sense both
negative and positive strain regimes with excellent linearity, but
are limited to monitoring low strains (—5% < strain < 5%).
Previously reported flexible and stretchable strain sensors are
even less capable of measuring negative strains (<4%).”* This
limits the further development and applications of such
sensors. Despite the technological need for reliable and highly
sensitive systems capable of monitoring compressive strains,
the existing solutions still feature limited performance due to
the small change in resistance during compression inherited
from their intrinsic design principles.

Some of the best sensors for monitoring both compression
and stretching are based on either conductive aerogels or
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conductive films. Owing to their high porosity (some aerogels
have porosity of 99%), aerogels have an excellent compressi-
bility of up to 90%.>*7*° With the addition of a conductive
nanomaterial, aerogels also show good piezoresistance, with a
high relative change in resistance under compressive strains.
Conductive Ag hybrid aerogels supported by alginate/nitro-
gen-doped CNT's can be compressed up to 60% with a relative
change in resistance (AR/R,) of about —1.7 This good
sensing performance of conductive aerogels is ascribed to the
increasing area of the cross-section area when their cells close
under compressive strain.””** Such aerogels are mainly used as
pressure sensors.””*° However, despite their good compressi-
bility, they show poor stretchability due to the weak strength of
their connecting cell walls.”’ Some highly stretchable strain
sensors use conductive films of CNTSs, graphene particles,
nanoparticles, liquid metal, or poly(3,4-ethylenedioxythio-
phene)/poly(styrene sulfonate) to measure some negative
strains.”'~>”>*”* The sensing mechanism in these sensors can
be separated into two types: change in the cross-sectional
area’””” and change in the density of the conductive
network.”**** Good stretchability and compressibility were
demonstrated in a strain sensor made of liquid conductors
embedded in microchannels, whose cross-sectional area
changed when loaded.** However, due to the toxic nature of
liquid metal, it is hazardous to fabricate and use such sensors.
Recently, a strain sensor based on a graphene film deposited on
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Figure 1. Manufacturing strategy for strain sensors based on SWCNT paper with pre-opened cracks. (a) The laser engraving process and three-
dimensional (3D) profile image of the laser-engraved SWCNT paper. (b) Embedding laser-engraved SWCNT strip into the polystyrene-block-
polyisoprene-block-polystyrene (SIS) elastomer film. (c) Cutting of the final sample shape and roll-to-roll pressing to propagate cracks through the
thickness of the strip. (d) Pre-stretching the sample to generate a well-controlled network of pre-opened cracks in the SWCNT strip. (e) Sensors
with closed cracks (before stretching) and with opened cracks (after stretching). (f) The proposed strategy moves the reference no-strain
configuration from point A to point B, which makes the sensor capable of measuring both positive and negative strains, i.e., both stretching and

compression.

a poly(dimethylsiloxane) substrate was reported to be capable
of measuring negative strains, but its compressibility was
limited to just —0.22%." Nanoparticles embedded in a
stretchable substrate, such as CNTs embedded in Ecoflex,
have also been reported.”” Such sensors can monitor negative
strains, but over a very small range compared to positive
strains. One issue is that the conductivity of a percolated film is
almost constant when subjected to negative strains. Most of
these technological solutions rely on a conductive network that
is already well percolated in the uncompressed configuration.
Compressions only increase the density of contact between
particles that does not result in a large change in resistance.
This explains the poor performance of these technologies in
sensing compression. The method we show here overcomes
this weakness, while maintaining an excellent performance
when subjected to positive strains. The fundamental idea is to
make the network poorly conductive in the uncompressed (0-
strain) configuration but introducing discontinuities that can
be closed in compression and quickly restore their con-
ductivity.

To expand the high performance of strain sensors to the
measurement of negative strains, we introduce a new strategy
based on pre-opened cracks in single-wall carbon nanotube
(SWCNT) paper. High-density network of pre-cracks are
inserted into an SWCNT paper through laser engraving
technology. Such a CNT paper with pre-cracks are then placed
into a thermoplastic elastomer. The pre-cracks are first forced
to propagate through the thickness using a roll-to-roll pressing
technique.”* Then, we open the cracks using a dedicated
stretching device. The stresses in the substrate caused by
stretching are removed through an annealing process. Well-
opened cracks (those with crack-opening distance, COD, as
large as 75 pm) allow us to achieve a maximum compressibility
of —13%. Furthermore, the high density of cracks is useful to
obtain a highly linear response for the sensor. A wide
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measuring range in compressive strain coupled with excellent
linearity will be attractive in stretchable electronics.

2. EXPERIMENTAL SECTION

2.1. Materials. The SWCNT papers were mainly made of single-
walled carbon nanotubes (SWCNTs) provided by CheapTubes, Inc.
The geometrical specifications provided by the supplier have been
double checked: length from S to 30 #m and outer diameter from 1 to
2 nm.

Polystyrene-block-polyisoprene-block-polystyrene (SIS) with 22 wt
% styrene and methanesulfonic acid (CH,;SO;H) were purchased
from Sigma-Aldrich. Dichloromethane (DCM) with over 99.5 wt %
purity was purchased from Alfa Aesar.

2.2. Preparation of the SWCNT Paper. We refer the reader to a
previous study in which the preparation method has been fully
detailed.”** The procedure is briefly described in Figure S1. Briefly,
the process is based on the dispersion of SWCNTs in
methanesulfonic acid, followed by membrane filtration. Special care
was taken to remove residual stresses in the SWCNT paper.

2.3. Laser-Engraving on the SWCNT Paper. We create the pre-
cracks by laser ablation on the surface on the SWCNT paper. We
used a PLS6MW—Multi-Wavelength Laser Platform. The processing
parameters have been optimized in a previous study,>* and examples
of resulting grooves are shown in Figure S2. The spacing between the
pre-cracks, D, were 0.25 mm. We then cut the paper into strips in a
dimension of 27 X 3 mm? for preparing the strain sensors.

2.4. Preparation of SIS Film. The procedure is described in
Figure S3. Dichloromethane (DCM) was used to dissolve
polystyrene-block-polyisoprene-block-polystyrene (SIS) grains and a
homogeneous SIS film was obtained by a solution-casting process. SIS
solution was prepared by sealing 20 g of SIS grains with 180 g of
dichloromethane (DCM) in a glass bottle, and stirred for 1 h at 800
rpm/min speed. Then 150 g of the solution was placed into a steel
container (59 X 7 X 20 cm®) with a cap for evaporating for 12 h. The
semitransparent SIS film was then peeled off from the bottom of the
steel container. The thickness of the SIS film measured by a
micrometer was about 0.33 + 0.02 mm. The SIS film was then cut
into strips in a dimension of 15 X 50 mm* Two holes with 2 mm
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Figure 2. Open cracks with the different pre-stretching strains of 0—40%. (a) Crack images for strain sensors with 0, 10, 20, 30, and 40% pre-
stretching strains. The crack-opening distance increases with the pre-stretch. (b) Average crack-opening distance with the applied pre-stretching
strain. (c) Isolated island and contact bridge from the 40% pre-stretched sample.

diameter were drilled in the central line of the SIS strip for connecting
copper wires, as shown in Figure le.

2.5. Preparation of SWCNT Paper-Based Strain Sensors. The
SWCNT paper strips were deposited on the SIS substrate. Next, we
covered the assembly by a second SIS layer. The sample was
sandwiched in the middle of two glass slides covered with Teflon
paper. Two steel blocks weighting around 2 kg were placed onto a
glass slide to give the samples a uniform pressure, and at the same
time the sample was heated at 120 °C for 2 h. Dog-bone shape
(Figure 1c) samples were made by a laser cutting machine (Universal
Laser Systems). We forced the pre-cracks to propagate through the
thickness by a roll-to-roll pressing method. We have demonstrated
this method meticulously in our previous study.”'*** Then the
samples were given different pre-stretching 10, 20, 30, 40%, by a
tensile device as shown in Figure S4a. To release the internal stresses,
all the samples were annealed at 90 °C for 1 h. Finally, copper wires
were used as electrodes by connecting them to the SWCNT strip
through the holes.

2.6. Characterization. We investigated the microstructure of the
paper using scanning electron microscopy (Quanta 3D, FEI
Company) and profilometry (NewView 7100). A 5944 Instron
machine was used for the compression tests. For avoiding sample
buckling by direct compression, we glued the sample on an SIS strip
in a direction parallel to the width of the SIS strip (as shown in Figure
S4c). When we stretch the SIS strip, the Poisson effect induced the
compression of the sample in the transverse direction. To maintain a
symmetric configuration and avoid bending of the SIS strip, we glued
a thin SIS block which is the same size as our sensor on the opposite
side of the SIS strip at the same position of the strain sensor. The SIS

strip was clamped by the Instron machine (as shown in Figure S4d).
We used a digital camera (SensiCam, PCO AG company) to take
pictures of the sensor surface under different negative strains. These
pictures were post processed with the digital image correlation (DIC)
software VIC 2D (Correlated Solutions company) to calculate the
strain. The electrical resistance of the specimen was measured with a
KEYSIGHT 34461A digital multimeter. First, we investigated the
dynamic response of the strain sensors through five loading/
unloading cycles in which the distance between the grip is 75 mm
and the maximum strain is 50% at a speed of 20 mm/min. After this,
we investigated the measuring range of our sensor in compression. We
subjected every sensor to monotonous negative strains by extending
the SIS strip with the rate of 20 mm/min until the resistance does not
change. The distance between the grip was 40 mm. The gauge factor
(GF) was defined by GF = (AR/R,)/e. Ry is the initial resistance.
AR/R, is the relative change in resistance and & is the measured
strain. To demonstrate the long-term performance of the sensor, we
performed 1000 cycles for each sample, for which the maximum
applied strain is near the maximum measurable strain. The loading/
unloading rate of the SIS strip is 80 mm/min. We investigated the
response of our best sensor under different compression rates (50,
100, 200, 400, 600, and 800 mm/min). In this part the distance
between the grip is 100 mm, and the extension is 50 mm. Finally, we
investigated the hysteresis under different compressive strains. The
loading process contains three parts: loading up to different extension
levels (20, 30, 40, SO mm); held for 60 s; and relaxing. In this process
the distance between the grip is 100 mm.
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Figure 3. Strain sensing performance with different pre-stretching strains. (a) The performance of 0% pre-stretching strain sensor (closed cracks)
under compression, showing poor negative strain measurability. (b) Dynamic response of strain sensors with 10, 20, 30, and 40% pre-stretching
ratio (open cracks), respectively, to five compressing and relaxing cycles. (c) The strain of the sensors as shown in figure (b) measured by digital
image correlation (DIC). (d—g) Resistance change to the negative strain of the sensors with 10, 20, 30, and 40% pre-stretching strain showing the
measuring range of the negative strain increasing with the pre-stretching ratio. (h) The relative resistance change and the slope value of resistance
to strain of strain sensor with 40% pre-stretching ratio, showing good linearity and sensitivity. (i) Relative resistance or current change as a function
of applied negative strain of recently reported film style and sponge style strain sensors.

3. RESULTS AND DISCUSSION

3.1. Controlled Pre-Opened Cracks in SWCNT Papers.
The design strategy that makes this sensor capable of
monitoring both negative and positive strains is illustrated in
Figure 1. The crucial step is introducing a network of pre-
opened transverse cracks into the SWCNT paper. The cracks
(and the conductive interface between the SWCNT paper and
the substrate) are the key sensing elements.’* These cracks are
operational during stretching to detect positive strains, but the
permanent pre-opening makes them also operational for
measuring negative strain. The main challenges are introducing
a well-controlled crack network and controlling the opening of
these cracks. First, we obtained the SWCNT paper through the
vacuum filtration method and optical fiber laser engraving, as
shown in Figure la. An optical profilometer is used for three-
dimensional mapping of the morphology of a typical laser-
engraved SWCNT strip, which shows a crack density of 4
mm~' (Figure la). We used the laser engraving method to
achieve a high pre-crack density on the surface of the SWCNT
paper, as we proved in our previous study that increasing the
crack density improves the stretchability and linearity of the

33510

strain sensor.”* Figure 1b shows the process of embedding the
laser-engraved SWCNT strip between the two polystyrene-
block-polyisoprene-block-polystyrene (SIS) elastomer film
substrates. SIS is a thermoplastic elastomer that can be
reshaped by heating and stretching, which is necessary for
opening the cracks. In principle, this method could be
extended to any other thermoplastic elastomer. The through-
thickness pre-cracks are generated on an SWCNT strip by a
roll-to-roll press process (Figure 1c).>* The result is a dog-
bone shaped sensor with a quasi-periodical network of well-
developed through-thickness cracks in the SWCNT strip. To
obtain different levels of crack openings, we stretch the sensor
to elongations of 0, 10, 20, 30, and 40%, using the small
mechanical frame shown in Figure 1d. To keep the cracks open
after removing the stretching device, we release the stress in
the elastomer by heating the sensor at 90 °C for 1 h while
stretched. The results prove that the stretching and stress-
releasing processes efficiently control the average crack
opening. In Figure le, we compare a sensor with closed
cracks to a sensor with open cracks. The relative elongation of
the sensor is defined by & = (L, — L,)/L,, where L, is the

DOI: 10.1021/acsami.8b08166
ACS Appl. Mater. Interfaces 2018, 10, 33507—33515


http://dx.doi.org/10.1021/acsami.8b08166

ACS Applied Materials & Interfaces

Research Article

length of the sensor with closed cracks, and L, is the length of
the sensor with open cracks. The open-crack structure benefits
the performance of the sensor when monitoring negative strain
in two ways. First, the open-crack structure has a very low
mechanical compressive stiffness; thus, the sensor remains
globally very soft even when subjected to negative strains. This
keeps the measurement from being polluted when operating
on delicate substrates. Second, the open-crack structure
increases the magnitude of the relative change in resistance,
which benefits the sensitivity of the sensor by raising the initial
resistance (Figure 1f). Also, as shown in Figure 1f, the
reference configuration of the sensor shifts from point A, where
the cracks are closed, to point B, where the cracks are already
open in the stress-free state. This redistributes the measure-
ment range to include both negative and positive strain
regimes, and the balance between these is controlled by pre-
opening the cracks.

Figure 2a shows the morphology of the pre-opened cracks
under different pre-stretching strains. The average COD of the
through-thickness cracks is correlated to the prescribed pre-
stretching extension. These open cracks act as “slide rheostat”
through their ability of adjusting the initial conductivity of the
sensor. Moreover, the open cracks in SWCNT paper create a
sufficient gap for operating in a negative strain regime. The
evolution of COD with the pre-stretching strain is almost
linear (Figure 2b). Similar to our previous study, local
delamination was observed at the interface between the
SWCNT paper and the thermoplastic substrate, and is
expected to 4play a crucial role in the sensing mechanism
(Figure 2¢).”* Some small isolated fragments are visible inside
the contact bridges, due to the high pre-stretching strain
applied to the film. These fragments could be avoided by
increasing the depth of the initial laser engraving pattern, but
this would also reduce the cross-section of the cracks available
for current transfer, which could be even more detrimental to
the overall performance of the sensors.

3.2. Strain Sensing. The change in resistance and the
corresponding strain over time during five cycles of
compressing and releasing loading are shown in Figure 3a
for a strain sensor with 0% pre-stretching strain. The maximum
negative strain that this sensor can detect is close to 0.4%, and
the relative change in resistance at maximum negative strain is
only AR/Ry, = —0.06. This poor performance indicates that,
without the pre-opened cracks, cracked SWCNT papers
cannot be used for the reliable monitoring of negative strains,
because the compression of an already percolated CNT film
does not dramatically modify the number of CNT-to-CNT
contacts or the CNT-to-CNT distance at these contact points.

We plot the dynamic responses of the sensors with 10, 20,
30, and 40% pre-stretching strains during five compressing—
releasing cycles in Figure 3b,c, respectively. Figure 3b,c show
that the resistance change follows closely with the applied
strain with high reversibility and stability (note that the
different shapes and maximum amplitudes of the applied
strains are related to the fact that all the films have different
maximum compression-bearing strains, and that the loading is
obtained by transversally mounting the sample on a substrate
under loading). In Figure 3b, we see that the resistance of the
four sensors under 0% strain increases with the pre-stretching
strain, i.e., the resistance increases with the COD of the pre-
opened cracks, as shown in Figure 1f.

We also investigate the change in resistance against the
applied negative strain during monotonous loading with 10, 20,

30, and 40% pre-stretching strains (shown in Figure 3d—g).
The negative strain is measured by digital image correlation
(DIC) (Figures 3g and SS). From the above four figures
(Figure 3d—g), we notice similar features in the responses of
all the sensors. First, the change in resistance is always linear
with respect to the compressive strain. The resistance stabilizes
when the maximum measurable negative strain is reached. This
is totally compatible with the sensing mechanisms of crack-
based stretchable sensors.”'*** The current flow is dominated
by two conductive channels, the conductive networks between
cracks and the conductive interface between the SWCNT
paper and the SIS elastomer. These two conductive channels
play significantly different roles during loading. The conductive
networks between the cracks only operate when the separation
between the cracked fragments is very small (similar to or less
than the length of the CNTs). This mechanism explains the
nonlinear change in resistance when the cracks are close to
closing because the change in the density of the conductive
percolated network is nonlinear at that stage. The second
channel mentioned above is the conduction through the
delaminated area between the CNT paper fragments and the
substrate. This delaminated area is coated with a residual thin
film of conductive particles, which become adhered to the
substrate during delamination and provide a residual
conductivity. This interface remains conductive even when
very stretched (e.g, more than 150% elongation) and the
change in resistance is linear with the strain. * So, the linear
part shown in Figure 3d—g, is dominated by the conductive
interface between the SWCNT paper and the elastomer, and
the conductive networks between the cracks dominate the
nonlinear part. By increasing the pre-stretching ratio from 10
to 40%, the balance between these two parts can be adjusted.
Also, the measuring range for negative strain is increased from
5 to 13%, and linear part is increased from 2 to 9%. This trend,
shown in Figure 3f, suggests that increasing the pre-stretching
strain dramatically increases the negative strain measuring
range and the relative importance of the linear part as shown in
Figure 3f. Contrary to the linear part, the working length of the
nonlinear part remains constant (around 3%), no matter what
the pre-stretching elongation is, as it is fully determined by the
length of the individual SWCNTs bridging the fragments. Pre-
stretching is a way to distribute the operational measuring
range of the sensor between compressive and negative strain
regimes. The operational range in tension is then reduced
compared to configurations without pre-stretching, but the
sensors still exhibit excellent performance in tension. We tested
the four sensors under 50% tensile strain (shown in Figure S8).
The tensile progerties are not much changed compared to our
previous study.”*

We then plot the resistance changing rate with strain and the
relative change in resistance (AR/R,) with strain for the
sample with 40% pre-stretching strain as shown in Figure 3h.
We used the slope (rate of change in the resistance with strain:
AR/€) to represent the sensitivity in Figure 3h. The high
constant value at the beginning of the compression indicates a
highly sensitive and linear behavior during the first stage. Then,
the sensitivity decreases quickly when the strain increases
above 8% and the response becomes nonlinear with respect to
the crack closure. The relative change in resistance (AR/R;)
can be seen as a good measure of merit. The minimum value of
AR/R, is —1 when the maximum change in resistance is
possible (the resistance evolves between R, and 0 over the
whole measurement range). The value for our sensor (shown

DOI: 10.1021/acsami.8b08166
ACS Appl. Mater. Interfaces 2018, 10, 33507—33515


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08166/suppl_file/am8b08166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08166/suppl_file/am8b08166_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b08166

ACS Applied Materials & Interfaces

Research Article

(a ) 180.0k —— : 1 . . .

150.0k |- H AT O : .

120.0k -

BITREN e e s

90.0k |- AU RE : .

Resistance/Q

eook M 4 . .

30.0k |-

@
o
o
LI R

Resistance/Q

N
o
[=3
=
T
1

400
Cycles

600 800 1000

] o120k ’\. f \“, ; -"g. [' ~.\ ."' Y ’,' | ’.‘ \
; R VAR VAR Y YARY
. . . ‘ S VY Y Y

170k T S0k e T
50 mm/min
—— 100 mm/min
160k 80k —— 200 mm/min

—— 400 mm/min
—— 600 mm/min

70k —— 800 mm/min

140k
60k
130k

50k
120k

40k

—— 100 mm/min
—— 200 mm/min
—— 400 mm/min
—— 600 mm/min
—— 800 mm/min

110k

30k

S
L I I I ! L ! I L I

90k 1 20k
185 1.90 1.95 200 205 2A10: 2.35 2.40 2.45 2.50 2.55 2.60 2.65

100k

Cycles Cycles
180k T T
(C) 150k - 4
. A 7 A i A
——————— we v AN AAA N \WAWAY IS
a0k [ Y/ \; A AR /f VY \x‘ AW ]
ook VOV Y YV Y Y VY
© S0 0 2 s 6 8 10
D 180k ‘ ; - : | :
(8]
£ tooc AOAORA / NOAA R R
7 12K f\!\fxz’\\\.fi\ AR
‘B 90k |- v IR A i Py ]
St Y Y YOV Y Vou oy vy ]
o vy VoY v V¥
20k . ‘ . ‘

U
o
e
oS
oy

Figure 4. Loading rate sensitivity, hysteresis, and stability of pre-stretched SWCNT/SIS sensors under prescribed negative strains. (a) The dynamic
response of strain sensor with 40% pre-stretching strain under different loading rates demonstrates the influence of loading speed. (b) Dynamic
responses of strain sensors with 10, 20, 30, and 40% pre-stretching strain during 1000 compressing and relaxing cycles. (c) Repeatability of strain
sensor with 40% pre-stretching strain at cycles 1—10, 500—510, and 990—1000, as indicated in (b).

in Figure 3h) at the maximum negative strain is —0.94. For
comparison, we plot AR/R, for recently reported strain sensors
under negative strain in Figure 3i. The studies are divided into
two groups: conductive aerogel-based sensors and conductive
film-based sensors. Our sensor has the most significant AR/R,
in both two groups and the highest negative strain measure-
ment capability of the film-based strain sensors. Even though
the conductive aerogel-based technology performs very well in
both negative strain monitoring and relative change in
resistance, its poor stretchability limits its applications in
both negative and positive strain sensing.

Figure 4a shows the dynamic response of the sensor with a
40% pre-stretching ratio under different loading rates. The
resistance curve shifts slightly upward with increasing loading
rates. This slight dependency on the loading rate in the
response is related to the rate-dependent behavior of the
thermoplastic elastomer that bridges the fragments. However,
the rate dependency is very limited due to the incorporation of
the stiff and elastic SWCNT film. We test the sensing stability
of our four sensors with 10, 20, 30, and 40% pre-stretching
strains during 1000 cycles of compressing and relaxing near
their measuring range limit (Figure 4c,d). The results show
that the resistance of the sensors remains nearly unchanged,
but increases slightly in the beginning. We also test the
hysteresis of our best sensor (40% pre-stretching strain) under
step-increasing loading (more details in the Experimental
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Section), and the sensor performs correctly with limited
hysteresis, as shown in Figure S6.

3.3. Strain Sensing Application. We manufacture an
artificial skin (Figure S7) that incorporates our sensor for
monitoring complicated strain states under different loading
modes, as shown in Figure 5. We embed 48 sensors, which are
divided into 16 groups. Each group contains a “strain rosette”
in the SIS film, forming a robust artificial skin (Figure Sa). The
strain rosette is composed of three sensors arranged in a Y
shape for monitoring strains in different directions. Four
stretchable electrodes made of CNT mixed and SIS are used to
connect the sensors to the external multimeters to avoid
damage during loading (Figure Sb). The artificial skin is fixed
to a loading plate made of carbon-fiber reinforced epoxy for
pre-stretching the artificial skin to open cracks in the
embedded sensors (Figure Sc). To release the stress caused
by pre-stretching, the artificial skin is heated while fixed on the
loading device in an oven at 90 °C for 2 h. For testing the
capability of this artificial skin to monitor complex in-plane
strain states, we designed two loading modes: mode I
corresponds to stretching in eight directions (Figure 5d),
and mode II corresponds to four fixed points that stretch
vertically while releasing horizontally (Figure Se). For mode I,
we calculate the expected local strain distribution (equivalent
von Mises strain) at the location of each strain sensor by finite
element method (FEM), as shown in Figure Sf. The results
show that all the strains are positive. Then, we measure the
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Figure S. Strain monitoring on the surface of an artificial skin. (a) The artificial skin contains a strain rosette matrix that monitors strain at different
points and in different directions. (b) The strain rosettes embedded in the artificial skin. Each strain rosette has four flexible electrodes and three
strain sensors. (c) The setup for pre-stretching the artificial skin and loading the artificial skin with different modes. The artificial skin is fixed to the
loading device with screws, and the screws move along guide rails for different pre-stretching and loading modes. The global strain distribution of
the artificial skin under loading mode I (d) and mode II (e), calculated by FEM. The local strain distributions at different points on the strain
rosettes under mode I (f) and mode II (g), calculated by FEM. The relative change in resistance of the strain rosettes under mode I (h) and mode

I (i).

relative resistance of each sensor under mode I. The results are
all positive, which means that all the sensors experience
positive extension (Figure Sh), indicating that the artificial skin
successfully detects the tensile strain state. Figure 5g shows an
FEM simulation of the local strain distribution for each strain
sensor in mode II. Most of the sensors along direction 1 and
direction 3 experience a positive expansion, but the sensors
along direction 2 are all under compressive strain. To prove the
performance of this artificial skin under mode II, we measure
the relative resistance of all the sensors embedded in the
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artificial skin, as shown in Figure Si. Although it is better to
calibrate each strain sensor with DIC, we just measure the
relative resistance of the sensors for simplicity. The results for
relative resistance are consistent with the FEM results, as
shown in Figure 5g. On the basis of the results for mode I and
mode II, we confirm that it is possible to use our sensor as a
soft mechanosensor for measuring complex strain states, i.e.,
not only for measuring just positive (stretching) strains, but
also for negative (compressive) strains.
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4. CONCLUSIONS

In summary, pre-cracked and pre-stretched strain sensors, in
which the cracks are activated through uniaxial extension and
stress relaxation processes, can measure both negative and
positive strains over a wide range of loading with good linearity
and high sensitivity. The sensor that was pre-stretched to a
40% strain achieved the measurement of a 13% negative strain.
The pre-stretching and stress relaxation processes introduced
here have the potential to be applied to other nanocomposites
for extending the proposed concept.
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