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ABSTRACT: Recent years have witnessed a breathtaking development of wearable
strain sensors. Coupling high sensitivity and stretchability in a strain sensor is greatly
desired by emerging wearable applications but remains a big challenge. To tackle
this issue, a through-layer buckle wavelength-gradient design is proposed and a facile
and universal fabrication strategy is demonstrated to introduce such a gradient into
the sensing film with multilayered sensing units. Following this strategy, strain
sensors are fabricated using graphene woven fabrics (GWFs) as sensing units, which
exhibit highly tunable electromechanical performances. Specifically, the sensor with
10-layer GWFs has a gauge factor (GF) of 2996 at a maximum strain of 242.74%
and an average GF of 327. It also exhibits an extremely low minimum detection
limit of 0.02% strain, a fast signal response of less than 90 ms, and a high cyclic
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durability through more than 10000 cycling test. Such excellent performances qualify it in accurately monitoring full-range
human activities, ranging from subtle stimuli (e.g., pulse, respiration, and voice recognition) to vigorous motions (finger bending,
walking, jogging, and jumping). The combination of experimental observations and modeling study shows that the predesigned
through-layer buckle wavelength gradient leads to a layer-by-layer crack propagation process, which accounts for the underlying
working mechanism. Modeling study shows a great potential for further improvement of sensing performances by adjusting

fabrication parameters such as layers of sensing units (n) and step pre-strain (¢

sp) For one thing, when &, is fixed, the maximum

sensing strain could be adjusted from >240% (n = 10) to >450% (n = 15) and >1200% (n = 20). For the other, when n is fixed,
the maximum sensing strain could be adjusted from >240% (e, = 13.2%) to >400% (e, = 18%) and >800% (&, = 25%).

KEYWORDS: stretchable, wearable, strain sensor, graphene, gradient, buckle, crack

1. INTRODUCTION

Stretchable strain sensors that could detect strain variations and
respond with electrical signals have attracted considerable
research efforts because of their promising applications in the
electronic skm, 1ntelhgent human/machlne interactions,” 34
disease d1agn051s, and personal health care, 7% and so forth.
The past decade has witnessed exhilarating success in
improving the flexibility and stretchability of strain sensors
either by designing special geometries for conventional
materials or by usmg novel conductive materlals, such as
metal nanofartlcles, O metal nanowires, semiconductor
nanowires, carbon nanotubes (CNTs),'*™"” graphene,20 =
and carbon black (CB).**”° Wearable applications require
strain sensors to be highly flexible and stretchable and
sufficiently sensitive so that they could accommodate and
detect full-range human activities, ranging from subtle
physiological activities such as breathing, heartbeat, and the
pulse to mild facial muscle motion and vigorous bending and
rotation of joints (hands, arms, legs, and spinal). Despite such
progress, the majority of reported strain sensors either have
high stretchability (indicated by the maximum sensing strain, €)
but low sensitivity (indicated by the gauge factor, GF)'®**™*
or the opposite."”'”**™** In other words, attaining high
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stretchability and sensitivity simultaneously still remains a big
challenge. Some of the recent studies”””"***’ have shown
strain sensors with a relatively balanced combination of
stretchability and sensitivity. For instance, Yin et al.’ have
recently reported a strain sensor based on reduced graphene
oxide (rGO) woven fabrics prepared from pyrolyzing
commercial cotton bandages coated with graphene oxide
(GO) sheets, which has a combination of relatively large
stretchability (57%) and a high sensitivity (GF = 416, 0—40%
strain). Still, a further improvement in both the stretchability
and sensitivity should be greatly favored by emerging wearable
applications.

The dilemma lies in that the stretchability and sensitivity are
a pair of mutually exclusive properties: on one hand, a wide
sensing range requires the integrity of the conducting network
under a large deformation. On the other, high sensitivity is
originated from drastic structural changes even under subtle
strain. At the first glance, a compromise between these two
desirable but contradictory properties seems to be impossible.
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Figure 1. Schematic illustration of the fundamental design philosophy, fabrication strategy, and SEM characterization of the MBGWF sensing film.
Schematic illustration of (a) structure design of n-layered sensing units with a through-layer buckle wavelength gradient, (b) buckle wavelength
gradient curve through layers [the inset image shows the definition of buckle wavelength (1)], (c) prediction of electromechanical performances of
individual sensing units shown in (a), (d) preparation of the GWF, and (e) fabrication of the MBGWF sensing film. (f) Photograph of the MBGWF
sensing film with n = 10. Scale bar, 2 cm. (g) Cross-sectional SEM image of the MBGWF sensing film with n = 3. Different layers were pointed out

by arrows. Scale bar, 3 ym.

Fortunately, in nature, exist abundant inspirations for such an
integration.”' > Take the compromise between stiffness and
softness, for example. In adhesive tarsal setae of ladybird beetle,
a stiffness gradient is created by the gradual decrease of the
proportion of the elastic protein resilin from tips of setae to
their bases, endowing the setae with an effective adaption to
rough surfaces while preventing lateral collapse.””>” In a similar
way, the squid beak protects itself from damage while
preying.”*>> In both cases, the local stiffness is adapted by a
stiffness gradient to reach a global compromise between
stiffness and softness. These findings suggest that achieving
both a high strain sensing range and sensitivity is possible if we
could adapt the gradient concept to the design of a graded
structure, in which the local mechanical property is differ-
entiated such that specific local parts are immune to structural
changes, whereas others are sensitive to such changes.

In this work, we proposed a through-layer buckle wavelength
(1) gradient design and provided a facile and universal strategy
for the fabrication of corresponding sensing film. As a
demonstration, the graphene woven fabrics (GWFs) were
used as the sensing units. The GWFs were multilayered and
selectively buckled (MBGWEF), in which the buckle wavelength
of GWFs increases from the bottom layer to the top. MBGWEF
strain sensors with varying fabrication parameters exhibit highly
tunable maximum sensing strain (12 to 242.74%) and
sensitivity (maximum GF varying from 105674 to 2996).
Particularly, the 10-layer MBGWEF strain sensor demonstrates
an optimization both in the sensitivity (maximum GF = 2996)
and in the strain sensing range (up to 242.74%), which is 23
times higher than that of a single-layer GWF-based strain
sensor previously reported.”® Meanwhile, the incorporation of
the ultralow minimum detection limit (0.02%), a fast signal
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response (<90 ms), and a high cyclic durability (>10000
cycles) qualifies this strain sensor in accurately monitoring full-
range human activities, ranging from subtle stimuli (e.g., pulse,
respiration, and voice recognition) to vigorous motions (ﬁnger
movement, walking, jogging, and jumping). Further exper-
imental observations revealed that the underlying working
mechanism is a layer-by-layer crack propagation process, based
on which a mathematical model was developed to study effects
of critical fabrication parameters on electromechanical perform-
ances.

2. EXPERIMENTAL SECTION

2.1. Preparation of the GWF. The copper mesh (wires ~100 ym
in diameter and meshes ~150 um in width, Figure SS) was cut into
pieces of 6 X 8 cm” and ultrasonically treated with hydrochloric acid
and acetone to clean the surface and remove the thin oxide layer. The
treated copper mesh was put into a quartz tube with flowing gas
mixture (Ar/H, = 1000:100 mL min~') and heated to 1000 °C (a
heating rate of 16.67 °C min™") and annealed at 1000 °C for 30 min.
Then, the gas mixture was adjusted to Ar (400 mL min™") and H, (45
mL min~"), and CH, (40—60 mL min™") was introduced into the tube
at an ambient pressure. After growth of 25 min, the tube was rapidly
cooled down to 18 °C. The copper mesh deposited with graphene was
cut into pieces of L X 8 mm? (L depends on the fabrication parameters
and the final size of the MBGWF sensing film. See Table SS for
details) and put onto the etchant solution of FeCly (0.5 mol L™") and
HCI (0.5 mol L") to etch the copper mesh. The as-prepared free-
standing GWF on the solution was rinsed thoroughly by replacing the
etchant solution with deionized water.

2.2. Fabrication of the MBGWF Strain Sensor with a Buckle
Wavelength Gradient. Dragon Skin (10 Medium, Smooth-On inc.)
of 60 mm X 15 mm X 1 mm was prepared by mixing agents A and B
(1:1 in weight) thoroughly and curing at 80 °C for 120 min. The
Dragon Skin was prestretched to the length of (6’ + 1YL (L, =6
cm) and treated by glow discharge plasma [air plasma (AP), 50 Pa,
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Figure 2. Characterization of the buckle wavelength gradient and mechanical properties of the MBGWF sensors. SEM image and corresponding
enlarged view of the MBGWF sensing film with (a) n = 1, (b) n =2, and (e) n = 3. Colorization was achieved using image analysis software (see
Supporting Information for details). (c) Through-layer buckle wavelength gradient curves of the MBGWF sensing film with varying n values. (d)
Stress vs strain curves for the Dragon skin and MBGWF sensors with varying n values.

100 W, S min]. Afterward, the as-prepared GWF was directly
transferred onto the Dragon Skin from water and dried at 80 °C for 20
min (transfer step). The transfer process was carefully controlled such
that the stretching angle [the included angle between each graphene
microribbon (GMR) and the desired stretching direction] was 45°
(Figure 2a). The as-transferred GWF was pre-cracked and buckled by
stretching the substrate to the length of (E‘PC + 1)(.&‘sp + 1) PL, (pre-
crackin% step) and then relaxed (relaxing step) to the length of (e, +
1)0=*DL,. Last, by repeating the transfer, precracking, and relaxing
step (n — 1) times and the transfer step for the ny, time, the Dragon
Skin was relaxed sequentially until the L, was recovered. The size of
the as-prepared MBGWF sensing film is 20 X 8 mm? Copper wires (2
pum in diameter) were connected to two ends of the as-prepared
MBGWEF with the assistance of silver paste. Here, &, is the step pre-
strain that controls the degree of the pre-strain and was determined
according to the maximum sensing strain (¢.) of the individual GWF
sensing unit, €, the step pre-cracking strain that controls the degree of
pre-cracking, n the desired number of layers of GWFs stacked in the
final strain sensor (e.g, n = 10 indicates 10-layer stacking of GWFs),
L, the initial length of the substrate before stretched, and k (=1, 2, 3,
.., 1) an integer indicating the number of repetitions that were carried
out in the process, which also equals to the number of layers
transferred in the process (e.g, k = 3 when the stated steps were
repeated three times and three layers were transferred). See Table SS
for the specific value of each parameter for the MBGWF sensing film
with n = 1, 2, 3, 5, and 10.

2.3. Characterization. The scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force microscopy
(AFM), and optical microscopy (OM) characterization were
performed using the Hitachi SU8200 FE-SEM, JEM-2100F, Ntegra
(NT-MDT), and Axio Lab.Al (Carl Zeiss Microlmaging GmbH),
respectively. The Raman testing was carried out using a DXR Raman
Microscopy (Thermal Scientific Corporation, USA, with a 532 nm
excitation length). In electromechanical tests, the relative resistance
variation was acquired under various strain loading conditions (see
Table S4 for details). The tensile strain loading was provided by a
high-precision motorized linear stage (a displacement resolution of 2.5
um, see Figure S1, Supporting Information for details on the sample
fixation approach and device setup for tensile strain loading). A
constant voltage (0.1 V) was loaded on the sensor using a two-point
connection method to acquire a real-time current signal with an
electrochemical workstation (PARSTAT 2273, Princeton Applied
Research). Professional image analysis software Image-Pro-Plus 6 was
used for the quantitative analysis of buckles and cracks (see Supporting
Information for details).
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3. RESULTS AND DISCUSSION

3.1. Fundamental Design Philosophy and Fabrication
Process of the MBGWF Strain Sensor. We start with a
discussion of the fundamental design philosophy. As shown in
Figure lab, n layers of sensing units with varying buckle
wavelength are stacked to form the bulk sensing film, in which
the buckle wavelength increases from the bottom layer to the
top (flat layer, A ~ infinity). Understandably, when a specific
sensing material with buckles is stretched, the applied strain will
be accommodated by buckles such that the sensing material will
not experience intrinsic strain that triggers the electrical
response. In addition, the capability of the sensing material to
accommodate the applied strain is highly dependent on the
degree of buckling or the buckle wavelength. Because of the
existence of the buckle wavelength gradient, when the bulk
sensing film is loaded with strain, the top flat layer, without the
aid of buckles, will first respond to stimuli, whereas underlayers
remain unresponsive until their buckles disappear (1 reaches
infinity). On the basis of the above analysis, if the buckle
wavelength gradient is precisely controlled, we could reasonably
expect interesting electromechanical behaviors of each sensing
unit as depicted in Figure lc. Here, we term the unresponsive
state (blue part in Figure 1c) as the conducting mode, whereas
the responsive one (red part) as the sensing mode. Specifically,
underlayers will switch from their conducting mode to the
sensing mode exactly when corresponding upper layers reach
their strain sensing limit (&.). The direct result is that, ideally,
multilayer sensing units will work cooperatively, as runners do
in a relay race, to break the sensing limit of an individual and
extend the overall strain sensing range to any desirable higher
level. Meanwhile, high global sensitivity could also be acquired
by carefully choosing a sufficiently sensitive sensing unit.

The crux lies in how to introduce such a through-layer buckle
wavelength gradient into a sensing film composed of multi-
layered sensing units. As a demonstration, the GWF was chosen
as the sensing unit and Figure 1d,e schematically illustrates the
fabrication strategy for the MBGWF strain sensor (see the
Experimental Section for fabrication details). The process starts
with the preparation of the free-standing GWF film on water
following the method stated in a previous work.”® Then, the
Dragon Skin was prestretched to the length of (g, + =L,
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Figure 3. Electromechanical performances of MBGWE sensors. Plots of (a) relative resistance variation vs strain (the inset figure shows the initial
resistances for varing 1) and (b) GF vs strain for MBGWEF strain sensors with varying n. (c) Summary of reported values of the maximum GF and
the maximum sensing strain from the literature and results from this work. Relative resistance variation under (d) gradually diminishing step strain
from 0.2 to 0.02% (the inset figure shows the response signal under the cyclic strain of 0.02%), (f) first stretching—releasing cycle at 20 and 50%
strain, (g) cyclic strain of 20% (the starting resistance after k times of cycling tests was used for the value of R, to calculate AR/R, for the kth curve),
and (h) cyclic strain of 50% (the inset figures show the schematic illustration of the structural reconstruction process in the first 1000 cycles and the
enlarged view of signals during 7580th—7600th cycles, respectively). (e) Current signal to a quasi-transient input step strain of 0.2%.

and the surface hydrophilicity was improved by applying the AP
treatment (see Figure S6 for results of contact angle tests).
Afterward, the as-prepared GWF was directly transferred onto
the Dragon Skin from water, and the substrate was further
stretched to the length of (e, + 1)(¢, + 1)L, to precrack
the as-transferred GWF and then relaxed to the length of (e, +
1)UL, to form buckles (see the Experimental Section for
the definition of &, &, 1, k, and L, and Figures 2a and S10 for
the evolution of the morphology of a GWF following a cycle of
the transfer, pre-cracking, and relaxing process). Last, by
repeating transfer, pre-cracking, and relaxing (n — 1) times and
transfer for the last time (ny,), the Dragon Skin was relaxed
sequentially until the initial length was recovered and we
attained the MBGWF sensing film with n-layer stacking of
selectively buckled GWFs (see Figure 1f for the photograph of
the real sensor with n = 10 and Figure 1g for the cross-sectional
SEM image of the MBGWF with n = 3).

Figure 2a shows that the as-prepared GWF film retained the
woven structure of the copper mesh. After etching away the
inner copper, the hollow structure collapsed into flattened
GMRs (~140 pym in width) that interlaced with each other at
right angles and formed square meshes of ~150 pm in width.
The GWF was free-standing on water without the need of an
intermediate substrate (Figure S7a,b). The Raman spectra
suggest that the as-grown graphene is multilayered (>$ layers,
see Figure S7d for detailed analysis). The thickness of a single-
layer GMR was determined to be ~70 nm by the AFM (Figure
S8). The electron diffraction pattern with a series of continuous
hexagonal spots expected for graphene (Figure S9b) reveals the
polycrystalline feature, which is further confirmed by
distinguishable grain boundaries shown in dark-field TEM
images (Figure S9¢,d).
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We also evaluated the mechanical properties of the bare
Dragon Skin substrate and MBGWEF strain sensors with
different n values using tensile stress versus strain measure-
ments (Figure 2d). The rupture strain of the Dragon Skin and
sensors with n = 1, 5, 10 reached up to 590, 602, 612, and
616%, and the tensile strength was determined to be 1.14, 1.23,
1.17, and 1.17 MPa, respectively.

Figure 2b,e pictures the stacking and buckling condition of
GWFs in MBGWEF strain sensors with n = 2 and 3, respectively
(see Figure S11 for images of the MBGWF sensing film with n
= S and 10). Although the decreasing contrast among layers
adds difficulties in distinguishing layer from layer, different
layers could still be traced by scrutinizing differences in the
buckling condition with the aid of the professional image
analysis software (see Supporting Information for details on
image analysis). In both cases, the lower layers are featured with
buckles of smaller wavelength but higher distribution density.
We measured the buckle wavelength of different layers for the
sensor with n = 3, 5, and 10 using the professional image
analysis software as stated before, and the result is presented in
Figure 2c. Figure 2c clearly shows the formation of the buckle
wavelength gradient through layers of different sensors. That is,
the buckle wavelength increases from the bottom layer to the
top layer. Note that the value of infinity was designated to the
top layer arbitrarily because no pre-strain was applied to it. In
short, such a sequential transfer-relaxing fabrication strategy
introduced pre-strain of decreasing degree to each layer, which
is effective in forming a through-layer buckle wavelength
gradient.

3.2. Electromechanical Performances of the MBGWF
Strain Sensor. Electromechanical performances of MBGWEF
strain sensors were investigated by recording the relative
resistance variation (AR/R,) under various strain (&) loading
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Figure 4. Illustration of the working mechanism of strain sensing. (a) OM image of the initial MBGWF strain sensor with n = 3 before stretching.
The upper-right inset image shows the schematic illustration of the cross-sectional view of the sensing film. (b) Schematic illustration of the cross-
sectional view of the sensing film under the strain of 10% (top), the enlarged OM image of the selected area in (a) under the strain of 10% (middle),
and the corresponding colorized image (bottom). (c) Schematic illustration of the cross-sectional view of the sensing film under the strain of 30%
(top), the enlarged OM image of the selected area in (a) under the strain of 30% (middle), and the corresponding colorized image (bottom). See
Supporting Information for details on colorization and analysis of cracks. (d) Schematic illustration of the morphology evolution of the
polycrystalline graphene under strain. (e) Plots of current vs strain for GWFs with 0, 63, and 200% pre-strain, respectively. Inset SEM images show
the corresponding morphology before being stretched. Scale bar, 100 pm.

conditions. To determine the maximum strain sensing range
and sensitivity, MBGWF sensors with varying n were stretched
until the sensing film lost conductivity. Highly tunable sensing
performances were observed from Figure 3a: AR/R, versus &
curves of three MBGWEF strain sensors with n = 1, 5, and 10
share the same exponential growth pattern whereas diverge
significantly in the maximum sensing strain and sensitivity (GF,
defined as the slope, or d(AR/Ry)/de). Precisely, with the
increase of 7 from 1 to S and 10, the maximum sensing range is
extended remarkably from 12 to 82.84 and 242.74%, whereas
the GF at a fixed strain drops. Further calculation of GF (Figure
3b) shows that GF of these three MBGWF strain sensors also
increases exponentially from 87, 4, and 1 to 105 674, 8315, and
2996, respectively, and the average GF within the maximum
sensing strain was calculated to be 12052, 350 and 327,
respectively (see Figure S13 and Tables S1 and S2 for details on
the calculation). Note that, despite an ultrahigh sensitivity (GF
up to 10°), the single-layer GWF-based strain sensor without
any special structure design previously reported®® has a very
narrow strain sensing range (~10%), which limits its
application in monitoring full-range human activities, especially
those inducing large deformation. In comparison, in this work,
by introducing the buckle wavelength gradient to multilayered
GWEFs, the strain sensing range of MBGWEF strain sensors with
n =S and 10 is improved by 7 and 23 times, respectively.
Although the improvement in stretchability is achieved at the
sacrifice of the sensitivity to some extent, because of the
ultrahigh sensitivity of individual GWF, the sensitivity of
MBGWEF strain sensors is still maintained at a desirable high
level. As shown in Figure 3¢, the incorporation of a wide strain
sensing range and high GF enables MBGWEF strain sensors (1 =
S and 10) to stand out when compared with those reported in
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the previous work (see Table S6 for a more comprehensive
comparison of strain sensing performance parameters, includ-
ing sensitivity, stretchability, minimum detection limit,
durability, response time, and linear-
ity).15717,2021,2629,32-35,37,39-43,45-49

To further evaluate the sensing performances of the
MBGWE strain sensor, the sensor with n = 10 was chosen as
the testing sample (through later sections unless otherwise
specified) and critical sensing parameters including the
minimum detection limit, response time, and cyclic repeat-
ability were determined. The minimum detection limit was
measured to be as low as 0.02% by applying a series of
diminishing step strain and cyclic strain loading of 0.02%
(Figure 3d). Such a low detection limit should be highly
desirable for monitoring subtle signals in wearable applications.
The sensor also exhibits a fast stimuli response of <90 ms
(Figure 3e, see Supporting Information for details on the
testing approach).

The stretching—releasing cyclic repeatability of the sensor
was tested at the strain of 20 and 50%, respectively (see Figure
S18 for the cyclic repeatability of the sensor with n = 1 and S).
Figure 3f shows the AR/R, curves for the first cycle. The sensor
experienced a larger irreversible AR/R, change of 85% when
the strain recovered to 0% in the case of 50% strain, compared
with that of ~15% in the case of 20% strain. However, the
relative change of AR/R, (defined as AR/R, at the 0% strain
divided by that at the maximum strain for each curve) is
comparable in the two cases, which was calculated to be 36.6%
(=15%/41%) in the case of 20% strain and 35.4% (=85%/
240%) in the case of 50% strain. Such an irreversible change of
AR/R; in a stretching—releasing cycle is usually termed the
hysteresis effect, which is a widely reported to exist in strain

DOI: 10.1021/acsami.7b17975
ACS Appl. Mater. Interfaces 2018, 10, 9653—9662


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b17975/suppl_file/am7b17975_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b17975/suppl_file/am7b17975_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b17975/suppl_file/am7b17975_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b17975/suppl_file/am7b17975_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b17975/suppl_file/am7b17975_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b17975/suppl_file/am7b17975_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b17975/suppl_file/am7b17975_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b17975

ACS Applied Materials & Interfaces

Research Article

5
a b 109
n R
th —_ 4
: /\/\/\ n /W\ 2104
th ~
. R, vV V o10°1 n=10
AAAAAA  7— AR - el e
2, R,—\/\/— < 10'] —— Model fitting
T L L R L 2_
e AMAAMAAAA R e R
st 1 AVAYA 0 50 100 150 200 250
Strain (%)
C 10% d 10°%4 € 1200+
3104 <10t s 800
<, ep=132% | &, ] n=10 = 900
1077 210°1 _ ‘s 600 4
= 2 S| - 1
102 n= 10 Esp™ £ e00
@, —10 z o1 —13.2% 7 / 400
<l1°01 —15 <]10‘] 18% % 3001 s /
10 ——2, 10° : . — 2% = oiZ 200
0 200 400 600 800 10001200 0 200 400 600 800 0 8 16 24 12 18 24
Strain (%) Strain (%) n &sp (%)

Figure 5. Modeling of strain sensing performances. (a) Schematic structure and electric circuit model of the n-layer MBGWF sensing film. R, is the
resistance corresponding to the ith sensing unit. (b) Modeling fitting of the relative resistance variation curve of the MBGWT strain sensor with n =
10. (c—e) Modeling prediction on the effect of fabrication parameters on the strain sensing performance. (c) Effect of repetition time n. (d) Effect of
Ep (e) Summary of the effect of n and €, on the maximum sensing strain based on c—d.

sensors utilizing various sensing materials (graphene,”® CB,*
CNTs,” "% gold nanowires,”® and silver nanowires'?). Though
still not very well understood, the hysteresis behavior could be
attributed to the synergistic influence of the irreversible
structural change and the interfacial interaction. Figure S14
shows the prolonged recording of the AR/R, signal with a
duration of 330 s after the strain recovering from 20 to 0%,
from which we observed that a slow recovery process of the
signal continued but the AR/R, signal could not recover fully
to 0%. The irreversible AR/R, change could be due to the
occurrence of the irreversible structural change, whereas the
slow recovery process should be attributed to the viscoelastic
nature of the Dragon Skin as a polymer elastomer®®**%" and
potential sliding and friction between the substrate and the
GWEF and among the GWF sensing units.

Interestingly, in the subsequent cycling after the first cycle, a
continued drop of the baseline of the AR/R, curves occurs until
1000 cycles are finished (Figure 3h). To explore the reason for
the initial drop of the baseline in the first 1000 cycles, we traced
the morphology evolution of the sensing film with 10-layer
GWFs, following a 50 000 time cycling test at the strain of 50%
(Figure S1S5). Macrophotograph (Figure S15c) shows the
decrease of flatness of the sensor surface with the increase of
cycling number. OM images (Figure S15a’,a”,b’,b”) show that
after 50000 times of stretching—releasing cycling, the upper
GWFs form a more conformal contact with lower layers, as
indicated by the visible buckling configuration of lower layers.
Such observations indicate that a structural reconstruction
process occurred during the first 1000 cycles. That is, during
the stretching—releasing process, the suspending part (the inset
images of Figure 3h) of the upper layers should form a better
contact with lower ones. Such a reconstruction process was
facilitated by the increase of the cycle number until 1000 cycles.
Understandably, a better contact among the layers should result
in a better conductivity of the sensing film and thus the drop of
the baseline of the AR/R, curves.

As shown in Figure 3h, at the strain of 50%, the sensor works
relatively stable through 1000 to 10000 cycles, with only a
slight increase of the baseline from —25% (1000th cycle) to
—16% (10000th cycle). At a cyclic loading of 20% strain
(Figure 3g), compared with that after 100 cycles, the response
curve remained nearly unchanged after 1000 cycles and
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experienced a relative drift of —9.4 and —14.5% at the point
of 20% strain after 10 000 and 50 000 cycles, respectively.

3.3. Working Mechanism and Modeling Study on
Effects of Critical Parameters. Such highly tunable perform-
ances in the strain sensing range and sensitivity should be a
desirable result benefitting from both ultrasensitivity of the
GWEF sensing unit and the through-layer buckle wavelength
gradient. For one thing, similar to other sensing materials based
on the cracking mechanism,****~* the GWF sensing unit
possesses an ultrahigh sensitivity to strain. As mentioned
before, the as-prepared graphene for the individual GWF has a
polycrystalline feature composed of overlapped graphene
domains (Figure 4d). Under a strain loading, cracks initiate
and propagate as a result of relative sliding among adjacent
graphene domains, leading to a dramatic reduction of the
conductive paths and thus giant electrical resistance varia-
tions,**%°

For the other, the morphology evolution of the MBGWEF
strain sensors with n = 3 and n = 10 under a series of stretching
conditions (Figures 4a—c and S12) reveals that the through-
layer buckle wavelength gradient leads to a layer-by-layer
cracking process, accounting for the working mechanism of the
MBGWEF strain sensor. For clarity, the case of n = 3 was
selected for the following discussion. Figure 4a shows the
stacking and buckling condition of layers as stated before.
Under the strain of 10% (Figure 4b), cracks perpendicular to
the direction of stretching (marked as red in Figure 4b)
initiated on the third layer but was not observed on the first and
second layer. Instead, both the first and second layer
accommodated applied strain through the increase of buckle
wavelength. As the strain was increased to 30% (Figure 4c),
cracks on the third layer tended to widen (marked as red in
Figure 4c). Meanwhile, buckles on the second layer were also
replaced by cracks (marked as green in Figure 4c) that were
narrower than those on the third layer, and the first layer still
retained buckles with further increasing wavelength. Clearly, the
buckle wavelength gradient endowed different layers with
varying capability of accommodating strain thus enabling cracks
to propagate through layers in a controllable time-delayed
manner (see inset images in Figure 4a—c for the schematic
illustration of the cross-sectional evolution).

Such a layer-by-layer cracking process further leads to a layer-
by-layer electrical signal response. Figure 4e shows how varying
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Figure 6. Demonstration of monitoring full-range human activities. (d) Schematic illustration of a human body and photographs showing the sensor
attached to various parts. Responsive current signals of the sensor attached to (a) throat when the wearer spoke various words, (b) finger in a
bending process, (c) knee under various motions, (e) breast when the wearer was in relaxation and after exercise, and (f) wrist when the wearer was
in relaxation and after exercise. (g) Enlarged view of an individual pulse contour selected from (f) (systolic and diastolic activity was marked as pink
and blue, respectively).A constant voltage of 0.1 V was applied in all cases.

buckle wavelength created by different pre-strain conditions
influences the sensing behavior of the individual GWF. In the
case of the GWF applied with 0% pre-strain, the sensing mode
(marked as red in Figure 4e) starts immediately when
stretched. In comparison, in the case of the GWF with 63
and 200% pre-strain, the starting point of the sensing mode
shifts remarkably from 0 to S8 and 174%, respectively.
Interestingly, apart from conducting (marked as blue in Figure
4e) and sensing mode as expected, a growing mode (marked as
gray in Figure 4e) was also observed, which should be
attributed to the recontact of parallel cracks (see Figure S16 for
detailed analysis). Here, we see that the buckle plays the role as
a “switch” that controls the on—off state of the sensing mode of
individual sensing units. Liu et al.’' also utilized the
prestretching approach in the design of the so-called FSG
sensor, which has a fish-scale-like structure formed by
overlapped bilayer rGO. Working based on the separation of
the overlapped bilayer rGO, the FSG sensor has a quite wide
strain sensing range of ~82% and a high GF of 16.2 to 150.
However, on the basis of the above analysis, the working
mechanism of our MBGWE sensor differs greatly from that of
the FSG sensor. That is, the through-layer buckle wavelength
gradient enables multilayer sensing units to work cooperatively
to break the maximum sensing limit of an individual and extend
it to a desirable higher level.

On the basis of this layer-by-layer cracking mechanism, we
further developed a simplified model to investigate how
fabrication parameters affect electromechanical performances
of the MBGWEF strain sensor (details on the derivation process
and corresponding schematic illustrations are provided in the
Supporting Information and Figures S2—S4). Briefly, we
established an electric circuit regarding the stacked n-layer
GWFs inside the MBGWF film as n resistors (R;) in parallel
(Figure Sa). Through critical derivation, we arrived at a set of
equations (eqs S5, S8, S22, S28, and S21) describing the
relation between the overall relative resistance variation (AR/
R,) and the overall strain (¢). These equations were applied to
fit the experimentally determined AR/R,, versus € curve of the
MBGWE strain sensor with # = 10 (see Table S3 for details on
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fitting results). Figure Sb shows a high degree of fitting (R* =
0.996), which validates the accuracy of the layer-by-layer
cracking mechanism.

This layer-by-layer cracking model was found to be useful in
prediction of the effect of fabrication parameters on electro-
mechanical performances of the MBGWEF strain sensor (Figure
Sc—e). Interestingly, the repetition time (n) and the step pre-
strain (&,,) share a similar effect on the trend of the AR/R,
versus € curve. That is, with the increase of each parameter, the
maximum sensing strain could be improved, whereas the slope
(or the sensitivity) could be lowered.

The effect of n predicted by modeling (Figure Sc) coincides
well with the experimental results (Figure 3a). Notably, the
predicted maximum sensing strain could be higher than 500
and 1000% with n = 15 and 20, respectively (Figure Sc,e). Such
a result becomes understandable when we recall that the
increase in the repetition time immediately adds new layers to
the sensing film, which will widen the strain limit through the
layer-by-layer cracking mechanism as discussed. Besides,
adjusting &g, was also proved to be an effective way of
modifying the maximum sensing strain (Figure Sd,e). An
increase of &, from 13.2 to 18 and 25% will widen the
maximum sensing strain to more than 400 and 800%,
respectively. Such findings clearly suggest the high adjustability
of sensing performances of the MBGWF strain sensor. In
addition, if we could overcome some practical difficulties, such
as the limit of stretchability of the substrate, the strain sensing
range could be freely extended to a higher level.

In our design, to guarantee that the sensing mode of a lower
layer will immediately start when a higher layer reaches its €,
&y, was carefully controlled to equal to & of each sensing unit.
Thus, any parameters that affect &, of the individual GWF will,
in turn, determine the overall performance of the strain sensor.
Further tests (Figure S17ab) show that the stretching angle
(defined as the included angle between the GMR and the
stretching direction) and pre-cracking are two parameters that
strongly influence the electromechanical performance of the
individual GWF. Briefly, on one hand, stretching in 45° will
result in a higher €. but lower sensitivity compared with 0°. On
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the other hand, pre-cracking of the GWF will enhance the
sensitivity of the GWF but lower the e. In addition, the
combination of a stretching angle of 45° and pre-cracking was
proved to be the optimal condition for the MBGWEF strain
sensor to achieve a balanced ¢, and sensitivity (Figure S17c).
This is the reason why the stretching angle was controlled to be
45° in the transfer process and the pre-cracking step was
included in the fabrication of the sensors.

3.4. Capability of Monitoring Full-Range Human
Activities. To demonstrate the promising potential of the
MBGWEF strain sensor as a wearable sensor for monitoring the
full-range human activities, we attached the sensor to various
parts of a human body with the help of a medical tape (Figure
6d). For one thing, the high stretchability allows the sensor in
monitoring vigorous joint motions. Figure 6b shows stable step
signals responding to the finger motions. In addition, various
knee-related activities such as flexing/extending, walking,
jogging, and jumping could be clearly distinguished by the
difference in their amplitude and frequency (Figure 6c).

For the other, the strain sensor shows the advantage of high
sensitivity and fast response in sensing subtle physical signals.
As shown in Figure 6a, the sensor could effectively respond to
subtle stimuli of complicated epidermis/muscle movements
around the throat during phonation and recognize different
patterns of relatively long words such as “multilayer”, “buckle”,
“graphene”, “sensor”, and “SICCAS”, which implies a great
potential in applications such as ipeech rehabilitation training
and human/machine interaction.”**® Besides, the capability of
monitoring subtle physiological signals is also of great
importance for disease diagnosis and personal health care.
Figure 6e shows that muscle movements in the chest caused by
respiration could be well-recorded by the sensor and variations
in depth and rate of the respiration before and after exercise
were clearly distinguished. Interestingly, because of high
sensitivity and fast response of the sensor, the contribution of
the heartbeat was also recorded in the form of subpeaks in the
signal for respiration. Wrist pulse is another key indicator of
one’s health condition, providing useful information on arterial
blood pressure and heart rate.””°® Figure 6f shows that a male
in relaxation had a pulse frequency of 85 beat min~", which was
accelerated to 120 beat min~' after exercise, accompanied by
strengthening in intensity. Apart from the pulse rate and
intensity, accurate disease diagnosis relies on more detailed
information on the pulse contours. A closer inspection on an
individual pulse contour (Figure 6g) shows that it is composed
of four characteristic subpeaks traditionally termed percussion
wave (P), tidal wave (T), dicrotic notch (DN), and diastolic
wave (D). DN divides the pulse into two parts corresponding
to the systolic (pink in Figure 6g) and diastolic (blue in Figure
6g) activity. As for the underlying mechanism for such
subpeaks, it is widely accepted that the P-wave is the result
of the impulse generated by ventricular ejection, whereas
diverse explanations exist for T-wave, DN, and D-wave.”’
Despite such inconsistency, we could still conclude that such a
high-resolution pulse signal with detailed clinical messages
should be desired by continuous and noninvasive pulse
monitoring and disease diagnosis.

4. CONCLUSIONS

To sum up, we presented a through-layer buckle wavelength-
gradient design and a facile and universal strategy for
introducing the gradient into multilayered sensing units.
Following this design, strain sensors using GWFs as sensing
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units exhibit highly tunable electromechanical performances
and a desirable incorporation of high sensitivity and
stretchability, ultralow detection limit, a fast signal response,
and a high cyclic durability. Moreover, the promising potential
of the MBGWF strain sensor as the wearable sensor was
demonstrated by its excellent performances in the full-range
human activities. A series of critical observations revealed the
underlying working mechanism to be a layer-by-layer cracks
propagation and response. In addition, the modeling study
predicted influences of critical parameters on sensing perform-
ances. Also, such a facile strategy could be immediately adapted
by replacing the sensing unit with alternative materials, giving
rise to the promising potential for further tuning the sensing
properties that meet requirements of emerging applications.
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