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A B S T R A C T   

An increasing utilization of flexible and wearable electronics in human motion monitoring, healthcare moni-
toring and electronic skin urges the rapid development of flexible strain sensors. However, it is still a challenge to 
fabricate flexible strain sensors with both ultralow detection limit and wide sensing range. Herein, we develop a 
universal strategy to design the flexible strain sensor with both ultralow detection limit and wide sensing range 
based on the dual sensing layers with multiple sensing mechanisms, which can combine the advantages of 
sensing mechanisms of tunneling effect and crack propagation. Attributed to the multiple sensing mechanisms, 
the designed strain sensor possesses an ultralow detection limit of 0.01% and a wide sensing range (The 
maximum sensing strain is greater than 100%, high enough for all human motion monitoring). Moreover, 
excellent stretchability, fast response (68 m s)/recovery (68 m s), and outstanding reproducibility are achieved 
by this dual-sensing-layer sensor. Because of these outstanding performances, this strain sensor is capable of 
detecting and distinguishing both subtle physiological movements (e.g. pulse, coughing, and swallowing) and 
large-scale human motions (e.g. walking, leg lifting, and squatting), indicating great potential applications in 
wearable electronics. This work proposes a new strategy, i.e. constructing multilayer sensing structure with 
multiple response mechanisms, which may overcome the long-standing challenge of high-performance flexible 
strain sensor.   

1. Introduction 

Flexible strain sensors, as the vital components of flexible and 
wearable electronics, have received intensive attentions from both 
academy and industry attributed to the rising demand in human- 
machine interfaces, intelligent robotics, healthcare monitoring and 
electronic skin [1–3]. Different from the conventional strain sensors 
made of rigid materials that possess very poor flexibility, low sensitivity 
and limited response range (<5%) [4], flexible strain sensors have 
various merits, such as flexibility, stretchability, high sensitivity and 
wide sensing range [5–10]. 

In general, it is a commonly used strategy to combine stretchable 
polymer with conductive nanoparticles to design the flexible strain 
sensors [11–22]. Stretchable polymer endows the sensor with 
outstanding flexibility and stretchability, while conductive 

nanoparticles play a role of sensing component attributed to their 
electrical response to the strain stimulus [23]. Based on the different 
sensor structures, there are several different sensing mechanisms. The 
first sensing mechanism is the tunneling effect, which is attributed to the 
change of the tunneling distance between the conductive nanoparticles 
and the destruction of conductive networks [24–28]. As the sensor is 
stretched, the conductive network is broken and the tunneling distance 
between conductive nanoparticles is increased, thus causing the increase 
in resistance of the sensor. Since the evolution of conductive networks 
exists in the entire stretching process, the stretchable sensor dominated 
by the tunneling effect normally exhibits wide sensing range. For 
instance, Wang et al. [28] prepared a fiber-shaped strain sensor by 
compounding multi-walled carbon nanotubes (MWCNTs) and thermo-
plastic polyurethane (TPU) together. Attributed to the tunneling effect 
and the destruction of conductive pathways of MWCNTs during the 
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stretching, the sensor showed wide response range (up to 320% strain), 
which could be applied to monitor the human motion such as the 
bending of finger, elbows and knee. However, this type of strain sensors 
exhibits low sensitivity under subtle strain, failing to detect the tiny 
human physiological signals, such as pulse, breath and phonation. 

Inspired by the sensory system of spiders, a new sensing mechanism 
of crack propagation was developed to design the flexible strain sensors 
with ultralow sensing limit [29–34]. The capability of ultralow sensing 
limit can endow the sensors with the ability to detect subtle strain, 
which is critical for their application in healthcare monitoring and 
electronic skin. The sensing mechanism of crack propagation normally 
dominates the sensing behaviors of the sandwich-type strain sensor, 
which contains two flexible thin films sandwiching one brittle conduc-
tive layer. Even under a slight stretch, the appearance and propagation 
of the cracks on the conductive layer cause a remarkable increase in the 
electrical resistance, which endows the sensor with ultralow detecting 
limit. For example, Yang et al. [30] developed an ultrasensitive strain 
sensor with cracked structures to detect the subtle strain of pulse. The 
ultrahigh sensitivity of this strain sensor is attributed to the overlapping 
separation and crack generation in graphene film. However, the sensor 
exhibits a limited sensing range (<30%), which is an obvious defect for 
the crack-based strain sensors. Although the ultralow detection limit and 
wide sensing range have been achieved individually in many previous 
works, it is extremely difficult to fabricate the flexible strain sensors with 
both ultralow detection limit and wide sensing range. 

Herein, a flexible and stretchable strain sensor with both ultralow 
detection limit and wide sensing range is achieved through designing the 
dual sensing layers to combine the advantages of different sensing 
mechanisms. One of the sensing layers is the carbon nanotube (CNT)- 
polydimethylsiloxane (PDMS) conductive layer, where CNTs with a 
large aspect ratio are embedded in PDMS forming a flexible and 
stretchable sensing layer. Another sensing layer is the ultra-sensitive 
conductive layer with a multiple cracked structure, which is composed 
of CNTs and silane coupling agent (3-aminopropyltriethoxysilane, 
KH550). This layer is tightly coated onto the CNT-PDMS sensing layer, 
thus constructing the dual-sensing-layer structure. In this designed 
multilayer structure, the sensing behavior of the brittle CNT-KH550 
layer is dominated by the sensing mechanism of crack propagation, 
which endows the strain sensor with the capacity for monitoring subtle 
strain (as low as 0.01%). On the other hand, the stretchable CNT-PDMS 
layer with the sensing mechanism of tunnel effect provides the wide 
sensing range of over 100%. Moreover, this multilayer strain sensor 
exhibits other merits, such as extremely fast response (68 m s) and re-
covery (68 m s), and great reproducibility for 10,000 stretching- 
releasing cycles. Attributed to these outstanding performances, the 
designed multilayer strain sensor can detect not only the subtle strains of 
human pulses at different states, coughing, and swallowing, but also the 

large strains of joints, which has great potential applications in human 
motion and physiological signal monitoring, human-machine interfaces, 
wearable electronics, and electronic skin. 

2. Experimental section 

2.1. Materials 

CNT dispersion (4 wt%) was supplied by Xin’ao Graphene Technol-
ogy Co., Ltd. China. PDMS (Sylgard 184 Silicone Elastomer) was pur-
chased from Suzhou Ruicai Semiconductor Co., Ltd. 3- 
Aminopropyltriethoxysilane (KH550) was bought from Aladdin Chem-
istry Company, China. Isopropanol and xylene were provided by Beijing 
Chemical Factory. 

2.2. Sample preparation 

Fig. 1 exhibits the fabrication procedure of the CNT-PDMS/CNT- 
KH550 strain sensor with dual sensing layers. The flexible CNT-PDMS 
layer was prepared via a previously reported method [35]. Firstly, a 
certain amount of CNTs were evenly dispersed in isopropanol with a 
final mass fraction of 0.04 wt%, which were then uniformly sprayed on 
the surface of polytetrafluoroethylene (PTFE) substrate (10 cm × 10 cm) 
by airbrush (Taiwan 116) under the air pressure of 650 KPa. The 
diameter of the nozzle is 0.3 mm. The distance between PTFE substrate 
and nozzle is 10 cm. In this work, the area density of CNTs is fixed at 
0.16 mg/cm2, i.e. the mass of CNTs per square centimeter is 0.16 mg. 
Meanwhile, the PDMS (Sylgard 184 Kit A) was diluted by xylene (mass 
ratio of 1:1) by stirring for 0.5 h to decrease its viscosity, followed by 
adding the curing agent (Sylgard 184 Kit B, the mass ratio of Sylgard 184 
Kit A to curing agent is 10:1) and mixing for 0.5 h. Secondly, the diluted 
PDMS solution was cast onto the aforementioned PTFE substrate coated 
with CNTs, and then was kept at room temperature for 24 h to evaporate 
the xylene solvent and cured at 100 ◦C for 35 min. During this process, 
PDMS chains were permeated into CNT layer, which generated flexible 
CNT-PDMS film. Next, the CNT-PDMS film was gently peeled off from 
the PTFE substrate, and spray coated by the dispersion of CNTs/KH550 
with different proportions (CNTs/KH550 = 1w/1w, 1w/5w, and 
1w/10w) on the side of CNT layer, thus forming the dual sensing layers. 
The prepared dual strain sensing layers are named as 
CNT-PDMS/CNTx-KH550y (x, y represent the mass ratio of CNT to 
KH550 in the brittle sensing layer) and cut into regular rectangular 
specimens. These specimens were stretched 10 times at a strain rate of 
200 mm/min and a strain amplitude of 100% to generate cracks. After 
that, copper tapes were attached at the two ends of film to serve as 
electrodes. Silver paste was attached between the sample and the elec-
trodes to ensure fine contact. Finally, an additional layer of PDMS was 

Fig. 1. Schematic for the fabrication of CNT-PDMS/CNT-KH550 strain sensor.  
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cured on the top of the layer of CNT-KH550 to form 
CNT-PDMS/CNT-KH550 strain sensors with sandwich-like structure. 

2.3. Characterization 

The morphological analysis of CNT-PDMS and CNT-KH550 sensing 
layers was conducted by a XL30 ESEM (FEG, Micro FEI PHILIPS) at an 
accelerating voltage of 20 kV. The samples were immersed in liquid 
nitrogen for 30 min and then fractured in liquid nitrogen. Subsequently, 
surface and cross section of the sensing layers were coated with a thin 
layer of gold for SEM measurements. Electrical resistivity of the samples 
was measured by a digit precision multimeter (DMM7510, Keithley In-
struments Inc., USA). The variation of the resistance under strain stimuli 
was measured using a DMM7510 digit precision multimeter coupled 
with Instron 1121 material tester. In order to observe the pulse of human 
by a cell phone, the portable multimeter (Fluke-3000-fc) was employed 
to realize wireless transmission. 

3. Results and discussion 

For the sandwich-type strain sensor, its sensing properties highly 
depend on the microstructure of the sensing layer. Therefore, scanning 
electron microscope (SEM) is employed to visualize the structures and 
morphologies of the CNT-PDMS layer and CNT-KH550 layer. The sur-
face morphology of CNT-PDMS sensing layer before coating CNT-KH550 
is presented in Fig. 2a. From the partially enlarged SEM image (the insert 
in Fig. 2a), it can be observed that the PDMS is permeated into the 
sprayed CNTs layer, thus forming the CNT-PDMS sensing layer. Since 
CNTs are well embedded inside PDMS matrix, the CNT-PDMS layer 
possesses highly flexibility and stretchability. In Fig. 2b, we present a 
SEM image to show the film surface morphology after coating CNT- 
KH550 (CNT:KH550 = 1:5) onto the CNT-PDMS sensing layer. The 
surface morphologies coated with other mass ratios of CNTs to KH550 
are presented in Fig. S1a and S1b. It is obvious that there are numerous 
microcracks generated as the result of pre-stretching. The generation of 

Fig. 2. SEM images of the sensing layers of (a) CNT-PDMS and (b) CNT1-KH5505 after pre-stretching treatments at the strain of 100%. The insets in the SEM images 
show the partial enlarged images of (a) and (b). (c) and (d) are the fracture surfaces of CNT-PDMS and CNT-PDMS/CNT1-KH5505 strain sensors. (e) is the schematic 
illustration showing the multilayered structure of the strain sensor and CNTs networks. 
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microcracks is attributed to the brittleness of the CNT-KH550 layer 
formed by the hydrolytic self-polymerization of KH550. According to 
the sensing mechanism of crack propagation, the microcrack structures 
on CNT-KH550 sensing layer endow this layer with high strain sensi-
tivity. In addition, KH550 can also help to improve the interfacial 
bonding between CNT-KH550 layer and CNT-PDMS layer because of the 
good interaction between KH550 and PDMS, which make these two 
layers bond well together. When there is relatively low proportion of 
KH550 in KH550/CNT mixture (CNT:KH550 = 1:1), it can be seen from 

Fig. S1a that part of CNT1-KH5501 layer is separated from CNT-PDMS 
layer, indicating poor interfacial bonding between these two layers at 
the low proportion of KH550. When the proportion of KH550 increases, 
strong adhesion between CNT-PDMS layer and CNT-KH550 can be 
achieved (Fig. 2b and Fig. S1b), which ensures the good stability and 
reproducibility of the multilayer sensor. Fig. 2c–d and Fig. S1c-S1d show 
the fractured morphologies of the sensing layers for the different sen-
sors. For the strain sensor containing only CNT-PDMS sensing layer, the 
thickness of CNT-PDMS sensing layer is about 150 nm. It is observed that 

Fig. 3. (A) Electrical resistance of the strain sensors with different kinds of sensing layers. (b) The ΔR/R0 versus strain for sensors with different kinds of sensing 
layers. The ΔR/R0 versus time under stretching-releasing cycles with stepwise increase in strain from 0.1% to 0.5% with an increment of 0.1% for the strain sensors 
with different kinds of sensing layers: (c) CNT-PDMS, (d) CNT-PDMS/CNT1-KH5501, (e) CNT-PDMS/CNT1-KH5505, and (f) CNT-PDMS/CNT1-KH55010. 
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CNTs are entangled with each other and PDMS is permeated into the 
CNT network (Fig. 2c). With the introduction of CNT-KH550 sensing 
layer, it is observed that there is a loose CNT-KH550 layer on the top of 
the previous CNT-PDMS layer (Fig. 2d, S1c, and S1d). As the proportion 
of KH550 in the CNT-KH550 sensing layer increases, the thickness of 
CNT-KH550 layer increases and CNT networks become looser because of 
the dilution of KH550. Based on the SEM images for dual sensing layer 
structure, a schematic illustration of the strain sensor with dual sensing 
layer structure is shown in Fig. 2e. 

In the dual-sensing-layer structure of the sensor, the CNT-KH550 
sensing layer has the microcrack structure, which is designed to work 
in small strain range to detect subtle strain. On the other hand, the 
highly stretchable CNT-PDMS sensing layer can output stable response 
under large strain, which effectively broadens the sensing range of the 
sensor. Since the Cu electrodes are adhered onto the surface of CNT- 
KH550 layer, the CNT-KH550 layer should have relative low resis-
tance to ensure the output of electrical signal under the strain. Fig. 3a 
presents the resistance values of the strain sensor with only CNT-PDMS 
sensing layer and the strain sensors with dual-sensing-layer at different 
proportion of KH550. It can be seen that the sensor resistance is 
significantly decreased after the introduction of the CNT-KH550 sensing 
layer. With the increase in the proportion of KH550, the resistance 
values of the CNT-PDMS/CNT-KH550 dual-sensing-layer sensors 
slightly increase due to the dilution effect of KH550. The strain-sensing 
performances of the different sensors are investigated by monitoring the 
variations of ΔR/R0 upon stretching, as shown in Fig. 3b. It is observed 
that the single CNT-PDMS layer sensor possesses wide response range 
but low sensitivity. For the single CNT-PDMS layer sensor, its sensing 
mechanism is mainly dominated by the tunneling effect, which is caused 
by the deformation of CNT conductive networks during the stretching 
process. Attributed to the large aspect ratio of CNTs and entanglements 
among CNTs, CNT conductive network is relatively stable under subtle 
strain. Therefore, the ΔR/R0 value varies little within the strain range of 
0–20%. Similar sensing behaviors have also been observed for the CNT- 
PDMS/CNT1-KH5501 dual-sensing-layer strain sensor. This is attributed 
to the weak adhesion between CNT1-KH5501 layer and CNT-PDMS, 
which causes CNT1-KH5501 layer peeling out from the CNT-PDMS 
layer. Therefore, there is little contribution of the introduction of 
CNT1-KH5501. When the proportion of KH550 in the CNT-KH550 layer 
increases, the interface interaction between CNT-KH550 layer and the 
CNT-PDMS layer is enhanced, there is no detachment of CNT-KH550 
layer from the surface of the CNT-PDMS layer (Fig. 2b and S1d). As a 
result, cooperative effect between CNT-KH550 layer and CNT-PDMS 
layer causes a more significant change of ΔR/R0 within a wide strain 
range (Fig. 3b). From Fig. 3b, it is observed that the sensor with CNT- 
PDMS/CNT1-KH5505 dual-sensing-layer structure exhibits the highest 
sensitivity. 

Stepwise cyclic stretching-releasing test is performed to evaluate the 
discrimination and reproducibility of the strain sensors with different 
sensing structures (Fig. 3c–f). During this test, an initial strain of 0.1% is 
applied in the first cycle, and then the applied strain stepwise ascends to 
0.5% with an increment of 0.1% for each step. Although all the sensors 
can monitor and distinguish different tiny strains among 0.1–0.5%, the 
sensors with dual sensing layers show higher sensitivity comparing to 
the sensor with only CNT-PDMS layer. In addition, the strain sensor with 
a higher proportion of KH550 shows a higher relative resistance change 
at the same strain. This is because that the brittleness of the CNT-KH550 
layer increases with increasing proportion of KH550, thus generating 
more cracks on CNT-KH550 layer and enhancing the sensitivity of the 
sensor. However, it is observed that the repeatability and stability of the 
sensor are deteriorated when the content of KH550 is 10 times of CNTs 
in CNT1-KH55010 layer. This is because that the CNT1-KH55010 layer is 
too brittle, which may be irreversibly destroyed during the stretching 
and releasing. It is observed that only CNT-PDMS/CNT1-KH5505 sensor 
displays stable and repeatable resistance response in the second stepwise 
cyclic stretching-releasing test, exhibiting both the good stability and 

reproducibility of this sensor. 
Besides, ΔR/R0 of the strain sensors during the stepwise cyclic 

stretching-releasing test in a strain range from 5% to 50% with an 
increment of 5% is also performed to investigate their strain sensing 
behaviors within a large strain range. As shown in Fig. 4, all the strain 
sensors can exactly detect the different strain stimuli in the first stepwise 
cycle. At the strain range from 5% to 50%, it is also observed that the 
sensitivity of the sensor is significantly improved by introducing CNT- 
KH550 sensing layer, and CNT-PDMS/CNT1-KH5505 sensor exhibits 
the highest sensitivity. However, the strain sensor with the single CNT- 
PDMS layer fails in monitoring the strain of 5% in the second stepwise 
cycle, indicating the poor reproducibility of this sensor (Fig. 4a). With 
the coupling of CNT-KH550 sensing layer, the dual-sensing-layer sensors 
retain the good reproducibility in the second stepwise cycle (Fig. 4b–d), 
indicating that the reproducibility of sensor is enhanced by the intro-
duction of CNT-KH550 sensing layer. 

From above section, it has been proved that the introduction of 
CNT1-KH5505 layer with a multiple cracked structure can significantly 
enhance both the sensitivity and reproducibility of the sensor. To further 
explore the effect of the morphologies of CNT1-KH5505 layer on the 
sensing properties of the strain sensors, we fabricate the CNT-PDMS/ 
CNT1-KH5505 strain sensors with different CNT area densities (0.16 mg/ 
cm2, 0.32 mg/cm2, 0.48 mg/cm2 and 0.64 mg/cm2, respectively) in 
CNT-KH550 layer but fixing the proportion of CNT to KH550 as 1:5. 
Fig. S2 presents the SEM images of the CNT1-KH5505 sensing layers with 
different CNT area densities. At a low CNT area density of 0.16 mg/cm2, 
it can be observed that the CNT1-KH5505 layer cannot completely cover 
the CNT-PDMS layer, thus resulting in a less obvious crack structure 
(Fig. S2a). With the increase of CNT area density, a large number of 
distinct cracks in the CNT1-KH5505 after pre-stretching treatments are 
observed (Fig. S2b-d). Stepwise cyclic stretching-releasing tests are also 
performed to evaluate the strain sensing behaviors of the dual-sensing- 
layer sensors with different CNT area densities in CNT1-KH5505 layer. 
As shown in Figs. S3 and S4, the sensitivity of the strain sensors increases 
as CNT area density increases under either tiny strain stimuli (0.1–0.5%) 
or large strain stimuli (0.5–50%). However, the reproducibility of the 
strain sensor at tiny strain of 0.1% is weakened with the increase of the 
area density of CNTs, which may be attributed to the instability of CNT1- 
KH5505 sensing layer at a very high CNT area density. From Figs. 3b–f, 
4a-d, S3 and S4, it is observed that the CNT-PDMS/CNT1-KH5505 strain 
sensor with the CNT area density of 0.32 mg/cm2 in CNT1-KH5505 layer 
exhibits the highest sensitivity and the best reproducibility owing to the 
excellent electrical conductivity and the good interaction between 
CNT1-KH5505 layer and CNT-PDMS layer. Therefore, we choose this 
strain sensor as an example to systematically examine its sensing 
mechanism and sensing properties. 

To explore the sensing mechanism of the CNT-PDMS/CNT1-KH5505 
dual-sensing-layer sensor, the morphology evolution of the CNT1- 
KH5505 layer surface during the stretching-releasing cycle is visualized 
by in situ SEM technique. The CNT area density in CNT1-KH5505 layer is 
0.32 mg/cm2. As shown in Fig. 5a, many microcracks exist on the sur-
face of CNT1-KH5505 layer due to the pre-stretching treatment during 
sample preparation. From Fig. 3a, it is known that CNT1-KH5505 pos-
sesses much lower resistance than CNT-PDMS layer. Therefore, the 
current is mainly transmitted along CNT1-KH5505 layer at the begin-
ning, as illustrated in Fig. 5e. When the sensor is stretched, the crack gap 
is expanded and the resistance of CNT1-KH5505 layer is increased. When 
sensor is stretched 15%, there are still many contact points of CNTs 
inside the crack gaps (Fig. 5b), which can still ensure the electron 
transport through the gaps. At low strain, it is clear that the sensing 
behavior of the dual-sensing-layer sensor is mainly dominated by the 
sensing mechanism of crack propagation. As the strain is further 
increased to 30%, these CNT-CNT contacts are completely broken 
(Fig. 5c) and the resistance of CNT1-KH5505 becomes much higher than 
CNT-PDMS layer. Therefore, the current starts to transmit along CNT- 
PDMS layer, as illustrated in Fig. 5e. Therefore, the resistance 
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response to strain stimuli is mainly determined by the tunneling effect 
and the destruction of CNT conductive network in the CNT-PDMS 
sensing layer when the applied strain is larger than 30%. The inge-
nious design of CNT-PDMS/CNT1-KH5505 dual-sensing-layer sensor can 
effectively combine the advantages of the mechanisms of crack propa-
gation and tunneling effect, which endows the sensor with both ultralow 
detection limit and wide sensing range. After releasing the strain, it is 
observed that the CNT1-KH5505 layer is completely recovered to its 
initial state (Fig. 5d), which ensures the outstanding reproducibility of 
the sensor. 

To further evaluate the sensing properties of the CNT-PDMS/CNT1- 
KH5505 strain sensor, the strain detection limit, response rate, recovery 
rate, and reproducibility of long-term usage were investigated via more 
dynamic tests (Fig. 6). Ten cyclic stretching-releasing test with a 
maximum strain of 0.01% is performed at first to evaluate the strain 
detect limit of the dual-sensing-layer sensor, as shown in Fig. 6a. It is 
obvious that the stable and repeatable resistance response to the strain 
of 0.01% can be achieved by the sensor. Fig. 6b presents the ΔR/R0 

changes of the sensor upon loading and unloading a strain of 2% at a 
high strain rate of 1000 mm/min. It is calculated that both the response 
time and recovery time are 68 m s, indicating that the strain sensor 
exhibits the merits of fast response and recovery. This may be attributed 
to the excellent elasticity of PDMS as well as the fast response and re-
covery of the cracked structure on the sensing layer. To evaluate the 
stability of the sensor, 10,000 stretching-releasing cyclic test under a 
maximum strain of 2% at a rate of 20 mm/min is performed. As shown in 
Fig. 6c, a small decline in the maximum value of ΔR/R0 is observed in 
the first several cycles caused by the reconstruction of the sensing layer. 
However, the sensing signal exhibits good reproducibility and stability 
in the long-time cyclic test, which facilitates its application as smart 
strain sensors. 

To demonstrate the potential applications of the strain sensor with 
dual sensing layers for healthcare monitoring and human motion 
monitoring, the sensor is attached to the human body and the electrical 
responses to physiological motions and large joint motions are recorded. 
Pulse, originated from the systolic pressure of artery and the blood flow 

Fig. 4. The ΔR/R0 versus time under stretching-releasing cycles with stepwise increase in strain from 5% to 50% with an increment of 5% for the strain sensors with 
different kinds of sensing layers: (a) CNT-PDMS, (b) CNT-PDMS/CNT1-KH5501, (c) CNT-PDMS/CNT1-KH5505, and (d) CNT-PDMS/CNT1-KH55010. 

Fig. 5. (A)–(d) SEM images of the dual sensing layer surfaces of CNT-PDMS/CNT1-KH5505 at different stretching strains (0%, 15%, 30%, and 0%) during the loading- 
unloading process. (e) Schematic illustrations showing the sensing mechanism of the strain sensor with the dual sensing layers and the corresponding structural 
change of the brittle sensing layer at different strains. The rad layer represents the flexible and stretchable CNT-PDMS layer, the blue layer represents the brittle 
CNT1-KH5505 layer with a multiple cracked structure, the dark blue lines represent CNTs, and the yellow arrows represent electron movement. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. (A) The ΔR/R0 versus time for the CNT-PDMS/CNT1-KH5505 strain sensor at the maximum strain of 0.01%. (b) Fast response and recovery of the CNT-PDMS/ 
CNT1-KH5505 strain sensor. 2% strain is applied with a high strain rate of 1000 mm/min. (c) The ΔR/R0 as a function of cycle number for the CNT-PDMS/CNT1- 
KH5505 strain sensor at a strain of 2%. The insets in blank show the enlarged plots during 1–40 cycles, 4981–5020 cycles and 9961–10,000 cycles, respectively. 

Fig. 7. (A) The sensing signal of the CNT-PDMS/CNT1-KH5505 dual-sensing-layer sensor fixed on one’s wrist for monitoring the pulse in the different states of (a1) in 
a static state, (a2) exercise for 1 min, and (a3) after rest for 2 min. (b) The corresponding real-time sensing responses received wirelessly by the mobile phone for 
monitoring the pulse. (c) The scheme for connecting the CNT-PDMS/CNT1-KH5505 strain sensor to the wireless transmission device to remotely monitor the pulse. 
The sensing signals of the CNT-PDMS/CNT1-KH5505 strain sensor fixed on the throat of a volunteer to detect the different physiological motions of (d) coughing and 
(e) swallowing. (f) The sensing signal of the CNT-PDMS/CNT1-KH5505 strain sensor fixed on the knee of a volunteer to detect the different human motion states of 
walking, leg lifting, and squatting. 
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reflection, is often utilized for cardiovascular events and pathological 
diagnoses. To monitor the pulse signals, the sensor is attached at wrist by 
medical tape and insulating tape. As shown in Fig. 7a, periodic pulse 
waveforms are acquired from a young female volunteer, and the three 
characteristic peaks (percussion peak (P), tidal peak (T), and dicrotic 
peak (D)) are available. The variation of pulse rate with the motion of 
the volunteer can also be clearly monitored. When the volunteer is in 
static state, the number of percussion peak is 38 within 30s, which is to 
say that pulse rate is 76 beats min− 1 (Fig. 7a1). The pulse rate increases 
to 92 beats min− 1 after jogging for 1 min (Fig. 7a2). Then the pulse rate 
decreases to 82 beats min− 1 after rest for 2 min (Fig. 7a3). More inter-
estingly, Fig. 7b shows that the pulse signals can be sent to a cell phone 
in real time through connecting the strain sensor to a wireless trans-
mitter. The scheme for connecting the sensor with the wireless trans-
mission is shown in Fig. 7c. The real-time resistance response to pulse 
could be observed on a cell phone via the wireless transmission, indi-
cating that the designed strain sensor is capable of monitoring physio-
logical motions in real time (Video S1). This implies that this sensor has 
great potential in real-time monitoring and early warning for the car-
diovascular Patients. In addition to the pulse, the physiological motions 
of coughing and swallowing could also be accurately detected and 
distinguished, as shown in Fig. 7d and e. To evaluate the capable of 
monitoring the full-range human motion, the prepared strain sensor is 
attached onto the knee of a volunteer to detect the large motions of leg. 
As shown in Fig. 7f, the output electrical signal is gradually amplified as 
the volunteer deepens the bend of the knee, indicating that the sensor 
can detect the bend degree of leg from the sensing signals. 

Supplementary video related to this article can be found at http 
s://doi.org/10.1016/j.compscitech.2021.108932 

4. Conclusions 

In the current study, a flexible strain sensor with both ultralow 
detection limit (0.01%) and wide sensing range (>100%) is designed via 
a facile, scalable, and low-cost spray-painted method. Herein, the 
contradiction of low detection limit and wide sensing range is resolved 
by designing the dual sensing layers with the multiple sensing mecha-
nisms. The flexible and stretchable CNT-PDMS sensing layer based on 
the mechanism of tunneling effect endows the sensor with wide sensing 
range. Meanwhile, high sensitivity and ultralow detection limit are 
realized by introducing a brittle CNT-KH550 sensing layer with a mul-
tiple cracked structure onto the stretchable CNT-PDMS sensing layer. 
Moreover, the designed dual-sensing-layer sensor exhibits fast response 
(68 m s)/recovery (68 m s), excellent reproducibility, and good stability. 
Attributed to these merits, this strain sensor could be employed to 
monitor both tiny physiological motions (e.g., pulse, coughing, and 
swallowing) and large human motions (e.g., walking, leg lifting, and 
squatting). Furthermore, the strain sensor could be connected to a 
wireless transmitter for wireless sensing, which facilitates their potential 
applications in artificial intelligence, clinical diagnosis, human motion 
monitoring, and personal healthcare monitoring. 
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