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Abstract
With the rapid development of flexible wearable strain sensor systems, electronic textiles with comfort and controllable strain/
pressure-sensing capabilities have attracted great interest. However, it is still a great challenge to prepare multifunctional 
wearable strain/pressure sensor with an ultra-low detection limit through a facile and cost-effective method. Here, conduc-
tive carbon nanotubes modified silk nonwoven fabric (CNTs/SNWF) composite was successfully prepared by the surface 
micro-dissolution and adhesion technology (SD&AT). Micromorphology analysis showed that CNTs were adhered firmly on 
the surface of silk fiber to form an effective conductive network. The conductive CNTs/SNWF-based strain/pressure sensor 
can detect a strain as low as 0.05% and an ultralow pressure of 10 Pa, showing an ultrahigh discernibility. Besides, it also 
exhibited excellent sensing stability and reproductivity under different conditions, making it applicable in the field of real-
time human movement monitoring. Moreover, electronic skin was also established based on the conductive CNTs/SNWF to 
recognize different tactile stimulus. Interestingly, the prepared conductive CNTs/SNWF also displayed great applicability 
for optical and thermal sensing, endowing it with more functionality for next-generation wearable electronics.
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1  Introduction

With the rapid development of artificial intelligence [1, 
2], flexible strain/pressure sensors with the merits of light 
weight, fast response, wide response range, high stability, 
and high sensitivity have been widely applied in the fields 
such as wearable electronic products [3, 4], electronic skin 
(e-skin) [5, 6], intelligent robots [7, 8], and human–machine 
interfaces [9, 10]. Although traditional metal and inorganic 
semiconductor sensors show the merits of fast response, 
high sensitivity, and stability, its rigidity and limited sens-
ing range can no longer meet the requirements of reagents 
when facing a variety of complex and special signals, which 
promote the development of flexible multifunctional strain/
pressure sensor.

Compounding electroactive materials with flexible sub-
strates is a shared method for preparing flexible strain/pres-
sure sensors. Electroactive materials including polypyrrole 
[11], carbon nanotubes (CNTs) [12, 13], graphene (GR) 
[14, 15], silver nanowires (AgNW) [16, 17], and MXene 
[18, 19] are commonly adopted to prepare flexible strain 
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sensors. Among them, carbon-based materials are con-
sidered to be good candidates for manufacturing flexible 
strain sensors due to their lightweight, excellent mechani-
cal properties, and high electrical conductivity. Therefore, 
scholars are committed to using carbon-based materials and 
flexible matrix composite to prepare flexible strain sensors. 
Recently, research on wearable flexible strain sensors pre-
pared by hybriding cotton [20], cellulose [21, 22], paper 
[23, 24], silk [25], and flexible polymer [26, 27] with CNT 
for human health monitoring and electronic skin has been 
widely reported. Zheng et al. [28] prepared a CNT/cotton 
strain sensor (CCSS) through multiple dipping processes, 
showing fast response time (∼90 ms), excellent reproducibil-
ity, durability (10,000 cycles at 30% strain), and a low strain 
detection limit (∼0.4% strain). Therefore, natural flexible 
biomaterials can be used to prepare flexible strain/pressure 
sensors with excellent performance.

The unique advantages of silk fiber in structure and func-
tion make it have infinite possibilities in the field of flex-
ible multifunctional strain/pressure sensor [29, 30]. Silk-
based wearable strain/pressure sensors, especially for the 
resistive-type strain/pressure sensors with the characteris-
tics of easy signal readout and simple structure design, have 
been developed for monitoring human motion and personal 
healthcare systems [31, 32]. Li et al. [33] fabricated a flex-
ible and super-hydrophobic silk fibroin (SF) membrane by 
spraying polydimethylsiloxane (PDMS) solution with sil-
ver nanowires (AgNWs) on the surface of it, showing great 
application in flexible strain/pressure sensors and shielding 
in wet environments. Zhou et al. [34] prepared CNTs/silk 
fiber (CSF) with one-sided and high conductivity by the 
strategy of micro-dissolving the surface. The results show 
that CSF can be used as a flexible strain sensor for moni-
toring human motion. Besides, benefiting from the perfect 
conductive network and fibrous network structure, CSF dis-
plays high efficient Joule heating performances. Although all 
these reported silk-fabric-based flexible strain sensors dem-
onstrate excellent flexibility and stability, however, its ability 
to detect small strain/pressure is poor, and the preparation 
processes are expensive and complicated, which hinder its 
large-scale production and wide applications [35]. Hence, it 
is still a challenge to prepare multifunctional wearable sen-
sor with ultra-low detection limit of strain or pressure by a 
facile and cost-effective method.

In this study, the conductive carbon nanotubes modified 
silk nonwoven fabric (CNTs/SNWF) composite was success-
fully prepared by the surface micro-dissolution and adhe-
sion technology (SD&AT), and its applications in wearable 
strain/pressure sensor, optical sensor, and thermosensitive 
sensor were systematically explored. Utilizing the micro-
dissolution of sericin on the surface of silk fibers in the non-
woven fabric, the CNT nanofibers were strongly adhered to 
the surface of silk fiber, and an effective conductive network 

was constructed by virtue of the natural three-dimensional 
structure of silk nonwoven fabric (SNWF). In order to 
estimate the application capacity of the conductive CNTs/
SNWF as flexible strain/pressure sensor, uniaxial tensile/
compressive sensing tests were carried out to study its 
sensitivity and sensing range, and cyclic tensile/compres-
sive sensing tests were also carried out to characterize its 
response time, strain/pressure and rate dependence and long-
term stability. Besides, the conductive CNTs/SNWF-based 
strain/pressure sensor was also applied to evaluate its appli-
cability for monitoring human movement and physiologi-
cal signals. What is more, the optical and thermal sensing 
performance of the conductive CNTs/SNWF were also sys-
tematically studied to broad its scope of application.

2 � Experimental

2.1 � Materials

Silk nonwoven fabrics (SNWF, 25.0 g/m2) were obtained 
from Xiancan Silk Biotechnology Co., Ltd (Suzhou, China). 
Multi-walled carbon nanotubes (CNTs, TNM0, 98.0 wt.%) 
were purchased from Chengdu Organic Chemicals Co. Ltd., 
Chinese Academy of Sciences, China. Urea (99.5 wt.%), 
cyclohexane (99.9 wt.%), and ethanol (99.5 wt.%) were pur-
chased from Aladdin Reagent Co., Ltd (Shanghai, China). 
Commercial interdigitated electrodes designed on polybu-
tylene terephthalate (PBT) substrate were purchased from 
Shenzhen ChangMing Sensor Technology Co., Ltd, China 
(Figure S1). All the materials and reagents were used as 
received without any further treatment.

2.2 � Preparation of conductive CNTs/SNWF

Figure 1a displays the diagram of preparation process for 
conductive CNTs/SNWF. Specifically, 5.0 g urea was dis-
solved into 100 g deionized water under magnetic stirring 
to obtain a transparent solution, followed by mixing 0.15 g 
CNTs under ultrasonic dispersion for 25 min to obtain 
a homogeneous black CNT dispersion. Then, pristine 
SNWF was cut into rectangle sample with a dimension of 
3 cm × 5 cm (Fig. 1b) and dipped into the prepared CNT 
dispersion under a temperature of 90 °C. After certain time 
intervals (1 s, 5 s, 60 s, 300 s, and 900 s), all the samples 
were further washed with DI water and ethanol for five times 
and then placed on the polytetrafluoroethylene plate fol-
lowed by drying in a vacuum oven at 40 °C for 5 h, obtain-
ing the designed conductive CNTs modified SWNF (CNTs/
SNWF) using the surface micro-dissolution and adhesion 
technology (SD&AT) (Fig. 1c).
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2.3 � Characterization

The conductive CNTs/SNWF was cut into a rectangle sample 
with a dimension of 1 cm × 4 cm, and both ends of the sample 
were coated with conductive silver paste and adhered with 
the conductive tape to fabricate the flexible CNTs/SNWF 
strain/pressure sensor. Strain/pressure-sensing properties of 
the conductive CNTs/SNWF were evaluated by the self-built 

equipment as shown in Figure S2. Carl Zeiss Sigma 500 field 
emission scanning electron microscopy was adopted to char-
acterize the micromorphology of samples. X-ray diffraction 
(XRD) patterns within the 2θ scope of 10 ~ 80° were recorded 
on a D8 ADVANCE diffractometer (Bruker Instruments Co., 
Germany). Raman spectrum was measured by a Raman spec-
trometer (Renishaw inVia, Renishaw Company, UK). Ther-
mogravimetric analysis (TGA) was performed on a TGA 2 

Fig. 1   Preparation of conductive CNTs/SNWF and its physical char-
acteristics. a Schematic illustration for the preparation of conductive 
CNTs/SNWF. b Digital photos of pristine SNWF and the tailored 
sample. c Schematic illustration for SD&AP. d Digital photos of 
CNTs/SNWF with good twistability and bendability. e Conductivity 

of CNTs/SNWF as a function of surface treatment time. f The tensile 
mechanical properties of CNTs/SNWF with different surface treat-
ment time under 1% tensile strain at a tensile rate of 5 mm/min. g The 
light intensity variation of LED upon the tension and compression of 
the connected CNTs/SNWF
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(Mettler Toledo Instruments Co., Switzerland) system from 
room temperature to 800 °C with heating rate of 10 °C/min 
under nitrogen atmosphere. Digital Multimeter (DMM4040, 
Tektronix Technology Co., Ltd., China) was used to measure 
the conductivity of samples. Tensile/compressive mechanical 
performance of the samples was assessed by a single-column 
micro-control electronic universal testing machine (WWD-
1D, Jilin Guanteng Automation Technology Co., Ltd., 
China). I–V curves of the sample under different strain/pres-
sure were tested by Princeton ParStat4000 + electrochemical 
workstation (AMETEK shanghai trading Co., Ltd., China).

3 � Results and discussion

Due to the excellent flexibility of the original SNWF, the 
prepared CNTs/SNWF shows good twistability, bendability, 
and tailorability (Fig. 1d), making it applicable for wear-
able electronic device. Sericin is water-soluble and easily 
soluble in hot water, acid, and alkali solutions [29, 34]. By 
controlling the degree of dissolution of sericin, a conductive 
filler can be adhered to the surface of silk fiber to construct 
a conductive network. Figure 1e displays the relationship 
between conductivity and surface treatment time, where 
the conductivity increases significantly from 3.76 × 10–4 s/
cm for 1 S to 4.32 × 10–2 s/cm for 5 S and then tends to be 
stable with further increasing surface treatment time. Such a 
surface treatment time-dependent conductivity can be clari-
fied based on the SEM images shown in Figure S3, where 
the amount of CNTs adhered to the fiber surface increases 
significantly as the surface treatment time increases from 1 to 
5 s (Figure S3a, b), and no obvious change is observed with 
further increasing the surface treatment time (Figure S3c ~ g), 
demonstrating the construction of stable and perfect conduc-
tive network. Figures 1f and S4 show the effect of surface 
treatment time on the tensile mechanical performance of con-
ductive CNTs/SNWF. Obviously, both the tensile stress and 
Young’s modulus display a slight increase under a surface 
treatment time of 5 s, but they exhibit an obvious decrease 
trend with increasing surface treatment time. When the 
surface treatment time is 5 s, the sericin on the surface of 
silk fibroin fiber is slightly dissolved and a layer of CNTs is 
adhered to its surface. Under the synergistic effect of CNTs 
and sericin, the tensile strength and Young’s modulus of silk 
fibroin fibers were improved. When the surface treatment 
time is further extended, the physical interaction between 
silk fibroin fibers is weakened due to degumming, such as 
hydrogen bond or van der Waals force [36, 37], which speeds 
up the fracture of silk fibroin fibers. Besides, the elonga-
tion at break also shows a downward trend when the surface 
treatment time is extended from 5 to 900 s. Considering the 
stable conductivity and comprehensive mechanical property, 
CNTs/SNWF with a surface treatment time of 5 s was applied 

for the subsequent study. Furthermore, as shown in Fig. 1g, 
the prepared conductive CNTs/SNWF was inserted in red 
light-emitting diode (LED) circuits, and the brightness of 
LEDs decreases when the external tension is applied to the 
CNTs/SNWF and then becomes normal after the tension is 
removed. When the external pressure is applied to the CNTs/
SNWF, the brightness of the LED can also become brighter 
and then recover to normal after the pressure is removed. All 
these indicate the great potential of our prepared conductive 
CNTs/SNWF to be served as strain/pressure sensor.

Then, the microstructure of original SNWF and conduc-
tive CNTs/SNWF were systematically investigated. As dis-
played in Fig. 2a ~ a3, the original SNWF shows the entan-
gled fiber network, of which the smooth silk fiber surface 
is wrapped with a layer of sericin [38, 39]. After the deco-
ration with CNTs, it can be seen clearly from Fig. 2b ~ b3 
that partial sericin on the silk fiber surface is dissolved by 
the urea solution and forms micro-cracks, and CNTs are 
homogeneously adhered with the remaining undissolved 
sericin. Hence, a proper surface treatment time is important 
to enable a slightly soluble sericin on the surface, which acts 
as a binder to firmly fix the CNT onto the surface of SNWF, 
constructing effective conductive layer. The micro-cracks 
formed by sericin micro-dissolution on the surface of silk 
fiber can have a positive effect on improving the sensitiv-
ity of conductive CNTs/SNWF [24, 31]. According to the 
cross-sectional SEM images shown in Fig. 2c ~ c3, it can be 
obtained that the thickness of CNTs/SNWF is about 515 μm, 
where the silk fibers are “point to point” contact with each 
other, constructing effective conductive network for the pre-
pared CNTs/SNWF.

Figure 2d displays the XRD patterns of SNWF and CNTs/
SNWF, and two characteristic diffraction peaks at 29.0° and 
20.5°, which are corresponded to the molecular structure 
of Silk I and Silk II for silk fibroin, are clearly observed 
for SNWF [40]. After the surface modification treatment, 
the peak of Silk I molecular structure almost disappears for 
CNTs/SNWF, indicating the decrease in the proportion of 
Silk I due to the degumming treatment. Besides, the peak 
intensity of Silk II molecular structure also weakens, and the 
(002) diffraction peak of the hexagonal graphite of CNTs at 
26.5° is not observed, which can be ascribed to the strong 
interfacial interaction between Silk fiber and CNTs that led 
to the shift of the diffraction peak of CNTs to merge with the 
diffraction peak of Silk II [41]. As for the Raman spectros-
copy shown in Fig. 2e, the SNWF shows no obvious peaks 
due to the mixed composition and disordered internal struc-
ture [42], but two additional distinct bands at 1601.5 cm−1 
and 1319.7 cm−1 corresponding to the G-band and D-band 
of CNTs are clearly observed for CNTs/SNWF, confirm-
ing the successful decoration of CNTs, which is consistent 
with the results reported in other literatures [43]. Figures 2f 
and S5 show the thermogravimetric performance of SNWF 
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and CNTs/SNWF, and the onset decomposition tempera-
ture (Tonset), maximum decomposition temperature (Tp), 
and residual carbon content of them are listed in Table S1. 
Clearly, SNWF and CNTs/SNWF exhibit the similar thermal 
decomposition properties, and the Tid and Tp of them are 
297.2 °C and 327.5 °C and 300.3 °C and 329.0 °C, respec-
tively, indicating that the thermal stability of SNWF can be 
well kept without being destroyed after being treated with 
surface micro-soluble degumming and adhesion modifica-
tion technique. In addition, it can be seen that the final mass 
of original SNWF is slightly higher than that of the CNTs/
SNWF. Due to the excellent thermal conductivity of CNTs, 
the thermal absorption capacity of CNTs/SWNF composites 
is improved after a small amount of adhesion on the surface 
of silk fibroin, resulting in a slight decrease in the final mass.

The tensile strain-sensing performances of prepared con-
ductive CNTs/SNWF were first investigated. As depicted 
in Figure S6, the strain sensor with 5-s surface treatment 
time exhibits optimal sensitivity and working range. Subse-
quently, gauge factor (GF = (ΔR/R0)/ε, ΔR = (R-R0), R0 and 
R represent the initial resistance and instantaneous resist-
ance, ε stands for the tensile strain) [44] was adopted to 
evaluate the strain sensitivity of the sensor with a surface 
treatment time of 5 s. As shown in Fig. 3a, the whole sens-
ing range can be divided into three typical stages, of which 
the GF is calculated to be about 8, 74, and 7000 in the strain 
range of ε < 5%, 5% ≤ ε < 35%, and ε ≥ 35%, respectively. It 
is well known that the sensitivity of strain sensor is closely 
related to the variation of conductive network structure 
during the tensile process, which can be well understood 

Fig. 2   Morphology and structure characterizations of original SNWF 
and conductive CNTs/SNWF. SEM images of a ~ a3 original SNWF 
and b ~ b3 conductive CNTs/SNWF at different magnifications. c ~ c3 

Cross-sectional SEM images of conductive CNTs/SNWF at different 
magnifications. d XRD patterns, e Raman spectra, and f TG curves of 
original SNWF and conductive CNTs/SNWF
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through the corresponding schematic diagram (Fig. 3b) and 
SEM images (Figure S7). In the initial 5% strain, the tangled 
conductive silk fibers are rearranged along the stretching 
direction (Figs. 3b-ii and S7a ~ a2), the separation between 
adjacent fibers generates subtle variation in the conduc-
tive network, so a lower sensitivity is obtained. With fur-
ther increasing to the strain range of 5–35%, the adhered 
CNTs conductive layer on the silk fiber surface is broken 
into some microcracks (Figs. 3b-iii and S7b ~ b2), resulting 
in the significant destruction of the conductive network and 
a higher sensitivity. When the strain is larger than 35%, the 
propagation of microcracks leads to the formation of isolated 
fragments, and some silk fibers are also pulled apart due 
to the poor mechanical property (Figs. 3b-iv and S7c ~ c2). 
All these can cause the complete destruction of conductive 
network gradually, exhibiting a sharp increase of resistance 
and the highest sensitive strain range.

The cyclic strain-sensing performance of the conductive 
CNTs/SNWF with a surface treatment time of 5 s were sys-
tematically characterized. It can be clearly seen in Figure S8 
that the I–V curves of the strain sensor with different strain 
amplitudes exhibit good linear ohmic behavior, indicating 
the excellent stable electrical property which is conducive 
to stable signal output and sensing properties. As shown in 
Figs. 3c and S9, the strain sensor displays stable and repeat-
able sensing behavior in the strain range of 0.05–25%, and 

the sensing peak value shows an upward trend with increas-
ing strain amplitude, which is coincided with the result in 
Fig. 3a. It is worth mentioning that the sensor can detect 
a strain as low as 0.05% due to the constructed fractured 
structure. Besides, the special “shoulder peak” appears for 
the sensing pattern under higher strain (Figure S9), which 
can be ascribed to the competition between the destruction 
and reconstruction of the conductive fabric network struc-
ture during cyclic stretching. Specifically, the longitudinal 
stretching of conductive fiber under small strain (< 5%) 
cause the subtle and stable variation of conductive network 
(Figure S9b-ii), but the separation of the fractured fiber and 
the overlap between adjacent fibers occur simultaneously 
under large strain (> 5%) (Figure S9b-iii), the competition 
between them leads to the unstable variation of conductive 
network, resulting in the “shoulder peak.”

Figure 3d shows the cyclic strain sensing behavior of 
the strain sensor at 1% strains under different tension rates. 
Obviously, stable sensing pattern is obtained for a fixed 
strain rate, but it displays an increasing trend with increas-
ing strain rate. Such a strain rate–dependent response per-
formance can be clarified by the stress vs. strain curves illus-
trated in Figure S10, where the strain sensor endures larger 
stress under higher rate, causing more serious damage to 
the conductive network and higher response. As shown in 
Figure S11, when an instantaneous tensile strain of 1% is 

Fig. 3   Tensile strain sensing performance of CNTs/SNWF-based 
strain sensor. a ΔR/R0 vs. strain for the strain sensor with 5-s surface 
treatment time at a tensile rate of 5  mm/min. b Schematic diagram 
of the strain-sensing mechanism of the strain sensor. c Cyclic strain-
sensing behavior of the strain sensor under different strain amplitudes 

at a tension rate of 5 mm/min. d Cyclic strain-sensing behavior of the 
strain sensor under 1% strain at different tension rates. e Long-term 
stability and reliability of the strain sensor at a tensile rate of 5 mm/
min in 2000 cycles
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exerted on the sensor at a rate of 5 mm/min, the response 
and recovery time is 86 ms and 117 ms, respectively [45]. 
Finally, the long-term fatigue resistance of the strain sensor 
in 2000 stretching cycles was also investigated. As depicted 
in Figs. 3e and S12, the strain sensor displays excellent sta-
bility and recoverability during 2000 stretching-releasing 
cycles or after water washing, which is mainly ascribed to 
the good long term cyclic mechanical fatigue resistance of 
the strain sensor (Figure S13).

Subsequently, pressure sensing performance of the con-
ductive CNTs/SNWF-based pressure sensor was further 
investigated. Figure 4a shows the -ΔR/R0 vs. stress curve 
of the pressure sensor, where the -ΔR/R0 value increases 
significantly with increasing pressure in range of 0 ~ 4.5 kPa 
and then gradually tends to be stable. The insert shows the 
pressure sensitivity (S, S = (-ΔR/R0)/P, where P represents 
the applied pressure) of the pressure sensor [46], display-
ing the similar trend with Fig. 4a. As displayed in Figs. 4b 
and S14, the pressure-sensing behavior of the strain sensor 
is attributed to the change of the three-dimensional fibrous 
structure. Within the initial pressure range of 0 ~ 1.0 kPa, the 
uncontacted conductive silk fibers turn to be “point to point” 
contact under the action of external pressure, and the -ΔR/R0 
value of the sensor increases sharply, resulting in a sharp 
increase of S value (Figs. 4b-ii and S14a-a2). As the pressure 

further increases to 4.0 kPa, the contact mode between adja-
cent fibers becomes to be “face to face” contact (Figs. 4b-iii 
and S14b-b2), and the construction of new conductive net-
work slows down, showing a decreasing trend in pressure 
sensitivity. Finally, the conductive network enters the dense 
zone, where silk fibers are tightly stacked, and the resistance 
of the sensor shows a slow exponential decline trend and 
then tends to be stable (Figs. 4b-iv and S14c-c2). After that, 
the cyclic pressure-sensing behaviors of the strain sensor 
were also systematically characterized. In Figure S15, the 
pressure sensor exhibits good linear I–V curves under dif-
ferent pressures, indicating its stable electrical performance, 
which is conducive to stable signal output and sensing per-
formance. As illustrated in Fig. 4c, the pressure sensor 
exhibits stable and repeatable sensing pattern under different 
pressures in the stress range of 0.01 ~ 13 kPa, and a slight 
pressure change of 10 Pa can also be effectively detected, 
showing an ultrahigh discernibility. Meanwhile, stable and 
repeatable sensing pattern was also observed for the pres-
sure sensor under different compression rates (Fig. 4d), and 
the sensing peak also exhibits increasing trend with increas-
ing compression rate, which can be explained by the larger 
pressure under a higher rate (Figure S16). Furthermore, the 
response time and recovery time of the pressure sensor is 
55 ms and 40 ms, respectively (Figure S17). Finally, the 

Fig. 4   Pressure sensing performances of the conductive CNTs/
SNWF-based pressure sensor. a -ΔR/R0 and (insert) pressure sensitiv-
ity S vs. stress for the pressure sensor with 5-s surface treatment time 
at a compressive rate of 3 mm/min. b Schematic diagram of the com-
pressive sensing mechanism of the pressure sensor. c Cyclic pressure 

sensing behavior of the pressure sensor under different pressures. d 
Cyclic pressure sensing behavior of the pressure sensor under a pres-
sure of 5.0 kPa at different compression rates. e Long-term stability 
and reliability of the pressure sensor at a compression rate of 3 mm/
min in 2000 cycles
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pressure sensor also shows good stability and recoverability 
after 2000 compression cycles (Fig. 4e), which is also sup-
ported by its excellent compression mechanical properties 
shown in Figure S18. In summary, as shown in Table S2, the 
conductive CNTs/SNWF-based strain/pressure sensor shows 
superior sensing performance than other reported works.

Aiming to verify the application prospects of conductive 
CNTs/SNWF-based strain/pressure sensor, it was adhered 
to the elbow and finger by medical tape to detect the signals 
of joint movement. As depicted in Fig. 5a and b, the sen-
sor outputs stable cyclic sensing signal under a fixed bend-
ing angle and the responsiveness increases with increasing 
the bending angle, indicating the ability to detect different 
bending motions. In addition, the sensor was also applied to 
detect weak signals produced by tiny deformation of human 
body. When the sensor was adhered to the brachioradialis 
of forearm (Fig. 5c), the sensing signal increases with the 
muscle tension and recovers to the initial value as releas-
ing the muscle, which proves its potential application value 
in guiding human body training and injured muscle recov-
ery. As we all know, real-time monitoring of the pulse is 
an important indicator of cardiovascular disease detection. 
Here, as shown in Fig. 5d, the sensor also can monitor the 
pulse signal of human body, and regular sensing signal is 
acquired. In detail, the volunteer’s pulse is calculated as 
75 beats per minute, which is within the range of normal 

human pulse level. In addition, the insert figure exhibits an 
enlarged view of one pulse signal, where three distinguish-
able peaks of the percussion wave (P1), the tidal wave (P2) 
and the dicrotic wave (P3) were observed [47], indicating 
the superior sensitivity and fast response of the sensor. As 
shown in Fig. 5e, when the volunteer stepped on the sensor 
fixed on the ground with his heel, the resistance decreased. 
When the heel left the sensor, the resistance increased. The 
output signal was stable throughout the test. This provides 
a method for detecting the flow of people in public places. 
When the sensor is pressed quickly within a certain time 
interval, the sensor shows excellent signal responsiveness 
and stability (Fig. 5f), providing technical support for detect-
ing rapid human movement and predicting early Parkinson’s 
disease [48, 49]. Based on the testes conducted above, it 
can be claimed that our prepared conductive CNTs/SNWF-
based strain/pressure sensor has huge potential application in 
human health monitoring and movement monitoring.

The prepared conductive CNTs/SNWF was placed 
between the two PDMS films and an interdigitated elec-
trode designed on PBT supporting pad to assemble elec-
tronic skin (e-skin) with a sandwich structure (Fig. 6a), 
and the assembled e-skin with 4 × 4 pixels show excellent 
flexibility and conformability (Fig. 6b). Due to the excel-
lent flexibility of the prepared e-skin, it can be arbitrarily 
curled and tightly attached to the body to detect external 

Fig. 5   Applications of the conductive CNTs/SNWF-based strain/
pressure sensor. Sensing performances of the sensor for the real-
time detection of a knee bending, b finger bending, c elbow bending, 
d brachioradialis of the forearm for tensioning and relaxing, e and f 

wrist pulse. g Real-time sensing signal recording of the sensor upon 
heel stepping for the volunteer. h and i Real-time sensing signal of 
the sensor for pressing quickly within a certain time interval
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loads. Applications of the e-skin for detecting different 
pressure signals and mapping the spatial pressure distri-
bution were also investigated. As expected, when weights 
of different masses are placed on the e-skin (Fig. 6c), 
the e-skin can also accurately recognize its position and 
weight according to the pressure sensing signal, which 
can be acquired from the resistance variation of each pixel 
(Fig. 6c1–c2). Meanwhile, based on the spatial pressure 
distribution, the shape and position of the “arch bridge” 
brick placed flat on e-skin can also be accurately recog-
nized (Fig. 6d–d2). As a result, our prepared conductive 
CNTs/SNWF-based pressure sensor has great potential for 
flexible e-skin.

Optical and thermal response of the conductive CNTs/
SNWF were further conducted to explore its other poten-
tial applications. Figures 7a and S19a exhibit the schematic 
diagram and digital images of the method and mechanism 
for the optical sensing performance of the conductive CNTs/
SNWF, and the height of the xenon lamp was adjusted to 
simulate different light intensities (14.5 cm is equal to 1 
light intensity, 9.5 cm is equal to 3 light intensities, 7.2 cm 
is equal to 5 light intensities) [50, 51]. Figure 7a1 shows the 
sensing behavior of the conductive CNTs/SNWF irradiated 
by different light intensities, of which the irradiation time 
is fixed at 5 s. It can be observed that the responsiveness of 
conductive CNTs/SNWF increases with the increase of light 

Fig. 6   Application of the conductive CNTs/SNWF-based pressure 
sensor in intelligent e-skin. a Schematic diagram of the e-skin struc-
ture. b Photographs of the assembled e-skin. c Photograph of a 50-g 
weight and a 20-g weight lying onto the e-skin and (c1, c2) the cor-

responding pressure sensing mapping based on the resistance varia-
tion. d Photograph of an “arch bridge” brick lying onto the e-skin and 
(d1, d2) the corresponding pressure distribution mapping based on the 
resistance variation
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intensities, and a longer recovery time to its initial value. In 
addition, as shown in Fig. 7a2, the conductive CNTs/SNWF 
exhibits stable and repeatable sensing pattern under different 
light intensities. Essentially, the response behavior of the 
conductive CNTs/SNWF after being exposed to light can be 
attributed to the increase of the carrier concentration, which 
is consistent with the literatures [52].

For the thermal sensing performance of the conductive 
CNTs/SNWF, the non-contact and contact modes were sys-
tematically investigated at the room temperature of 20 °C, 
and their testing devices are shown in Figs. 7b and S19b ~ c2. 
For the 0 °C beaker, the conductive CNTs/SNWF under both 
non-contact and contact modes exhibit an increase of the 
ΔR/R0 (Fig. 7b1 and b2) After moving away from the con-
ductive CNTs/SNWF, the ΔR/R0 returns to its original value. 
As for the higher temperature beaker (40 °C and 80 °C) that 
lead to the increased electron migration rate, lower resist-
ance was obtained. The ΔR/R0 can also return to its origi-
nal value after moving away the heat source. The thermal 
response behavior of the conductive CNTs/SNWF at dif-
ferent temperatures can be attributed to the intrinsic nega-
tive TCR effect of it, which is consistent with the literature 
[53]. Moreover, the conductive CNTs/SNWF exhibits good 
stable and repeatable sensing mode under different tempera-
tures, demonstrating the excellent non-contact and contact 
thermal sensing characteristics. Due to the thermal sensing 
characteristic of the conductive CNTs/SNWF, the strain/

pressure sensing properties of the conductive CNTs/SNWF 
at different temperatures were also investigated. As shown in 
Figure S20, the strain/pressure sensor at both low tempera-
tures (−65 °C) and high temperatures (50 °C, 100 °C, and 
200 °C) also displays excellent stability and repeatability. 
But it displays different responsiveness due to the thermal 
sensing characteristic, supplying a calibration basis for the 
strain/pressure sensor under different application scenario. 
In summary, the conductive CNTs/SNWF has huge poten-
tial applications in advanced flexible smart electronic skins 
and human–machine interfaces for next-generation wearable 
electronic devices.

4 � Conclusion

Carbon nanotube modified silk nonwoven fabric (CNTs/
SNWF) composite was prepared by a simple surface micro-
dissolution and adhesion technology (SD&AT), and the 
designed conductive CNTs/SNWF-based flexible strain/
pressure sensor showed good sensing performance in 
detecting small limits. The sensor can detect a strain as low 
as 0.05% and an ultralow pressure of 10 Pa, showing an 
ultrahigh discernibility. In uniaxial tension and compres-
sion tests, the sensor exhibited linear I–V property and 
fast responsive times (86 ms in strain sensing and 55 ms 
in pressure sensing). In the cyclic tension and compression 

Fig. 7   The application of the conductive CNTs/SNWF for a opti-
cal and b thermal response. a1 Resistance variation vs. time of the 
conductive CNTs/SNWF irradiated by different light intensities. a2 

Cyclic optical sensing behavior the conductive CNTs/SNWF under 
different light intensities. b1 The non-contact mode and b2 the contact 
mode temperature responsiveness of conductive CNTs/SNWF
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sensing tests, the sensor also showed good reproducibility, 
reliability, and durability. Moreover, the conductive CNTs/
SNWF-based strain/pressure sensor can identify various 
human movement and health signals, such as leg, arm, and 
finger bending, early-stage Parkinson’s static tremor, and 
wrist pulse. Furthermore, the conductive CNTs/SNWF 
can be integrated into an e-skin to monitor various pres-
sure signals and map the spatial pressure distribution and 
also be used as the optical and thermosensitive sensor. In 
summary, the conductive CNTs/SNWF has huge potential 
applications in advanced flexible smart electronic skins and 
human–machine interfaces for next-generation wearable 
electronic devices.
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