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Abstract
Wearable tensile strain sensors have attracted substantial research interest due to their great potential in applications for the 
real-time detection of human motion and health through the construction of body-sensing networks. Conventional devices, 
however, are constantly demonstrated in non-real world scenarios, where changes in body temperature and humidity are 
ignored, which results in questionable sensing accuracy and reliability in practical applications. In this work, a fabric-like 
strain sensor is developed by fabricating graphene-modified Calotropis gigantea yarn and elastic yarn (i.e. Spandex) into an 
independently crossed structure, enabling the sensor with tunable sensitivity by directly altering the sensor width. The sensor 
possesses excellent breathability, allowing water vapor generated by body skin to be discharged into the environment (the 
water evaporation rate is approximately 2.03 kg  m−2  h−1) and creating a pleasing microenvironment between the sensor and 
the skin by avoiding the hindering of perspiration release. More importantly, the sensor is shown to have a sensing stability 
towards changes in temperature and humidity, implementing sensing reliability against complex and changeable wearable 
microclimate. By wearing the sensor at various locations of the human body, a full-range body area sensing network for 
monitoring various body movements and vital signs, such as speaking, coughing, breathing and walking, is successfully dem-
onstrated. It provides a new route for achieving wearing-comfortable, high-performance and sensing-reliable strain sensors.

Keywords Wearable strain sensor · Functionalized Calotropis gigantea fiber · Wearable microclimate · Graphene coating · 
Tunable sensitivity

Introduction

Real-time body area detection by flexible on-skin strain 
sensors has attracted tremendous attention owing to their 
exciting potential in personal healthcare management, 

motion monitoring and human‒machine communication 
[1–12]. Typical electrical strain sensors implement the 
function by converting the physical deformations of the 
human body into electrical signals. Much research has 
been carried out on strain sensors predominantly focuses 
on enhancing the sensitivity, sensing range, and reliability 
of strain sensors by encapsulating conductive networks 
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with elastomers [13, 14] rather than improving the wearing 
performance, such as physical comfort, which is greatly 
related to the sensor’s permeability. Thus, the permeability 
to air and moisture that is essential, especially in regard to 
long-term use, is frequently neglected. The human body’s 
process of involuntary breathing continuously generates 
sweat, which evaporates in the form of moisture, and the 
intensity of the sweat generated, increases during exercise. 
A sensor without or with low permeability certainly causes 
wearing discomfort and even skin irritation [15–19]. It is 
highly desirable to develop a wearable strain sensor with 
high breathability to excrete diverse metabolites, thus cre-
ating a comfortable microenvironment between the sensors 
and the skin.

Implementing the sensing function of wearable sensors 
requires attaching the device to the skin surface [20–25]. 
Although most sensors can sense physical deformation in 
a stable environment, the human skin is a complicated 
physiological system that continuously releases heat to 
the exterior environment and constantly generates sweat 
[26, 27]. These metabolites produced by the human body 
change the temperature and humidity of the microenviron-
ment. Thus, deteriorative sensing reliability and accuracy 
are the result of using a sensing device that is unable to 
adjust to the abovementioned environmental stimulations 
[28, 29]. It is of vital importance to develop a breath-
able and sensing-reliable sensor that can freely excrete 
skin metabolites into the surrounding environment to cre-
ate a comfortable microenvironment and maintain sens-
ing stability and accuracy against wearable microclimate 
changes.

Calotropis gigantea fiber (CGF) has attracted wide 
attention in recent years due to its excellent warmth reten-
tion and outstanding antibacterial properties [30, 31]. 
CGF possesses 80–90% hollow structure, which is also 
a new and unique fiber, exhibiting outstanding hydro-
philic or oleophilic properties. Compared to other natu-
ral fibers, such as wool, cotton, linen fibers, the CGF has 
fewer natural curls in the longitudinal direction, leading 
to a smoother and softer surface [32]. The CGF has the 
potential to be used in the development of wearable elec-
tronic devices due to the abovementioned advantages. 
Graphene has been frequently applied to prepared con-
ductive fibers, as it possesses high electrical conductivity, 
great mechanical strength, and superior chemical stability 
[33, 34]. Moreover, it can easily cover the fiber surface 
under shearing force and form interconnected electron-
transport pathways for high electrical conductivity owing 
to the strong π–π interactions existing between adjacent 
graphene. However, few studies have reported on strain 
sensors using the combination of CGF and graphene.

Herein, a highly breathable graphene-modified fabric 
(GMF) strain sensor with an insensitive response to changes 

in temperature and humidity within a certain range was 
developed. It is artistically fabricated into a crisscross struc-
ture consisting of graphene-modified conductive Calotropis 
gigantea yarn (CGY) and elastic yarns. The sensor shows a 
fast response speed (less than 60 ms) and excellent durabil-
ity (10% strain for 3000 cycles), and its sensitivity can be 
altered by simply altering the width of the fabric. Owing 
to the high-porosity of the fabric structure, the GMF sen-
sor exhibits excellent breathability to air and water vapor 
(2.03 kg  m−2  h−1). Remarkably, taking advantage of the high 
hydrophobicity and insensitivity to temperature changes of 
reduced graphene oxide (rGO) after a long reduction time, 
the GMF sensor possesses sensing independence against 
temperature and relative humidity ranges from 22.8 to 
47.3 °C and 39–71%, respectively. The sensor is demon-
strated that it can monitor human motions and vital signs 
such as speaking, chewing, coughing, breathing, joint bend-
ing and sports in full-range body-sensing networks. Thus, 
a new route for developing a functional sensor with tun-
able sensitivity, high breathability and sensing reliability is 
proposed.

Experimental Section

Materials

Natural graphite was purchased from Suzhou Industrial Park 
Bomeida Reagent Instrument Co., Ltd. The CGYs and elas-
tic yarns were provided by Yixing Zhongchang Yarndyed 
Co., Ltd. and Haining Xianya Coveredspandexyarn Co., 
Ltd. Silver paste and copper wires were obtained from 
Shenzhen Xinwei Electronic Materials Co., Ltd. and Luoy-
ang Zhanyuan Copper Co., Ltd. Analytical-grade sodium, 
hydrochloric acid, and potassium permanganate reagents 
were purchased from Sinopharm Chemical Reagent Co., 
Ltd, China. Concentrated sulfuric acid, hydrogen peroxide at 
a concentration of 30%, and ascorbic acid were supplied by 
Jiangsu Qiangsheng Functional Chemical Co., Ltd, China, 
Shanghai Lingfeng Chemical Reagent Co., Ltd, China, and 
Suzhou Ketong Biomedical Technology Co., Ltd, China, 
respectively.

Fabrication Process of the GMF Sensors

The pristine CGY was immersed in the GO solution (syn-
thesized by the Hummers method [35]) for 2 h before coat-
ing, and then the CGY was padded by a miniature rolling 
mill to remove the excess GO from the surface. After that, 
the coated yarns were placed in an oven at 60 °C for 24 h. 
Using the green reducing agent ascorbic acid to reduce 
the GO-modified CGY (GO-CGY) at 80 °C for 24 h, the 
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rGO-modified CGY (rGO-CGY) was prepared. The elastic 
yarns and a conductive CGY were arranged in the longitudi-
nal direction and crosswise direction, where they were indi-
vidually staggered using automatic weaving equipment to 
form a GMF with a conductive sensing network. The GMF 
sensors were prepared by cutting the GMF into rectangular 
(4 × 2  cm2) pieces. Conductive silver paste and copper wires 
were attached to both ends of the rectangular pieces.

Characterization

The surface morphologies and elemental distribution of the 
CGYs and the GMFs were measured using a scanning elec-
tron microscope (SEM, Hitachi TM3030, Tokyo, Japan). 
The surface roughness of the CGYs was measured using 
atomic force microscopy (AFM, Dimension Loon, Bruker 
Company, USA). The surface hydrophilicity of the GMFs 
was measured with contact angle measuring equipment 
(Krüss DSA 100, Germany). The tensile properties of the 
CGYs were tested by a universal material testing machine 
(INSTRON-3365, Instron, USA). A Raman spectroscopy 
(Jobin Yvon LabRam HR800) with a 632.8 nm laser wave-
length and Fourier transform infrared spectroscopy (FT-IR) 
(Nicolet 5700, USA) were used to measure the structure of 
the CGYs. The resistance of the rGO-CGY was measured 
with a Keithley DMM7510 instrument. Targeted strain was 
applied to the sensor using a linear motor module, and all 
electrical signals generated from the sensors were collected 
by a multimeter (Keithley DMM7510).

Results and Discussion

Figure 1a exhibits the procedure of functionalizing the CGY 
by pad dyeing. The pristine CGY was immersed in the GO 
solution and passed through a miniature rolling mill to 
achieve the GO dyeing. Then, the GO-modified CGYs were 
dried in an oven at 60 °C for 24 h. The green reducing agent 
ascorbic acid was chosen to reduce the GO on the surface of 
the pristine CGY at 80 °C for 24 h. Fig. S1  (b1–b4) illustrate 
the surface morphology of the pristine CGY and the rGO-
CGY. The pristine CGY possesses a smooth surface, which 
is consistent with the previous literature [36]. In contrast, 
the functionalized CGY displays a coarse and uneven sur-
face that is similar to graphene fibers [37, 38]. The volume 
shrinkage is beneficial for graphene to obtain a compact 
structure on the fibers’ surface, forming an efficient elec-
tron transmission path and obtaining high conductivity [39].

By taking advantage of the flexible patterns of woven 
structures, the GMF sensor is fabricated into plain and 
twill structures using automatic weaving equipment (Fig. 
S1a–d). Figure 1c presents schematic diagrams of the GMF, 
where the prepared GMF, which has an independent crossed 

structure, maintains good flexibility, allowing it to be freely 
bent to a high degree. The GMF consists of rGO-CGY and 
elastic spandex (Fig. 1d) with an interlaced structure, the 
surface morphology of which is shown in Fig. S1e–g. The 
excellent elasticity of the elastic yarns endows the GMF with 
high stretchability upon deformation parallel to the elastic 
yarns (Fig. 1e1–e2). As a proof-of-concept illustration of the 
breathability of the GMF sensor, Fig. 1f displays a schematic 
diagram of the skin-wearable sensor-environment system. It 
reveals that body metabolites from skin can freely discharge 
to air in the form of water vapor when the sensor is worn due 
to the porous structure of the GMF.

Figure 2a exhibits the electrical performance of the rGO-
CGY with a length of 5 cm and indicates that the electri-
cal conductivity of the rGO-CGY increases with increasing 
coating times. The resistance of the CGY is about 2500 kΩ 
after pad dyeing 1  time. While the electrical resistance 
becomes approximately 503  kΩ after coating 7  times. 
Then, the electrical resistance declines slowly to approxi-
mately 300 kΩ after 10 treatments and only reaches about 
221 kΩ after 15 coating treatments are applied. Consider-
ing the complexity and efficiency of the process, more pad 
dyeing times will increase the damage to the CGY. The 
rGO-CGYs treated 7 times and 10 times were selected to 
compare the relationship between the number of graphene 
coating applications and yarn performance after functionali-
zation, which are defined as the rGO-CGY-7 and the rGO-
CGY-10, respectively. Figure 2b shows that the electrical 
conductivities of rGO-CGY-7 and rGO-CGY-10 are 3.5 S/m 
and 6.5 S/m, respectively. With more pad dyeing cycles, 
the rGO-CGY contains more electron-transport pathways 
and obtains higher electrical conductivity because the strong 
π–π interactions between adjacent graphene form intercon-
nected electron-transport pathways after reduction [40, 41]. 
The mechanical curves of the CGYs in Fig. 2c reveal that 
the graphene coating can result in a higher breaking strength 
and a lower elongation. The breaking strength of the pristine 
CGY is approximately 166 cN, and it increases to approxi-
mately 203 cN after a graphene coating is applied 10 times 
(Fig. S2a). The attachment of graphene, which possesses 
high mechanical strength, on the fiber surface promotes a 
stronger combination between fibers. The negatively charged 
GO species and positively charged hydrogen in the CGY 
are bonded by electrostatic attraction, which also endows 
the CGY with higher breaking strength [42, 43]. The ten-
sile strain of the CGYs decreases slightly as the number of 
pad dyeing cycles increases, with tensile strains of 7.2% and 
4.5% for the pristine CGY and the rGO-CGY-10, respec-
tively (Fig. S2b).

The Raman spectra in Fig. 2d reveal that there are two 
distinct characteristic peaks for the CGY functionalized 
by the GO and the rGO, which represent the D-band at 
1370  cm−1 (related to defects or heteroatom-doping) and 
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the G-band at 1590  cm−1 (attributed to the vibrations of the 
 sp2-bonded crystalline carbon). It indicates the existence of 
a carbonaceous structure on the CGY surface [44]. By fit-
ting the curves (Fig. S3a–b), it exhibits that the intensity 
ratio of the D-band and the G-band increases from 0.6 to 
1.3, while the full width at half maximum of the D-band 
decreases from 123 to 95 (Fig. S3c). The enhancement of 
the D-band is mainly attributed to the formation of small-
sized  sp2 domains (disordered carbon) during the reduction 
process. The decrease in the full width at half maximum 

suggests an increase in the structural order. These changes 
reveal that the GO is chemically converted into the rGO, 
which is consistent with the findings reported in the litera-
ture [44]. The FT-IR spectra shown in Fig. 2e indicate char-
acteristic peaks of graphene at approximately 3340  cm−1, 
2905  cm−1, 1638  cm−1, 1430  cm−1 and 1060  cm−1 for the 
OH stretching, asymmetrical C–H stretching, C=O stretch-
ing,  CH2 symmetrical bending and C–O stretching, respec-
tively [45]. The peak at 1638  cm−1 disappears, and the peaks 
at 2905  cm−1 and 3340  cm−1 become weaker, implying that 

Fig. 1  Illustration of the GMF fabrication process. a Schematic dia-
gram of the preparation of rGO-CGY. The surface morphology of b1, 
b2 the pristine CGY and b3, b4 the rGO-CGY. c, d Structure illus-
trations of the GMF with a twill structure. e1–e2 Photographs of the 

GMF under initial and stretched conditions. f Schematic diagram of 
the skin-wearable sensor-environment system, which demonstrates 
the breathability of the sensor
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the GO on the surface of the CGY is successfully reduced 
to the rGO after the treatment. The process of functionaliza-
tion significantly changes the surface elements, of which the 
atomic percentages of C, N, and O are 59.377%, 10.186%, 
and 30.437%, respectively, for the pristine CGY, while they 
become 61.023%, 7.535%, and 31.442% after GO modifica-
tion (Fig. 2f). C increases to 68.982%, N and O decrease to 
1.142% and 29.876% after reduction, which indicates that 

the reduction process successfully facilitates the transfor-
mation of the rGO from the GO. Compared to the rGO-
CGY-10, the C on the surface of the rGO-CGY-7 occupies 
a lower proportion (63.956%), and the O and N increase 
to 4.764% and 31.28%, respectively. The difference can be 
attributed to more graphene covering the surface of the CGY 
with increasing pad dyeing times [46]. The element conver-
sion is also characterized by observing their distribution, 

Fig. 2  Characterization of the rGO-CGYs and the functionalized 
GMF. a Electrical resistance changes of the rGO-CGY with increas-
ing pad dyeing times. b Volume electrical conductivity of the rGO-
CGY-10 and the rGO-CGY-7. c Mechanical curves of the CGYs. d 
Raman spectroscopy of functionalized CGYs. e FT-IR spectra of the 
pristine CGY, the GO-modified CGY, and the rGO-CGY. f Surface 
element content of the CGYs. g Contact angle of the CGYs before 

and after functionalization. AFM images of h the pristine CGY and 
i the rGO-CGY. j Photograph showing the water vapor transmis-
sion performance of the GMF. k Photograph of hydrogen chloride 
gas escaping from the vial covered with the GMF. l Photograph of 
a water droplet on the surface of the GMF to display that it is water-
proof when exposed to water vapor
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which shows that the corresponding elements are evenly 
distributed throughout without agglomeration (Fig. S4).

To assess the wash fastness of the CGYs, the rGO-CGY 
was washed with deionized water and laundry liquid for 
60 min (see the details in Fig. S5). The electrical conductiv-
ity of the functionalized yarn decreases slightly from approx-
imately 6.5–5.6 S/m. The minor deterioration is mainly due 
to the abrasion of the graphene layer on the fiber surface 
during the washing process. The functionalized CGY con-
tinues to maintain good electrical conductivity after washing 
in both deionized water and laundry liquid, which indicates 
that the rGO-CGY has good wash fastness due to the strong 
binding force between the graphene and fiber. Figure 2g 
shows the changes in the water contact angles of the GMFs 
with changes in the dipping time. The contact angle of the 
pristine GMF (both the longitudinal and crosswise yarns are 
the pristine CGYs) is about 121° (dipping time is 1 s), and 
the contact angle decreases to approximately 69° after 5 s 
due to the abundant hydrophilic functional groups on the 
CGY surface. In contrast, the GMFs with different structures 
acquire higher contact angles during this process, reaching 
approximately 136° and 142° for the plain and twill fabrics, 
respectively (dipping time is 1 s). They maintain high con-
tact angles (132° and 135°) after 5 s, which is due to the 
hydrophobicity of the rGO [47]. After reduction treatment, 
some of the oxygen-related functional groups on the fiber 
surface are eliminated [48]. On the other hand, graphene 
coating also increases the surface roughness of the CGY, 
resulting in high hydrophobicity [49]. The surface rough-
ness values of the pristine CGY and the rGO-CGY from 
the GMFs, which are 73.3 nm and 712.5 nm, respectively, 
can be observed in the AFM images (Fig. 2h–i). Compared 
to the pristine CGYs with smooth surfaces, the rGO-CGYs 
exhibit rough and uneven surfaces due to the existence of 
graphene layers that have wrinkled and crumpled surfaces 
[50] (Figs. S6a–f).

To demonstrate the excellent breathability of the GMF, 
we bound it to the opening of a vial placed in a beaker by a 
rubber band (Fig. 2j). The figure shows that the water vapor 
can pass through the fabric and escape from the vial con-
taining hot water (> 80 °C), which reveals its water vapor 
permeability. Similarly, hydrochloric acid can freely pass 
through the breathable fabric, which is demonstrated by 
covering the top of a vial with hydrochloric acid inside with 
fabric and then allowing it to react with ammonia (Fig. 2k). 
The white ammonium chloride smoke from the chemical 
reaction can be observed above the fabric, indicating that 
the GMF does not restrict or block the diffusion of hydro-
chloric acid gas from the vial to the environment. To quan-
titatively evaluate the breathability of the fabric, the mass 
change of the water in the vial with the GMF covering the 
opening at 50 °C is recorded. Fig. S7 illustrates the typical 

curves of the time-dependent mass change of the water. The 
evaporation rate calculated from the curves indicates that the 
water evaporation rate is 2.03 kg  m−2  h−1 for the GMF, and 
it maintains a similar level after the fabric undergoes 100 
cycles of stretching under a strain of 15%. A water drop-
let is applied to the surface of the GMF (Fig. 2l), and the 
droplet remains its initial state without being absorbed by 
the GMF in an environment where water vapor from the hot 
water is present. This shows that the good waterproofness of 
the GMF can effectively prevent metabolites such as liquid 
sweat condensed on the fabric surface from flowing back 
to the skin.

We evaluate the effect of the twill fabric width on the 
sensitivity and explore the mechanism. The sensitivity is 
represented by the gauge factor (GF), which is calculated by 
(ΔR/R0)/ε, where the ε is the strain of the sensor. Figure 3a 
exhibits that the sensitivity of the GMF can be adjusted by 
changing the sensor width. The GMF sensor with a width 
of 2 cm acquires better sensitivity throughout 100% tensile 
strain compared to the GMF sensors with widths of 0.5 cm 
and 1 cm (Table S1). We demonstrate a simple electrical 
model in Fig. 3b to show the mechanism. The adjacent 
rGO-CGY in the GMF sensor with a width of 2 cm pos-
sesses more contact points due to its larger width. It can be 
understood that the sensor with a higher width enables the 
generation of more separation points between two adjacent 
conductive threads considering their longer contact edges. 
The increase in separation points at the same-degree strain 
deformation is related to relative resistance changes. These 
contact points are completely separated during the stretch-
ing process, leading to a higher relative resistance increase 
in the sensor. Therefore, the wider GMF sensor has better 
sensitivity. The continuous conductive CGYs without elon-
gation form a parallel circuit, forming a hybrid circuit in 
the stretched state [51, 52]. The initial resistance (R) of the 
wider sensor and the narrower sensor can be calculated with 
Eq. (1) and Eq. (2).

where R1 and R2 are the resistance of the linear part and 
cured part of the yarns, respectively, and RC refers to the 
contact resistance between two adjacent yarns. The a and b 
are the numbers of contact points of the sensors with wide 
and narrow widths, respectively (a > b > 1). Equation (1) and 
Eq. (2) can depict the overall resistance of the sensor in 
the initial state. The conductive CGY undergoes a separa-
tion before maximum deformation. With the increase in the 
tensile elongation of the sensor, the contact area between 

(1)R = n
R
C
R2 + 2aR1RC

+ 2a2R1R2

R
C
+ aR2

(2)R = n
R
C
R2 + 2bR1RC

+ 2b2R1R2

R
C
+ bR2

,
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adjacent conductive yarns decreases, thus causing the con-
tact resistance (R’C) to increase. The R increases with the 
increase of RC, which leads to an incremental resistance of 
the sensor. In this case, the resistance (R’) of the sensor 
can be calculated according to Eq. (3). This explains the 
mechanism of the stretch-induced increasing resistance of 
the sensor.

In Fig. S8a, we compare the sensitivity of the GMF sen-
sors with a width of 2 cm fabricated by the rGO-CGYs 
treated with 7 and 10 applications of the rGO coating, which 
implies that the volume conductivity of the crosswise yarn 

(3)R
� = m

R
�
C
R2 + 2R1R

�
C
+ 2R1R2

R
�
C
+ R2

+ (n − m)(2R1 + R2)

is positively correlated with the sensitivity of the sensors. 
Fig. S8b presents that the GMF sensor (plain structure) with 
a width of 2 cm has lower sensitivity throughout the 100% 
strain deformation process compared with the abovemen-
tioned sensor with a twill structure. The difference is mainly 
attributed to the distinct contact areas between adjacent con-
ductive yarns in the plain and twill structures. Compared 
with the sensor with a plain structure, the adjacent rGO-
CGYs in the twill-structure sensor have a larger contact area, 
resulting in lower contact resistance (Figs. S8c–d). In the 
process of stretching and separating, the crosswise yarns 
experience more changes in the contact area, endowing the 
GMF sensor (twill structure) with better sensitivity.

Figure 3c illustrates the dynamic stability by applying 
a periodic stretching-releasing strain of 15% at frequen-
cies ranging from 0.1 to 1 Hz. Similarly, we apply periodic 

Fig. 3  Electrical responses of the GMF sensor and the correspond-
ing mechanism. a The calibration of the GMF sensors with different 
widths. b Electrical model of the sensors, displaying their sensing 
mechanism. c Electrical response to stretching-releasing strain (15%) 
at various frequencies ranging from 0.1 to 1 Hz, showing the dynamic 
stability of the sensor. d Electrical response to stretching-releasing 

strain (5–20%) at a frequency of 0.5 Hz, showing the dynamic stabil-
ity of the sensor. e The relative resistance changes of the sensor with 
a step strain, exhibiting low creep and static stability. f The response 
time of the sensor subjected to a fast-speed 0.5% strain, which can 
reach ≈ 60 ms. g Cyclic durability of the sensor under a stretching-
releasing strain of 10% for 3000 cycles with a frequency of 0.5 Hz
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stretching-releasing strains of 5%, 10% and 20% with a fre-
quency of 0.5 Hz to show the dynamic strain stability. The 
repeatable electrical outputs at each frequency and strain 
level confirm the dynamic stability of the GMF sensors. 
The stability is beneficial from the longitudinal elastic yarns 
in the fabric structure, ensuring the repeatable and stable 
separation and recovery of the conductive threads during 
loading-uploading strain (Fig. S9). When tensile strains of 
20%, 40%, and 80% are applied to the sensor, the electri-
cal signal in Fig. 3e exhibits slight overshoots and quickly 
becomes stable, illustrating the outstanding static stability 
of the GMF sensor. To precisely determine the response 
speed, a quasi-transient step strain of 0.5% with a speed of 
16 mm/s was applied to the sensor. Figure 3f displays that 
the response time of the sensor (≈ 60 ms), which is adequate 
to meet the general needs of strain sensing applications. To 
further assess the stability and durability of the sensor, a 
loading-upload strain of 10% was applied to it at a frequency 
of 0.5 Hz for 3000 cycles. The electrical response in Fig. 3g 
is reproducible throughout the whole process with slight 
fluctuations, demonstrating the outstanding durability of the 
lossless sensing networks. We washed the GMF sensor with 
laundry liquid at room temperature (30 °C) for 45 min (Fig. 
S10a) and compared the electrical responses of the sensor 
after repeated washing. The sensitivity decreases moderately 
with increasing washing cycles (Fig. S10b), which profits 
from the strong hydrogen bonding between the CGY and 
the rGO [43]. It is worth noting that the sensitivity of the 
GMF sensor is similar to the unwashed sensor throughout 
the working range after 5 washing cycles.

Unlike conventional sensors that ignore unstable sens-
ing performance caused by human body temperature and 
humidity changes, the GMF sensor shows high sensing sta-
bility towards wearable microclimate changes. As shown 
in Fig. 4a, a closed space was built and the environment 
was heated with a blower to evaluate the static and dynamic 
stability of the sensor during the heating process. Figure 4b 
displays the electrical response of the GMF sensor under 
a cyclic strain of 15% in changeable temperature. The sig-
nals keep stability with highly reproducible signaling pat-
terns when the temperature increases from 22.8 to 47.3 °C. 
Additionally, the sensor illustrates excellent stability towards 
temperature changes in static conditions (Fig. 4c). The elec-
trical conduction of the networked rGO thin film can be 
described by the hopping transport of carriers within and 
between the nanosheets. Carrier transport is expected to 
be greatly affected by the thermal effects of these carriers 
[53–56]. However, many negative groups existing in the GO, 
such as carboxyl and hydroxyl groups, are eliminated in the 
process of long-reduction time, which leads to smaller acti-
vated deep trap states (low-state density) and a short-range 
variable hopping of carriers between adjacent layers of the 
rGO (Fig. S11a). Therefore, the insensitivity of the GMF 

sensor to temperature change is attributed to the rGO on the 
CGY surface exhibiting a decrease in the hopping charge 
transport number and the slight thermal generation of fewer 
carriers (Fig. S11b) [57]. The reduction in functional groups 
can also endow the sensor with a response that is insensitive 
to humidity simulations. We use a humidifier to adjust the 
humidity in the confined space to evaluate the sensor per-
formance towards humidity changes (Fig. 4d). The sensor 
resistance in Fig. 4e remains stable at a relative humidity 
of ≈ 39% and fluctuates moderately with increasing relative 
humidity up to ≈ 71%, which shows that the GMF sensor 
is insensitive to humidity changes. Similarly, the electrical 
signals of the sensor were measured under a recurrent strain 
of 15%, and the results indicate that the electrical response 
remains highly steady and repeatable during the humidity 
change process (Fig. 4f). The rGO endows the yarn with high 
hydrophobicity due to the oxygen-related functional groups 
on the CGY surface are eliminated, including hydroxyl and 
carboxyl groups, after reduction and water adsorption is 
minimized [47, 48], which enables the GMF sensor to sta-
bly output electrical signals regardless of humidity changes.

In monitoring human movement, friction inevitably arises 
between the sensor and the skin. To analyze the effect of 
wear-out issues on the electrical response of the GMF sen-
sor, we tested the electrical signal of the sensor by applying 
a recurrent strain of 15% before and after applying friction 
to the sensor by hand. The electrical output of the sensor 
in Fig. 4g reveals that friction applied by hand would not 
impair the sensing ability and performance. Based on the 
abovementioned characterizations and demonstrations, the 
GMF sensors reveal conjunct assets, including fast response 
time, excellent durability, wide strain range, outstanding 
breathability, and reliability at various temperature and 
humidity values, that are superior to state-of-the-art strain 
sensors (Table S2).

Compared to traditional rubber-encapsulated strain 
sensors, the GMF sensor made from fibers can be nicely 
combined with clothing, which is imperative for practical 
wearing occasions. Figure 5a shows an image of a sensor 
sewn into cloth to illustrate that the sensor can be well inte-
grated into clothes for sensing applications. We demonstrate 
a full-range body-sensing network by attaching sensors to 
different parts of the human body to monitor human motions 
(Fig. 5b). Slight epidermal movements caused by chew-
ing, throat vibrations and respiration can be promptly and 
accurately captured by the GMF sensor. The electrical pat-
tern obtained from gum chewing in Fig. 5c is reproducible, 
revealing the promise of its application prospects in oral 
locomotion and training. We attached the sensor to the throat 
to recognize the states of coughing and speaking. Figure 5d 
displays the resistance change of the sensor during cough-
ing. There is an updown resistance change signal associated 
with the exertion and release of cough, respectively, which 
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is consistent with the expansion of corresponding epider-
mal vibrations. On the other hand, the electrical response is 
repeatable throughout with marginal deviations, indicating 
that the motion is tracked with a highly reproducible signal-
ing pattern. In Fig. 5e, the resistance signals generated from 
speaking can be sensed by the sensor and exhibit differenti-
able and reproducible patterns when speaking various words 
(I love you, strain sensor and wearable). These signals of 
human normal breathing and breathing during running are 
collected in Fig. 5f, exhibiting a discernible respiratory rate 
and depth over the two diverse conditions.

The broad-sensing-range sensor can recognize not only 
tiny body movements but also detect large body deforma-
tions such as finger bending, walking and running, etc. We 
attached the sensor to the finger to monitor finger motion in 
Fig. 5f. It shows that the resistance fluctuates up and down 

for bending the finger once, and the signals can be repeated 
and are highly consistent with the degree of finger bending. 
In addition, by applying the sensor to the skin surface of 
the wrist (Fig. 5h), the bending motion of the wrist can be 
detected. These electrical signals rise and fall with the wrist 
bending and straightening (Fig. 5h), which demonstrates the 
potential application in wrist bending-related sports, such as 
basketball, volleyball and skating, by appropriately embed-
ding sensors in wristbands. Fig. S12 demonstrates nodding 
motion monitoring and reveals that the motion is explicitly 
reflected by the sensor. For further demonstrations of large 
limb movement detection, we measured the relative resist-
ance changes of the sensor during walking and running. The 
measurement results indicate that the movements are accu-
rately discriminated by the response frequency and intensity 
of the sensor, where the walking and running speeds are 

Fig. 4  The temperature and humidity dependence of the GMF sensor. 
a Image of the device constructed by the researchers to evaluate the 
influence of temperature change on the sensor. b Electrical signals 
of the sensor under a cyclic strain of 15% in the temperature from ≈ 
22.8 °C (room temperature) to ≈ 47.3 °C, presenting stability of the 
sensor at different temperatures. c Relative resistance changes of the 
GMF sensor with the temperature rising from ≈ 22.8 to ≈ 47.3 °C. 

d Image of the device constructed by the researchers to evaluate of 
the humidity dependence of the sensor. e Static stability of the sensor 
within a certain humidity range (from ≈ 39 to ≈ 71%). f Electrical 
outputs of the GMF sensor with a recurrent strain of 15% in the pro-
cess of humidity changing from ≈ 39 to ≈ 71%, presenting stability 
of the sensor in different humidities. g Electrical signals of the GMF 
sensor before and after hand friction
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≈1.6 s  steps−1 and ≈0.68 s  steps−1, respectively. The sensor 
retains high reliability and stability during walking and run-
ning and has great potential applications in sports training. 
Because of the high sensing stability, real-time recognition, 
wide sensing range, excellent breathability, and insensitiv-
ity to temperature and humidity changes, the sensor can be 
applied for monitoring subtle and violent physical deforma-
tion, which is of great significance for timely detection of 
human diseases and reconstruction through body-sensing 
networks.

Conclusions

In summary, a breathable strain sensor with tunable sensitiv-
ity is developed by constructing the rGO-CGY and elastic 
yarns into an independently crossed structure that exhibits 

extremely low sensitivity to both temperature and humidity 
changes. Owing to the high-porosity of the fabric structure, 
the sensor displays excellent breathability to air and water 
vapor (2.03 kg  m−2  h−1). The GMF sensor shows attrac-
tive sensing performance, including a fast response speed 
(< 60 ms) and high durability (> 3000 cycles), and tunable 
sensitivity by simply altering the width of the fabric. More 
importantly, taking advantage of the rGO with high hydro-
phobicity and insensitivity to temperature and humidity 
changes after a long-reduction time, the sensor possesses 
sensing independence against temperature and relative 
humidity in the ranges of 22.8–47.3 °C and 39–71%, respec-
tively. In particular, the concept of using independent elastic 
and conductive yarns for the construction of strain sensors 
can be rapidly extended to various fabric-based wearable 
sensors, paving a new way for the low production cost and 

Fig. 5  Application demonstration of the GMF sensor. a Integration of 
the sensor with clothes, showing its good compatibility. b An over-
view of the location of the body-sensing network. c Corresponding 
signals of chewing gum. d Relative electrical resistance changes of 
throat vibration during coughing. e Signals of the throat epidermis 

vibration while speaking different words. f Relative electrical resist-
ance changes during normal breathing and breathing during running. 
g Signals of index finger bending from the sensor. h Electrical output 
during wrist bending. i The relative resistance changes during walk-
ing. j Electrical response during running
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scalable fabrication of highly breathable, high-performance, 
encapsulation-free, and reliable sensing strain sensors.
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tary material available at https:// doi. org/ 10. 1007/ s42765- 023- 00270-y.
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