#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Flexible thermoelectric CMTs/KCl/gelatin
composite for a wearable pressure and
temperature sensorfy

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 6865

Hongjie Wang,? Jilun Guan,® Mei He,*® Yangiu Zhu @ *© and Fangchao Cheng & *2°

Flexible sensors have promising applications in the fields of health monitoring and artificial intelligence,
which have attracted much attention from researchers. However, the design and manufacture of sensors
with multiple sensing functions (like simultaneously having both temperature and pressure sensing
capabilities) still present a significant challenge. Here, an ionic thermoelectric sensor for synchronous
temperature and pressure sensing was developed on the basis of a carbon microtubes (CMTs)/potassium
chloride (KCl)/gelatin composite consisting of gelatin as the polymer matrix, CMTs as the conductive
material and KCl as the ion source. The designed CMTs/KCl/gelatin composite with the good ductility
(830%) and flexibility can achieve a Seebeck coefficient of 4 mV K™ and a dual stimulus responsiveness

R 411t D ber 2023 to pressure and temperature. In addition, not only the movement of the human body (e.g., fingers, arms),
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Accepted 12th February 2024 but also the temperature difference between the human body and the environment, were able to be
monitored by the designed CMTs/KCl/gelatin sensors. This study provides a novel strategy for the design

DOI: 10.1039/d3ra08471] and preparation of high-performance flexible sensors by utilizing ion-gel thermoelectric materials and
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1 Introduction

In recent years, flexible sensors' have attracted great interest
due to their great potential in health monitoring* and smart
electronic devices.® For example, flexible electronic sensors can
convert physiological activity signals into visible electrical
signals through signal conduction, which has great application
prospects in the fields of human clinical diagnosis, human-
computer interaction,® artificial intelligence robotics,” and
flexible electronic skin.**° In particular, flexible sensors can be
used for multifunctional sensing, such as pressure and
temperature sensing,"** through the thermoelectric, piezo-
electric, and friction electric properties of the materials. Ionic
gels with dual stimulated temperature and pressure responsive
materials are expected to provide an idea for the construction of
temperature and pressure sensors.
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promotes the research of temperature and pressure sensing technologies.

The ionic gel can be used as thermoelectric material that
relies on the thermal diffusion effect of ions and the thermal
current effect of ions for thermal-electric conversion.'® Mean-
while, the ionic gel provide a new way for temperature sensing
by using the thermal diffusion effect of ions to generate
a potential difference. Based on the advantages of high ther-
moelectric properties, low preparation cost and good tensile
properties, the ionic gel have a wide range of applications in
energy storage and energy conversion.” Furthermore, the ionic
thermoelectric gel material generates a corresponding potential
difference due to the thermal diffusion of ions in the ionic gel
that results in the accumulation of ions at the two ends of the
sample to produce an ionic concentration gradient. Further-
more, due to the thermal diffusion of ions in the ionic gel, the
ionic gel generates a corresponding potential difference,
leading to the aggregation of ions at the two ends of the sample
to produce an ionic concentration gradient. Therefore, ions
(e.g., KCl, NaCl)*® were introduced into the ionic gel to improve
the thermoelectric and electrical conductivity of ionic gels, such
as low-cost, environmentally friendly salt solutions. However,
the present ionic gel has many disadvantages, such as easy
volatility, leakage, poor mechanical properties and low ther-
moelectric properties, limiting their application in flexible
sensor devices.

In order to obtain high-performance ionic thermoelectric gel
materials, conductive materials and fillers (e.g., PSSH,
PEDOT:PSS, and PSSA)"" are invariably introduced to improve
the mechanical strength, thermoelectric properties, and
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structural stability of ionic thermoelectric gel materials. Carbon
nanomaterials possess high electrical conductivity, large
specific surface area, and tunable chemical composition and
structure, which make them stand out among many other
conductive materials. As a carbon nanomaterial, carbon nano-
tubes (CNTs), have high strength,>** high electrical conduc-
tivity,>»*® high thermal conductivity,”**” and excellent chemical
stability properties.?®*** Carbon microtubes (CMTs) have a larger
tubular structure in addition to the similar properties of carbon
nanotubes. Moreover, CMTs possesses relatively stable chem-
ical properties and high specific surface area,*® which can serve
as a stable ionic carrier and channel in ionic gel material.
Hence, CMTs are the potential conductive material to prepare
ionic thermoelectric gel materials with good thermoelectric
properties, non-toxicity, flexible stretchability, temperature
sensitivity and pressure sensitivity.

In this work, we reported a dual-mode flexible sensor for
temperature and pressure based on ionic thermoelectric gel
material. CMTs/KCl/gelatin composite was prepared by a facile
dissolution process using gelatin, CMTs and KCI. The Seebeck
coefficient of the prepared ionic gel was 4 mvV K ' at KCI
concentration of 0.8 M, the gelatin fraction of 30 wt% and the
CMTs addition of 30 mg. Then, CMTs/KCl/gelatin composite
with thermoelectric effect was utilized to develop flexible
thermal sensors capable of simultaneous monitoring of
temperature and pressure. Accordingly, the obtained CMTs/
KCl/gelatin flexible sensor with the multifunctional sensing
properties have great potentials in the field of human-computer
interaction, wearable electronic devices and electronic skin.

2 Experimental
2.1 Materials

Gelatin, chitosan, sodium dodecylbenzene sulphonate (SDBS)
and choline chloride were purchased from Shanghai Aladdin
Biochemical Science and Technology Co., Ltd. Potassium
chloride, sodium chloride, ferric nitrate and oxalic acid were
obtained from Tianjin Damao Chemical Reagent Factory.

2.2 Preparation of CMTs solution

0.1 g CMTs were dispersed in 20 mL of deionized water, and
then 0.1 g of sodium dodecylbenzene sulphonate (SDBS) was
added as surfactant to obtain the CMTs mixture. Next, 5 mL of
HCIl was added to the CMTs mixture to functionalize CMTs.
Subsequently, the prepared CMTs mixture was subjected to
ultrasonic treatment for 2 h in an ultrasonic cleaner.

2.3 Preparation of CMTs/KCl/gelatin composite

Ionic gels were prepared by mixing gelatin, CMTs and KCl.
Firstly, gelatin, CMTs and KCl were added in deionized (DI)
water of 10 mL. The detailed compositions of various ionic gels
and the effects of compositions on the thermoelectric proper-
ties are shown in Fig. S1.1 The solution was stirred at 60 °C for
at least 4 h until a homogenous solution was formed. Subse-
quently, the ionic gel was poured into a mold for cooling and
forming, and the cured gel was taken out and dried in air at
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room temperature for 4 h to achieve the suitable moisture
content. The prepared ionic gel was named as CMTs/KCl/gelatin
composites. In addition, the gelatin and KCl/gelatin composite
were prepared in the same way for subsequent comparative
analysis.

2.4 Characterization

The CMTs/KCl/gelatin composite was first frozen in a cold trap
at —55 °C, and then freeze-dried under vacuum at —64 °C for
24 h. The morphology of the freeze-dried hydrogel sample was
observed by scanning electron microscopy (SEM; Sigma300,
Zeiss, German) at 5 kV for secondary electron imaging after
being coated with gold. FTIR spectra of the CMTs/KCl/gelatin
composite was acquired using a Nicolet 6700 infrared spec-
trometer (Thermo Fisher Scientific Corp, USA) in the 1000-
4000 cm ' wavenumber range.

Tensile tests were carried out at room temperature using
a universal testing machine (Instron 5967). The dimensions of
the tensile specimens were 40 mm x 10 mm x 1 mm. Five
specimens were performed on each sample and the results were
averaged.

The Seebeck coefficient of the ionic thermoelectric gel elec-
trolyte was specifically tested by using Peltier elements to
control the temperature of the cooler and heater. Then the
electrochemical workstation was used to measure the open
circuit voltage on both sides of the CMTs/KCl/gelatin composite
electrolyte, and the thermocouple K-type thermocouple ther-
mometer was used to measure the real-time temperature at
both ends of the electrolyte. The formula for the calculation of
Seebeck coefficient is given below:

S — h—Ve 1)
Th - Tc
where S is the Seebeck coefficient, V;, and V. are the voltage are
the temperatures at the hot electrode and the cold electrode, Ty
and T, are the temperatures at the hot electrode and the cold
electrode, respectively.

3 Results and discussion

3.1 Preparation mechanism of the CMTs/KCl/gelatin
composite

A schematic diagram of the preparation process of the CMTs/
KCl/gelatin composite by a mixed dissolution method is
shown in Fig. 1. First, CMTs were formed by high-temperature
carbonization using a mixed system of biomass, ionic liquids
and low-eutectic solvents as a carbon source in the presence of
Fe*" as a catalyst. In Fig. S2,T it is shown that the CMTs has
a graphitic structure from the XRD spectra and Raman spectra.
From the figure, it can be seen that the CMTs have a strong G
peak, a relatively weak D peak and a large ratio of Ip/Ig, which
indicates that the CMTs are highly graphitized. In addition, the
CMTs have a high electrical conductivity, indicating superior
electrical conductivity. Due to the presence of nitrogen in the
hybrid system, nitrogen element was also present in the struc-
ture of the synthesized CMTs in Fig. S2.f The presence of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram for the CMTs/KCl/gelatin composite preparation.

nitrogen element was beneficial to improve the electrical
conductivity of CMTs and enhance their structural stability and
mechanical strength. Then, the CMTs/KCl/gelatin composite
was obtained by mixing gelatin and KCI thoroughly at 60 °C and
further cooling the co-mixed system to room temperature.
Finally, CMTs/KCl/gelatin composite were assembled as a flex-
ible sensor by adhering copper sheets on both sides of the gels
and copper sheets were used as electrodes. Moreover, the
incorporation of CMTs in the gelatin network could facilitate
the improvement of the thermoelectric properties of the gels.
The interface interaction between CMTs and gelatin network
could enhance the internal structure of the CMTs/KCl/gelatin
composite, further improving the flexibility of the CMTs/KCl/
gelatin composite.

3.2 Structural analysis of the CMTs/KCl/gelatin composite

Fig. 2(a) shows the macroscopic morphology of the synthesized
CMTs. It can be seen that the synthesized CMTs presents an
aerogel-like structure and the individual CMTs possess a long
aspect ratio, which could be beneficially incorporated into the
CMTs/KCl/gelatin composite to obtain a lightweight, low-
density and soft conductive networks. As shown in Fig. 2(b),
the synthesized CMTs microtubes had a maximum length of 10
um with a tube diameter of 500 nm. Also, the obtained CMTs
showed a morphology of bamboo-joints, and the raised portion
could greatly increase the surface roughness and specific
surface area of the CMTs. This bamboo-joints structure could
enhance the contact interface between CMTs and gel matrix as
well as the adsorption of ions by the CMTs in Fig. 2(c), resulting
in obtaining high-performance the CMTs/KCl/gelatin
composite. As shown in Fig. S3,7 the microstructure of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

KCl/gelatin composite has a rough surface and the precipitated
KCl is uniformly distributed on the surface of the composite.
Fig. 2(d) show the microscopic morphology that CMT was
successfully doped in the CMTs/KCl/gelatin composite struc-
ture and the CMTs/KCl/gelatin composite possesses abundant
pore structures. Additionally, CMTs were wrapped with gelatin
and shuttled into the gaps of the gel matrix, which was bene-
ficial to improve the mechanical and electrical conductivity of
the CMTs/KCl/gelatin composite. Moreover, the incorporated N
and Fe elements were uniformly distributed in the CMTs in
Fig. 2(e)-(h), which was helpful to promote the ionic mobility
and electrical conductivity inside the CMTs/KCl/gelatin
composite.**

The FTIR spectrum of the CMTs/KCl/gelatin composite and
KCl/gelatin composite is presented in Fig. 2(i). In the FTIR
spectrum of the CMTs/KCl/gelatin composite, the peak at
1633 cm ™~ ' was attributed to the amide I band (C=0) stretching
vibration of the gelatin molecule, the peak at 1536 cm™ ' was
attributed to the bending vibration of its amide II band (N-H)
and the peak at 1242 cm ™" was attributed to the amide III band
(C-H) stretching vibration.**** The CMTs/KCl/gelatin composite
had a broad absorption peak at 3305 cm ™', which was the -OH
stretching vibration of the CMTs/KCl/gelatin composite.**
Moreover, the CMTs/KCl/gelatin composite incorporated
showed two peaks about 2926 cm™ " and 2854 cm™ ", associating
with the stretching vibration of CMTs -CH, group.**

3.3 Mechanical properties of the CMTs/KCl/gelatin
composite

Flexibility properties was one of the most important perfor-
mances of flexible sensors, directly affecting the wearability,
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Fig. 2 Structural characteristics of the CMTs/KCl/gelatin composite. (a) Macroscopic morphology of CMTs, (b and ¢) SEM images of CMTs, (d)
SEM images of the CMTs/KCl/gelatin composite. (e—h) EDS energy spectra of the CMTs/KCl/gelatin composite. (i) FTIR spectra of KCl/gelatin and

CMTs/KCl/gelatin composite.

reliability and durability of the sensor's sensing performance.
In order to evaluate the flexibility of the CMTs/KCl/gelatin
composite, the stretching, twisting and bending tests of the
CMTs/KCl/gelatin composite were conducted. As been shown in
Fig. 3(a), the CMTs/KCl/gelatin composite could be stretched
from 4 cm to 8 cm without breaking and could be easily folded
and bent without cracking, displaying excellent toughness and
flexibility properties. In addition, the mechanical properties of
the CMTs/KCl/gelatin composite with different KCl concentra-
tions, mass fraction of gelatins and additions of CMTs were
further quantified with tensile testing in Fig. S4.f With the
increase of the of KCI concentrations, the mechanical proper-
ties of the CMTs/KCl/gelatin composite appeared the
decreasing trend in Fig. 3(b). Owing to the fact that the addition
of KCI could improve the thermoelectric properties of the
CMTs/KCl/gelatin composite,*® KCl concentration of 0.8 M was
the better choice after considering the mechanical and ther-
moelectric properties of the CMTs/KCl/gelatin composite. As
shown in Fig. 3(c), the tensile strength and elongation at break
of the CMTs/KCl/gelatin composite were increased significantly
with the increase of mass fraction of gelatins. This phenom-
enon was due to the abundance reactive groups in gelatin,
which could combine with the groups on the surface of CMTs so

6868 | RSC Adv, 2024, 14, 6865-6873

as to improve the mechanical properties of the CMTs/KCl/
gelatin composite. Meanwhile, with the additions of CMTs
increased from 10 mg to 40 mg, the tensile strength of the
CMTs/KCl/gelatin  composite obviously increased from
0.55 MPa up to 1.7 MPa and the elongation at break mono-
tonically increased from 460% to 1200% owing to the large
aspect ratio of CMTs in Fig. 3(d).*

3.4 Thermoelectric properties of the CMTs/KCl/gelatin
composite

The temperature sensing of the CMTs/KCl/gelatin composite
was based on the thermal diffusion effect of the CMTs/KCl/
gelatin composite, thus the study of the thermoelectric prop-
erties of the CMTs/KCl/gelatin composite could contribute to
optimize their temperature sensing performance and improve
the sensing accuracy. The Seebeck coefficient of the CMTs/KCl/
gelatin composite prepared from pure gelatin was 0.56 mV K*
in Fig. S1.7 After the addition of KCl and CMTs to gelatin, the
Seebeck coefficient and conductivity of CMTs/KCl/gelatin
composites were significantly increased as shown in Fig. S1.t
The cation thermal mobility was greater than the anion thermal
mobility in the CMTs/KCl/gelatin composite.*® Therefore, the
cold side of the CMTs/KCl/gelatin composite could assemble

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanical properties of the CMTs/KCl/gelatin composite. (a) Stretching and twisting of the CMTs/KCl/gelatin composite. Stress—strain
curves of the CMTs/KCl/gelatin composite with (b) different KCl concentrations, (c) different mass fraction of gelatin and (d) different additions of

CMTs.

more K' compared to Cl~, resulting in net positive and negative ~were increased subsequently, resulting in the increase in the
charge densities near the cold and hot electrodes,® respectively. Seebeck coefficient of the CMTs/KCl/gelatin composite in
The distribution of these net charge densities could induce Fig. 4(a) and (b). However, the Seebeck coefficient showed
a built-in electric field pointing from the cold side to the hot a decrease as the KCl concentration increased from 0.8 M to
side, resulting in a voltage. Thus, the Seebeck coefficients of the 1 M. This was caused by the fact that KCI could weaken the
CMTs/KCl/gelatin composite were evaluated with different KCl Debye length of the polymer surface charge when the concen-
concentrations. As the increase of KCl concentration, the tration of KCl was too large, and the result tends to the value of
contents of movable cations in the CMTs/KCl/gelatin composite the Seebeck coefficient of the pure KClI solution.* In addition,
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Fig. 4 Thermoelectric properties of the CMTs/KCl/gelatin composite. (a) Seebeck coefficients of the CMTs/KCl/gelatin composite with different
KCl concentrations. (b) Thermal voltages of the CMTs/KCl/gelatin composite with different KCl concentrations for each temperature gradient. (c)
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Seebeck coefficients of the CMTs/KCl/gelatin composite with different mass fraction of gelatins. (d) Thermal voltages of the CMTs/KCl/gelatin
composite with different mass fraction of gelatins for each temperature gradient. (e) Seebeck coefficients of the CMTs/KCl/gelatin composite
with different CMTs additions. (f) Thermal voltages of the CMTs/KCl/gelatin composite with different CMTs additions for each temperature
gradient temperature gradient.
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the Seebeck coefficients of the CMTs/KCl/gelatin composite
could increase from 1.75 mV K™ to 4 mV K" by varying the
mass fraction of gelatins in the CMTs/KCl/gelatin composite in
Fig. 4(c) and (d). The Seebeck coefficients of CMTs/KCl/gelatin
composites are higher than those of many reported materials
according to Table S1.f However, excess gelatin could lead to
a reduction of water in the CMTs/KCl/gelatin composite,
inhibiting the mobility of ions and the thermo-electric proper-
ties of the CMTs/KCl/gelatin composite.

Furthermore, the Seebeck coefficients of gels with different
CMTs additions were measured to assess the effect of CMTs on
the thermoelectric properties of the CMTs/KCl/gelatin
composite. As shown in Fig. 4(e) and (f), the Seebeck coeffi-
cients of the CMTs/KCl/gelatin composite could firstly increase
as the addition of CMTs increased and then showed
a decreasing trend, reaching the peak after the addition of
30 mg CMTs. This was because the prepared CMTs were ob-
tained after strong acid treatment, which could increase the
activation degree of the CMTs surface groups (e.g., -OH and -
COOH, etc.). The increased activation degree could cause an
increase in the concentration difference between cations and
anions in the CMTs/KCl/gelatin composite,*"** resulting in an
increase in the Seebeck coefficient. Moreover, the obtained
CMTs were doped with N and Fe elements in Fig. 2(g) and (h),
which could enter into the interstitial and defective sites of the
CMTs. That was to say, the presence of N and Fe elements could
enhance the charge transfer and storage capacity of the CMTs,
thereby improving the thermoelectric properties of the CMTs/
KCl/gelatin composite. However, with the addition of CMTs to
a certain extent, the CMTs in the CMTs/KCl/gelatin composite
appeared to aggregate. The aggregation of CMTs could affect
the ions transport of the CMTs/KCl/gelatin composite, thereby
affecting the thermoelectric properties of the system. Mean-
while, the aggregation of CMTs also could inhibit the formation
of the CMTs/KCl/gelatin composite and decrease the stability of
the composite structure.

3.5 The CMTs/KCl/gelatin sensor applications

The CMTs/KCl/gelatin composite possessed stable thermoelec-
tric properties, making ideal materials for temperature sensors.
Consequently, the CMTs/KCl/gelatin composite was assembled
as a temperature sensor to explore their potential application in
human body temperature detection in Fig. 5(a), and the CMTs/
KCl/gelatin composite was used as electrolytes and copper foils
as electrodes. The temperature sensing mechanism of the
sensor is shown in Fig. 5(b). Based on the thermal diffusion
effect, the anions and cations in the CMTs/KCl/gelatin
composite were driven to move by the difference in tempera-
ture between the two ends. The asynchronous movement of the
anions and cations resulted in a homogeneous distribution of
ions in the composite, leading to the formation of a potential
difference between the two ends of the sensor. Thus, the CMTs/
KCl/gelatin sensor could provide an indication of the thermal
condition of the sensing region. As shown in Fig. 5(d), the
CMTs/KCl/gelatin sensor exhibits uniform voltage changes
when different temperature differences were applied on both
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sides of the sensor, indicating excellent stability of the CMTs/
KCl/gelatin sensor. When the temperature difference between
the two sides was cancelled, the voltage on both sides of the
sensor would return to the original value and the sensor showed
good responsiveness to temperature changes. Moreover, the
sensor voltage was positively correlated with the temperature
difference between the two sides. That was to say, the greater
the temperature difference, the higher the sensor voltage. In
addition, the sensor also could generate a stable voltage change
based on the temperature difference between the skin and the
air in Fig. 5(e). According to the Seebeck coefficient of the CMTs/
KCl/gelatin composite, the voltage generated by the tempera-
ture difference between the two sides of the sensor was similar
to the actual voltage value measured on both sides of the sensor,
indicating that the sensor could accurately detect the temper-
ature difference between the two sides of the sensor in Fig. 5(c).
Thickness of the CMTs/KCl/gelatin composite was the impor-
tant factor on temperature sensing. At temperature difference of
1 K, the thicker the thickness, the greater the voltage change
and the higher the sensitivity of the sensor in Fig. 5(f).

To further verify the reliability of the CMTs/KCl/gelatin
composite in temperature sensing, the temperature sensing of
the palm of the hand in non-contact with the sensor was
measured. The palm was placed at a distance of 1 cm above the
sensor, and the temperature on both sides of the sensor was
monitored by thermal imaging technology in Fig. 5(g). The
voltage response was successfully obtained in Fig. 5(h). The
temperature difference measured by the thermal imaging
technique was 0.8 K, which was essentially the same as the
temperature corresponding to the thermal voltage generated by
the test, indicating that the temperature sensing of the CMTs/
KCl/gelatin sensor possessed a high degree of accuracy. This
phenomenon was caused by the fact that heat diffusion from
human skin raised the temperature of the upper surface of the
CMTs/KCl/gelatin sensor. The temperature difference promp-
ted the CMTs/KCl/gelatin sensor to generate a thermal voltage,
enabling the sensor to realize non-contact temperature sensing.
Thus, the temperature responsiveness of the CMTs/KCl/gelatin
sensor provided the potential to detect human body
temperature.

Due to its good electrical conductivity and mechanical flex-
ibility, the potential application of CMTs/KCl/gelatin composite
in flexible wearable pressure sensor devices was evaluated.
Fig. 6(a) shows a diagram of the CMTs/KCl/gelatin pressure
sensing test, and its main construction was a sandwich struc-
ture of copper foil-CMTs/KCl/gelatin composite-copper foil. The
pressure sensing mechanism of the CMTs/KCl/gelatin sensor is
shown in Fig. 6(b). As the pressure was increased, the voltage on
both sides of the capacitor increased and returned to its original
value with the release of pressure. Based on the voltage sensi-
tivity of the CMTs/KCl/gelatin sensor to external forces,
different weights were placed on the surface of the CMTs/KCl/
gelatin sensor to evaluate its responsiveness and stability to
different external forces. As shown in Fig. 6(c), the sensor
exhibited a higher voltage response when the load weights were
gradually increased from 10 g to 100 g. In addition, the thick-
ness of the CMTs/KCl/gelatin composite had a significant effect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 CMTs/KCl/gelatin sensor temperature sensing test. (a) Schematic diagram of the CMTs/KCl/gelatin temperature sensing test. (b) Diagram
of the CMTs/KCl/gelatin temperature sensing mechanism. (c) Schematic diagram of the skin temperature sensing test. (d) Voltage response of
the sensor to different temperature differences. (e) Corresponding thermoelectric voltages of the sensor on the skin surface, (f) voltage response
of the sensor of different thicknesses to a temperature difference of 1 K. (g) Schematic diagram of the non-contact temperature sensing test and
non-contact temperature sensing actual test diagram. (h) Non-contact skin temperature sensing voltage—time curve.

on the sensor performance. The voltage change of the sensor
was greater at a load of 100 g for smaller thicknesses in Fig. 6(d).
Combining the effects of thickness on temperature sensing and
pressure sensing, the 1.5 mm thick CMTs/KCl/gelatin
composite was used to assemble with copper foils and
adhered to the skin (like fingers and elbows) to examine its
ability to monitor human movement in real time.

The CMTs/KCl/gelatin sensor could produce local deforma-
tion with the movement of the finger and elbow, leading to the
movement of the CMTs in the CMTs/KCl/gelatin composite. The
movement of the CMTs changed the internal conductive
network of the CMTs/KCl/gelatin composite,**** causing the
change in the voltage signals to realize the real-time detection of
human body movement. Thus, the voltage signal of the CMTs/
KCl/gelatin sensor changes with the movement of the finger
and elbow, possessing a good sensitivity in Fig. 6(e) and (f).
Moreover, the CMTs/KCl/gelatin sensor displayed regular and
effective voltage response signals during repeated bending test
of the tester's fingers and elbows. This phenomenon indicated
that the CMTs/KCl/gelatin sensor had good pressure sensing

© 2024 The Author(s). Published by the Royal Society of Chemistry

capability and possessed a potential in flexible wearable
materials.

Furthermore, the responsiveness of the CMTs/KCl/gelatin
sensor when used simultaneously as a temperature and pres-
sure sensor was evaluated. As shown in Fig. 6(g), the voltage
signal of the sensor displayed a significant change after
applying different temperatures on both sides of the sensor and
bending the sensor by 90°, indicating that the sensor was
capable of responding to both pressure and temperature
difference simultaneously in Fig. 6(h). The simultaneous
generation of voltage from pressure and temperature difference
sensing was greater than the voltage generated by temperature
sensing alone in Fig. S5, indicating that part of the voltage
response of the CMTs/KCl/gelatin sensor came from pressure
sensing. This phenomenon demonstrated the feasibility of the
developed the CMTs/KCl/gelatin sensor for applications in
temperature monitoring and pressure sensing. Also, the CMTs/
KCl/gelatin sensors were compared with other similar sensors
in Table S2.1 It could be easily found that the CMTs/KCl/gelatin
sensor could simultaneously monitor both temperature and
pressure, which was not available in the same type of sensor.
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sensing mechanism of CMTs/KCl/gelatin sensor. (c) Voltage response of the sensor to different pressures. (d) Voltage response of the sensor with
different thicknesses at 100 g weight. (e) Voltage correspondence of the sensor when the finger was bent at 90°. (f) Voltage response of the
sensor when the arm was bent. (g) The test schematic of Sensor bending 90°. (h) Voltage response of the sensor when the sensor was bended

90° at a temperature difference of 1 K.

Additionally, all the materials used in the CMTs/KCl/gelatin
sensor were cheaper, more readily available, non-toxic to the
human body and had a low environmental impact. Overall, such
a soft and stretchable CMTs/KCl/gelatin sensor that could
monitor both temperature and pressure provided the possibility
of broadening flexible wearable sensing devices.

4 Conclusion

In summary, we proposed a flexible stretchable CMTs/KCl/
gelatin composite with thermoelectric effect and capability of
monitoring temperature and pressure sensing. The as-prepared
CMTs/KCl/gelatin composite gave a thermopower of 4 mV K *
and a tensile strength of 1.7 MPa, and it possessed the advan-
tages of flexibility and stretchability, and the responses to both
temperature and pressure. In addition, the CMTs/KCl/gelatin
sensor can detect temperature differences on the material
surface in real-time in both contact and non-contact modes as
well as produce a response to a pressure stimulus. When
stimulated by both pressure and temperature signals, the
CMTs/KCl/gelatin sensor responds to both signals and also
detects a voltage significantly higher than that produced by

6872 | RSC Adv, 2024, 14, 6865-6873

temperature sensing alone. Furthermore, the CMTs/KCl/gelatin
sensor can monitor the movement of the human body (fingers,
arms) and the temperature difference between the human body
and the environment in practical applications. These findings
provide a new strategy for the production and utilization of
flexible sensors with multi-signal detection.
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