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Abstract Capacitive pressure sensors have a promising

application in the field of wearable electronic devices due

to their excellent electrical properties. Owing to the com-

plexity of the environment, capacitive sensors are suscep-

tible to electromagnetic interference and changes in the

surrounding medium, resulting in unstable signal acquisi-

tion. Capacitive sensor with excellent immunity to inter-

ference while maintaining flexibility is an urgent challenge.

This study proposes an all-fiber anti-jamming capacitive

pressure sensor that integrates liquid metal (LM) into a

fiber-based dielectric layer. The combination of the LM

and the fiber not only improves the dielectric properties of

the dielectric layer but also reduces the Young’s modulus

of the fiber. The sensor has high interference immunity in

various noise environments. Its all-fiber structure ensures

lightweight, great air permeability and stretchability, which

makes it a promising application in wearable electronic

devices fields.

Keywords Liquid metal; Anti-jamming; Pressure

sensors; Dielectric properties; Hybrid electrospinning

1 Introduction

Flexible tactile sensors play an indispensable role in

human–computer interaction [1–9], electronic skin

[10–19], robotics and other fields [20–24]. Among them,

flexible capacitive pressure sensors are widely employed

for pressure, displacement, vibration and other measure-

ments due to their simple structure, high resolution, good

dynamic response and easy processing [25–32]. Typically,

a capacitive sensor consists of top and bottom electrodes,

an insulator and a substrate [33]. When pressure is applied,

the film deforms, altering the capacitance by varying the

distance between the electrodes [34, 35]. However,

capacitive sensors are susceptible to external disturbances

that can cause their performance to become unsta-

ble [36–38]. Therefore, there is an urgent need to develop a

flexible capacitive pressure sensor with anti-jamming

capability.

Recent research has focused on doping flexible matrix

materials with conductive particles or inorganic nanopar-

ticles to enhance their electrical properties [39–41]. These

studies have demonstrated novel properties of flexible

sensors in terms of high-temperature resistance [42, 43],

implantability [44, 45], electromagnetic shielding [46, 47]

and negative dielectric constant modulation [48–50], which

have potential applications [51, 52]. For example, Pan’s

group proposed a flexible pressure sensor with high anti-

jamming capacitance using polyvinylidene fluoride
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(PVDF)@silver nanowires (Ag NWs)@TiO2 film as the

dielectric layer [53]. Similarly, Song’s group improved

anti-jamming performance by co-assembling Ti3C2Tx

(MXene) and cellulose nanofibers via a freeze-drying

process, followed by surface encapsulation with flame-re-

tardant thermoplastic polyurethane (TPU) to fabricate

MXene composite gels [54]. Xu et al. [55] developed a

composite film incorporating reduced graphene oxide

(rGO) and polyacrylic acid (PAA) for electromagnetic

interference (EMI) shielding application. These innova-

tions offer promising pathways for the development of

capacitive flexible pressure sensors with high immunity to

interference.

However, the integration of highly doped inorganic

components can significantly diminish the flexibility of the

matrix materials. As novel materials, liquid metal (LM)

exhibits both the fluidity of liquids and the conductivity of

metals [56–61]. Research has demonstrated that the

incorporation of inorganic particles elevates Young’s

modulus of elastomers, whereas the inclusion of LM does

not [62, 63]. The internal LM particles maintain their

integrity under stress, thereby improving the dielectric

constant and capacitance properties of the composites

[64–66]. Therefore, replacing traditional inorganic func-

tional nanoparticles with LM can effectively realize the

construction of soft elastomer devices with high sensitivity,

dielectric constant and composite [67].

Electrospinning has emerged over the last few years as a

key technology for versatile, feasible and low-cost manu-

facturing of wearable devices [68–74]. Since wearable

electronic devices are mostly in contact with the human

body, textiles are preferred for daily and long-term use due

to their flexibility, fineness, breathability and heat dissi-

pation. Textiles offer excellent stretchability, large surface

area and high porosity, making them ideal for embedding

electronic materials without compromising softness [75].

Herein, we have developed an all-fiber anti-jamming

capacitive pressure sensor modified with LM for human

health monitoring. The sensor employs a hybrid electro-

spinning technique to fabricate a fiber-based dielectric

layer incorporating modified LM particles and TPU elas-

tomers. Blending the flexible matrix material with the LM

improves the electrical properties of the dielectric layer and

endows the device with excellent anti-jamming capability.

Finally, the all-fiber-based device effectively reduces

Young’s modulus of each functional layer and improves its

tensile deformation capability. The signal-to-noise ratio

(SNR) of this sensor is nearly three times higher than that

of the pure TPU fiber dielectric layer-integrated sensor

under various electromagnetic interferences. This indicates

that the device has a higher resistance to interference. The

low Young’s modulus and high elongation at break through

the dielectric layer give the sensor a broad detection range

of 2100 kPa. It maintains stability and repeatability under

more than 20,000 loading–unloading cycles in a noisy

environment. In addition, it can monitor physiological

parameters such as respiration and movement, which is

crucial for the timely detection of health abnormalities and

intervention. It holds significant promise for future appli-

cations in healthcare, enabling new possibilities for per-

sonalized and continuous health monitoring.

2 Experimental

2.1 Materials

TPU pellets (75 A) were purchased from Shanghai Bai-

jinrun Plastic Material Co., Ltd. N,N-dimethylformamide

(DMF, 99.9%) and tetrahydrofuran (THF, 99%) were

purchased from Beijing Essun Huitong Technology Co.,

Ltd. LM (EGaIn, Melting point: 16 �C) was purchased

from Dongguan Huatai Metal Materials Technology Co.,

Ltd. Poly(sodium 4-styrenesulfonate) (PSS,Mw 1,000,000)

was purchased from Shanghai Yuanchun Biotechnology

Co., Ltd. Acetic acid (AA, 99%), Ag and carbon black

powder were purchased from Aladdin. Ag nanowires (Ag

NWs, 5 mg�mL-1 in DMF) were purchased from

Guangzhou Blueglownano Materials. All of the materials

were used as received without further purification.

2.2 Preparation of LM-modified ink-1

Firstly, 1 g EGaIn (bulk LM) was added to dilute AA (5

vol%, 3 mL). To achieve uniform dispersion of LM, dif-

ferent masses of PSS (0.006, 0.01, 0.014, 0.018 and

0.022 g) were added to the LM-AA solution. The com-

posite solution was sonicated (VC 505, 3 mm microtip,

pulse on 10 s and pulse off 10 s) at 500 W and 20 kHz for

40 min. The modified ink is referred to as PaLMP ink-1.

2.3 Preparation of TPU electrospinning solution

Firstly, DMF and THF (mass ratio 1:1) were dropped into a

screw-top vial and TPU pellets were added. Next, the

solution was stirred thoroughly for 4 h (70 �C, 1,500

r�min-1). Finally, the TPU electrospinning solution

(15 wt%) was obtained.

2.4 Preparation of hybrid inks for TPU with LM
(TPU @LM ink-2)

0.005 g PSS was added to the TPU (15 wt%) solution and

mixed well. Then, different masses of LM (0.08, 0.11,

0.14, 0.18, 0.17 and 0.20 g) were added. The composite

solution was sonicated for 30 min.
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2.5 Preparation of hybrid inks for TPU with Ag, Ag
NWs and carbon (TPU@Ag ink-2, TPU@Ag
NWs ink-2 and TPU@Carbon ink-2)

Ag powder, Ag NWs solution and carbon black powder

were added to 4 mL TPU electrospinning solution and

sonicated for 35 min.

2.6 Fabrication of LM electrospinning electrodes
(LMEE)

Applied voltages: - 2–13 V, solution flow rate:

1.0 mL�h-1, distance: 18 cm. The TPU substrate was

obtained after electrospinning for 70 min. Next, PaLMP

ink-1 was brushed on the substrate. Finally, it was laser

marked (Galvo Scanner RC1001, power of 0.15�W) to

activate the ink.

2.7 Fabrication of dielectric layers

TPU@LM fiber-based dielectric layer was obtained by

TPU@LM ink-2 via electrospinning (35 min). TPU@Ag,

TPU@Ag NWs and TPU@Carbon fiber-based dielectric

layers were prepared as above.

2.8 Fabrication of all-fiber anti-jamming stretchable
capacitive pressure sensor

Electrospinning of TPU@LM ink-2 on LMEE for 35 min

was prepared to deposit a thin film of TPU @LM fibers,

which acted as a dielectric layer. Other dielectric layers

were prepared by similar methods. The TPU@LM sensor

was then completed.

2.9 Characterization

The morphology and composition were characterized using

the scanning electron microscope (SEM, FEI Nova Nano-

SEM 450, SU1510 Hitachi and ZEISS Sigma 300). A four-

point probe (Xinyang CXT-2663) was used to characterize

the square resistance. The dielectric constant was charac-

terized via a broadband dielectric impedance spectrometer

(HC-E4990A). Mechanical and stability testing was

accomplished using a tensile machine (Yuelian YL-S71)

and a linear motor instrument (LinMot E1100). Zata

potential and particle size characterization were carried out

using the dynamic light scattering (DLS, Malvern Zetasizer

Nano ZS ZEN3600). All resistance and capacitance signals

of electrodes and sensors were tested using an inductance–

capacitance–resistance (LCR) meter (E980-AL-30).

The sensitivity and detection ranges were measured by

an LCR measuring instrument (E980-AL-30) and its soft-

ware, a tensile machine. The positive and negative copper

wires of the sensor were connected to the two clamps of the

LCR meter, and the LCR meter was operated at a fre-

quency of 80 kHz. Different pressures were applied to the

device using the stretching machine, the pressure applica-

tion rate was 3 mm�min-1, and the data acquisition was

performed using the LCR measuring instrument. Cyclic

stability test under pressure is measured using a linear

motor, dynamometer and LCR meter. A fixed impact

pressure was used. The linear motor repeatedly impacts the

device. After repeated loading and unloading of the pres-

sure, the LCR meter records the change in the capacitance

value of the sensor each time it is pressurized.

3 Results and discussion

3.1 Design concept of all-fiber anti-jamming
capacitive pressure sensors

Stretchability, breathability, biocompatibility and heat

dissipation are critical for the long-term use of wearable

devices. The development of electrospinning technology

has laid the foundation for the development of all-fiber

wearable devices. However, conventional electrospinning

polymer materials tend to exhibit low dielectric constants,

making the dielectric layer highly susceptible to environ-

mental interference, thereby undermining the accuracy and

stability of the output signal. To address this challenge,

LMs were introduced as functional materials into nanofi-

bers. As shown in Fig. 1a, the modified LM particles were

mixed with TPU solution for electrospinning to obtain a

dielectric layer, which was then assembled with an LMEE

to fabricate an all-fiber anti-jamming capacitive pressure

sensor. The pressure response can resist interference sig-

nals generated in various noisy environments, resulting in a

high SNR. It can be connected to human joints as a

wearable device for physiological signal monitoring. The

left of Fig. 1b shows a schematic image where the LM

particles are encapsulated in the nanofibers. On the right is

a SEM image of the nanofibers, with the blended nanofi-

bers as a spider web.

3.2 Preparation and characterization of mechanical
properties

The all-fiber anti-jamming capacitive pressure sensor based

on modified LM consists of two functional layers: LMEE

and TPU@LM dielectric layer. The preparation process is

shown in Fig. 2a. The LMEE was made conductive by

brushing LM-modified ink (PaLMP ink-1) [76] onto the

TPU electrospinning substrate and then activating the ink

using a laser marker. Subsequently, TPU@LM ink-2 was

electrostatically spun on LMEE to serve as the dielectric
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layer for the sensor. Finally, the LMEE was assembled

with a dielectric layer to obtain the TPU@LM capacitive

sensor. Then, the influence of fiber-based dielectric layers

obtained from different substances and TPU was explored.

As shown in Fig. S1, TPU@LM ink-2 was obtained by tip

ultrasonication. As a surfactant, PSS stabilized the disper-

sion of LM, resolving issues of high surface tension and

poor wettability. TPU@LM, TPU@Ag, TPU@Carbon and

TPU@Ag NWs fiber-type dielectric layers were obtained

by hybrid electrospinning. Figure S2 demonstrates the

excellent stretchability of the TPU@LM fiber dielectric

layer. Stress–strain tests were conducted after ensuring

nearly identical dielectric constants among the samples (the

difference between the maximum value and the minimum

value was 0.037) (Fig. 2b). The mechanical properties of

the TPU@LM, TPU@Ag, TPU@Ag NWs and

TPU@Carbon fiber-based dielectric layers were compared

with pure TPU fiber-based dielectric layers in Fig. 2c. The

ultimate fracture stress and strain of the TPU@LM fiber-

based dielectric layers are 928.386 kPa and 167.5%,

respectively. The fluidity and flexibility of LM, combined

with the good flexibility and tensile properties of TPU

fibers, result in increased softness. When the two flexible

phases exist, the fracture strain of the TPU@LM fiber-

based dielectric layer gradually increases, and the stress

gradually decreases. Conversely, the incorporation of Ag

powder, carbon black powder, and Ag NWs as a rigid

phase increased the toughness of the fiber. Figure 2c also

demonstrates that they all have higher stress while they

have less strain than the TPU@LM fiber-based dielectric

layer. As shown in Fig. 2d, Young’s modulus of

TPU@LM, pure TPU, TPU@Ag NWs, TPU@Carbon and

TPU@Ag fiber-based dielectric layers are

(2.145 ± 0.005), (5.348262 ± 0.070), (8.880 ± 0.031),

(9.249 ± 0.033) and (11.400 ± 0.044) kPa, respectively,

further indicating that the presence of LM decreases

Young’s modulus of TPU fibers. Figure 2e shows the

energy-dispersive X-ray spectroscopy (EDS) maps of the

TPU@LM dielectric layer, which shows that LM exists in

the fiber through the distribution of Ga and In elements (C

and O are the main elements of the fiber), with SEM image

(Fig. 1c) confirming the effective integration of LM with

TPU fibers. Figure S3 demonstrates the flexibility of the

device. Figure 2f, g explores its sensing performance under

different strain conditions. At the initial instant of strain,

the capacitance value of the device shows a small peak.

This is due to a short, sharp rise in capacitance value when

the device is suddenly subjected to a large strain (Fig. 2f).

However, the capacitance value can gradually stabilize

when the continuous strain remains over 60 s (Fig. S4). In

addition, Fig. 2g specifically demonstrates the sensor’s

sensitivity over the 0–120% strain range, showing good

linearity and stable capacitive response. Further validating

its excellent strain sensing performance, the inset visualizes

an optical photograph of the sensor before and after

stretching. Figure S5 shows that the capacitive output

signal of the device remains stable during more than

10,000 cycles at a strain of 50%. It is further explained that

the sensor has excellent durability.

Fig. 1 a All-fiber anti-jamming capacitive pressure sensor applied to real-time monitoring of multiple physiological signals;
b schematic microstructure of TPU@LM fiber dielectric layer (left) and SEM image (right)
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The mechanical and sensing properties of the dielectric

layer significantly impact sensor performance, and elec-

trodes that operate stably with resistance insensitive to

strain are also crucial for enhancing sensor performance.

Among them, PaLMP ink-1 was prepared, as shown in

Fig. S6, involving a solution composed of LM and PSS in

deionized water (DI) with AA. The zeta potential (f) and
EDS maps confirmed that PSS encapsulated LM particles

through electrostatic interaction (carbon is the main ele-

ment of PSS, Fig. S7a, b). The modified LM particles can

be well dispersed and stably stored in solution, and these

LM particles surrounded by PSS are referred to as PaLMP,

and LMP means LM particles without PSS. Figure S8

demonstrates the particle size of both PaLMP and LMP

particles. The close packing of PaLMP particles requires

the indispensable role of AA. The wettability of LM, LMP

Fig. 2 Preparation process and strain sensing performance characterization test: a schematic representation of preparation
procedure of TPU@LM sensor; b relationship between dielectric constant and frequency of electrospinning fiber membranes of
TPU@LM, TPU@Ag, TPU@Carbon and TPU@Ag NWs; c uniaxial tensile stress–strain curves of four fiber-based dielectric layers
(TPU@LM, TPU@Ag, TPU@Carbon and TPU@Ag NWs); d comparison of Young’s modulus of four electrospinning fiber
membranes; e EDS maps of electrospinning fiber membrane of TPU@LM; f variation of capacitance value of TPU@LM sensor under
different strains; g sensing performance test of TPU@LM sensor at 0%–120% strain and (inset) optical images of sensor before and
after stretching
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and PaLMP was compared by the contact angle (Fig. S9a).

The characterization of PaLMP showed that this strategy

could enhance wettability and reduce the surface tension of

LM. Figure S9b further demonstrates the contact angle

values of PaLMP on other substrates with values B 90�.
The remarkable effectiveness of the modification strategy

in improving its wettability with different substrates is

reconfirmed. Then, the mechanical properties of LMEE

were characterized. The morphology of this electrode

before and after laser activation is shown in Fig. S10a, b.

After activation of PaLMP, the internal LM outflow wraps

around the fibers, forming a conductive fiber and pathway,

which can also be indicated from the bar-like fibers as the

distribution of the Ga and In elements in the EDS maps

(Fig. S10c). Figure S11a shows the squared resistance of

five LMEEs with varying PSS contents. The strain con-

ductivity performance of these LMEEs was also evaluated,

with LMEE (0.25 wt%) demonstrating a resistance change

of 16% at a strain of 230% (Fig. S11b), indicating lower

square resistance and better strain conductivity perfor-

mance. Therefore, LMEE (0.25 wt%) was selected for

subsequent electrodes. Finally, LMEE (0.25 wt%) was

subjected to a cyclic stability test, and it exhibited

stable responses without electrical failures under repeated

strain and retraction over 14,000 cycles (Fig. S11c).

3.3 Characterization of sensing and anti-jamming
performance of devices

Capacitive pressure sensors with long-term stable sensing

performance hold significant importance for practical

applications. The addition of metal or conductive particles

to polymer films can improve their dielectric properties. As

a result, the dielectric properties and Young’s modulus are

also altered by the addition of LM. This ultimately affects

the compressive deformation capability of the sensor,

which provides a key strategy for the improvement of

sensing performance. Therefore, there exists an optimum

value for LM doping. When LM doping is excessive, it

affects Young’s modulus of the materials and the detection

range of the device. Figure 3a presents the parameter

optimization test of the sensor. This is accomplished by

altering the LM content within the dielectric layer. The

pressure sensing performance of TPU@LM capacitive

sensors with different parameters is compared with the

sensor integrated with a pure TPU fiber-based dielectric

layer (the pure TPU capacitive sensor). The higher sensor

sensitivity can be achieved when the LM doping content is

5.5 wt%. Typically, S = (DC/C0)/DP is commonly used to

calculate the sensitivity (S), where DC represents the rel-

ative capacitance change and DP represents the applied

pressure change. However, C0 will change to a certain

extent in different environments, resulting in the relative

change in the value of capacitance being sensitive. Here,

we utilize DC/DP to calculate the average pressure sensi-

tivity (S’). Characterization based on the absolute change

in capacitance provides a more realistic response to the

pressure detection performance [77]. Thus, the device

(5.5�wt%) has a sensitivity of 0.324 pF�kPa-1 in the

detection range of 0–50 kPa, while in the 50–300 kPa

detection range, it is 0.066 pF�kPa-1 with a 0.99 fitted

linearity. In the detection range of 300–2100 kPa, the

sensitivity of 0.023 pF�kPa-1 with a 0.99 fitted linearity is

obtained. It can be seen that the sensor has a wide detection

range. We then tested the device (5.5 wt%) at different

pressures (Fig. 3b). The stable response under different

pressures proves high sensitivity likewise. Figure 3c shows

its dynamic loading–unloading response time of 161.5 and

178.3 ms, respectively. Further, the steady-state step

response was tested at different pressures. The device

exhibited a relatively stable capacitance signal as the

pressure was gradually increased and decreased. When the

external pressure is reduced to zero, the capacitance value

returns to its initial state in time. Its stable performance

under continuous loading was confirmed (Fig. 3d). How-

ever, the device was assembled with very high bond (VHB)

around the periphery, and the viscoelasticity of the VHB

resulted in a less pronounced step response from 0 to

25 kPa. Subsequently, the cyclic stability performance was

tested. Figure 3e shows that the sensor can still respond

stably under high pressure of 105 kPa and up to 20,000

loading–unloading cycles. It shows the potential for long-

term and stable pressure detection. The practical effects of

ambient temperature changes on the performance of the

TPU@LM sensor were further explored. With the gradual

increase in ambient temperature, the absolute change in

capacitance value of the TPU@LM sensor was insignifi-

cant (Fig. S12). Therefore, the effect of ambient tempera-

ture on the sensing performance is negligible in practical

applications. The sensor demonstrated excellent stability

over a wide temperature range. Finally, we compared the

overall performance between TPU@LM sensors and pre-

viously reported flexible capacitive pressure sensors

(Table S1). The device demonstrated outstanding sensing

performance and a wide detection range.

To demonstrate the anti-interference performance of the

devices, they were placed in different environments. The

enhanced anti-jamming performance is verified by gener-

ating interference at close range and electromagnetic

waves. The capacitance signal was interfered with common

materials: CD, iron, battery, skin and the electromagnetic

wave from an electronic watch (Fig. 4a). When faced with

the proximity of an interference source, the amplitude of

capacitance change is tiny. In the presence of a normal

pressure signal response, this change can be disregarded.

When the interference source ceases to operate, the change
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in capacitance value can be obtained in Fig. 4b. We also

compared the anti-jamming capabilities of TPU@LM

capacitive sensors and pure TPU capacitive sensors

(Fig. 4c). In different interference sources, the SNR of

TPU@LM sensors is nearly three times greater than that of

pure TPU capacitive sensors. In calculating the SNR, it can

be based on the following equation:

Fig. 3 Sensing performance of TPU@LM capacitive sensor: a influence of different LM doping contents on sensor performance;
b dynamic response to various external pressures; c response and recovery time; d steady-state step response test to different
pressures; e stable performance test under 105 kPa with over 20,000 loading–unloading pressure cycles

Fig. 4 Anti-jamming performance tests: a comparison of pressure response signal and intensity of seven interference signals;
b demonstration of fluctuations of seven interference signals; c comparison of SNR of TPU@LM sensor and pure TPU sensor;
d relative capacitance changes of four sensors (TPU@LM, TPU@Ag, TPU@Carbon and TPU@Ag NWs) in non-contact interference
under various interference; e capacitance value change of four sensors under pressure; f comparison of SNR of four sensors under
seven interference sources
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SNR ¼ 10 lg Ps=Pnð Þ ð1Þ

where SNR is measured in decibels (dB), Ps is the average

power of the effective pressure signal, and Pn is the average

power of the noise signal. To further prove that the doping

of LM has a higher SNR compared to other dopants. Fig-

ure 4d shows the variation of non-contact capacitance

values of TPU@LM, TPU@Ag, TPU@Carbon and

TPU@Ag NWs capacitive sensors in different interference

sources. The capacitance changes of TPU@LM capacitive

sensors are less than 0.1 pF, which is smaller than other

sensors. However, we found that the TPU@LM capacitive

sensor is much higher than the other sensors in the effective

pressure response, and it also has a wider detection range

(Fig. 4e). It is found that the doping of LM increases the

dielectric properties, which leads to an increase in the

detection sensitivity. Finally, the SNR of the TPU@LM

capacitive sensor is higher than 27.5 dB at a pressure of

1150 kPa and under seven interference conditions, which is

also higher than other sensors (Fig. 4f). The greater anti-

jamming performance is well demonstrated (data at mul-

tiple pressures are shown in Fig. S13). The superior anti-

jamming performance lays a solid foundation for circuit

integration.

3.4 Application of device for monitoring
physiological signals

Wearable electronic devices are primarily used to monitor

and record the physiological signals of the human body,

which can provide support for personal health, sports

exercise, medical diagnosis and so on. To evaluate the

practical application performance, it is attached to multiple

locations on the human body for signal acquisition. As

shown in Fig. 5a, the sensor was attached to the vocal

cords in the neck. When sound is emitted, the vocal cords

vibrate, and the sensor can respond quickly and stably. As

the sound increases, the amplitude of the vocal fold

vibration increases, and the value of the capacitive signal

change also increases. Conversely, the capacitive signal

change decreases as the sound decreases. Figure 5b shows

the capacitance signal change when the elbow is bent, and

the capacitance change is basically stable and consistent at

the same bending amplitude. We also attached it to the

wrist, and there is a clear difference at four different

bending angles. The larger the bending angle, the larger the

pressure the sensor feels, and the larger the change in

capacitance value (Fig. 5c). Figure 5d shows the signal

amplitude change under six bending angles of the finger.

When the bending angle gradually increases and decreases,

the capacitance value change shows a stepwise increase

and decreases. When the finger returns to the horizontal

straight state, the capacitance returns to the initial value.

This also demonstrates the sensor’s ability to monitor the

subtle movements of human joints. It is worth noting that

the thickness of the VHB tape itself affects the device’s

performance. At the stage when the finger first starts to

bend, the point of force is not immediately concentrated in

the middle of the device. As a result, the sensor is affected

by the viscoelasticity of the VHB tape during the initial

bending of the finger to 45�, resulting in a less pronounced

step response at the start of the device. In addition, when

the finger is restored to a horizontal angle, the capacitive

response of the device is slightly slower in recovery due to

the strong adhesion of the medical PU tape, and the step

response is not prominent enough. However, after a certain

period of time, the capacitive response stabilizes. Fig-

ure 5e, g demonstrates the ability to maintain a stable and

fast response to real-time motion monitoring of the knee

and the sole of the foot, respectively. Figure 5f shows the

device attached to the belly to detect subtle changes in

breathing. The sensor can clearly capture physiological

signals such as sound, breathing and movement, helping to

better understand the physical condition, detect potential

health problems in time and take appropriate measures for

prevention and intervention. Subsequently, the anti-jam-

ming performance in practical applications was also eval-

uated. A pure TPU capacitive sensor was used as a non-

interference-resistant (N-I-R) device, compared with a

TPU@LM capacitive sensor as an anti-jamming device.

The volunteer wore the device on the sole of the forefoot

and stood on a wooden table (with a height of 70 cm) as

well as on the floor to acquire capacitive signals. The

ground is a large conductor and can interfere with the

capacitance sensor, causing a large change in its capaci-

tance value. However, the wooden table has no applied

capacitance to affect it due to its distance from the ground.

Figure 5h depicts the magnitude of the signal change when

the experimenter is standing on the ground with the N-I-R

sensor vs. on the table. It can be observed that the N-I-R

sensor is more affected when it is on the ground, suggesting

that the device is incapable of achieving interference-re-

sistant performance. In Fig. 5i, with the anti-jamming

device, the amplitude of capacitance change is essentially

the same whether the volunteer is standing on a table or the

ground, which proves that the anti-jamming device is more

accurate, reliable, and stable in practical applications.

4 Conclusion

In summary, we innovatively proposed a method to prepare

a fiber dielectric layer based on hybrid electrospinning of

modified LM and TPU, which improves the dielectric

properties of the nanofiber dielectric layer while ensuring

the stretchability and improves the anti-jamming of
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capacitive pressure sensors. The modified LM was

embedded into the nanofibers, which improved the

dielectric properties of the fiber-based dielectric layer. In

tests with various interference sources close to the device,

the SNR is higher than 27.5 dB, nearly three times that of a

pure TPU capacitive sensor. Noise signal fluctuations are

negligible. It demonstrates stronger immunity to interfer-

ence than conventional capacitive pressure sensors. In

addition, by replacing the traditional functional filler with

LM, the fabricated TPU@LM composites have a low

Fig. 5 Application of TPU@LM sensor in physiological signal monitoring: a attached to position of vocal cords in neck to monitor
changes in sound volume; b fixed at elbow to monitor elbow flexion changes; c on wrist to detect different degrees of bending
movements; d on knuckle to detect finger bending angle; e, g attached to knees and soles to monitor physiological signals during
exercise; f attached to stomach to monitor breathing changes; magnitude of capacitance changes on ground and a wooden table for
h a pure TPU and i a TPU@LM capacitive sensor worn on forefoot

1Rare Met.

All-fiber anti-jamming capacitive pressure sensors based on liquid metals



Young’s modulus and high elongation at break, resulting in

a sensor with a broad detection range. The excellent

stretchability provides that the all-fiber-based devices have

better flexibility and adaptability, which can be better

adapted to the needs of different application scenarios.

Finally, it is demonstrated as a wearable device that cap-

tures various physiological parameters such as respiration

and movement status of the experimenter in real time,

while resisting external interference signals in practical

applications. This work provides a new idea for the

development of stretchable and anti-jamming capacitive

pressure sensors, which is expected to potentially drive

further innovation and development in wearable devices

and medical health monitoring.
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