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E N G I N E E R I N G

Self-powered electrotactile textile haptic glove for 
enhanced human-machine interface
Guoqiang Xu1,12†, Haoyu Wang1,2†, Guangyao Zhao1†, Jingjing Fu3†, Kuanming Yao1,  
Shengxin Jia1,4, Rui Shi1, Xingcan Huang1, Pengcheng Wu1, Jiyu Li1,4, Binbin Zhang1,4,  
Chun Ki Yiu1,4, Zhihao Zhou3, Chaojie Chen2, Xinyuan Li5, Zhengchun Peng6, Yunlong Zi2,7,8*, 
Zijian Zheng3,9,10*, Xinge Yu1,4,11,12*

Human-machine interface (HMI) plays an important role in various fields, where haptic technologies provide cru-
cial tactile feedback that greatly enhances user experience, especially in virtual reality/augmented reality, pros-
thetic control, and therapeutic applications. Through tactile feedback, users can interact with devices in a more 
realistic way, thereby improving the overall effectiveness of the experience. However, existing haptic devices are 
often bulky due to cumbersome instruments and power modules, limiting comfort and portability. Here, we intro-
duce a concept of wearable haptic technology: a thin, soft, self-powered electrotactile textile haptic (SPETH) glove 
that uses the triboelectric effect and gas breakdown discharge for localized electrical stimulation. Daily hand 
movements generate sufficient mechanical energy to power the SPETH glove. Its features—softness, lightweight, 
self-sustainability, portability, and affordability—enable it to provide tactile feedback anytime and anywhere 
without external equipment. This makes the SPETH glove an enhanced, battery-free HMI suitable for a wide range 
of applications.

INTRODUCTION
In recent years, the rapid development of virtual reality (VR)/
augmented reality (AR) and metaverse has made a revolutionary im-
pact on the interaction between humans and machines (1–5). These 
emerging technologies establish an interactive mode between users 
and physical/virtual objects, which includes information of visual 
(6–8), auditory (9,  10), tactile (11), olfactory (12,  13), and other 
senses (14, 15). Among these senses, tactile feedback, also known as 
haptic, plays an important role in transmitting and reproducing 
“touch,” which can enhance VR/AR experience and improve accu-
racy in interacting with machines and synchronizing information 
from the robotic end to the user end (16–18). Therefore, haptic tech-
nologies are the key for enhancing interactions in the human-machine 
interface (19).

The state-of-the-art haptic technologies basically associate with 
mechanical vibration, pneumatic devices, and electrical stimulation, 
which directly provide stimulus to the mechanoreceptors under the 

skin for achieving perception (20, 21). These devices usually require 
numerous additional accessories and cables for power transmission 
and connectivity, resulting in large, heavy equipment, thus notably 
limiting their potential applications (22–24). Besides, the challenges 
stemming from heat generation, high working voltage, and high costs 
of these devices also pose concerns in safety issue and universal practi-
cal use (25). Focusing on solving these issues, recent efforts on the de-
velopment of thin and soft wearable haptic interface have been made 
by introducing new stimulation formats (11, 16, 26, 27), adopting in-
novative electrode materials (28–30), improving the working efficien-
cy of mechanical actuators (1, 2, 31), and implanting radio frequency 
as a power source (16, 20, 32). However, the issues in the power man-
agement from power consumption to physical demission remain.

It would be revolutionary for haptic technologies to realize self-
powered machinery, such as self-powered sensors (33–37). It is well 
known that sensors typically consume much less power than actua-
tors. To realize self-powered haptic devices, it is important to choose 
high-efficiency power conversion technologies as well as lower the 
power consumption of the actuators (28,  38). Among all the self-
powered sensing technologies, triboelectric nanogenerators (TENGs) 
seem to be the most suitable in providing high voltages from trans-
ducing mechanical forces. TENGs have been proven to be useful as 
pacemakers and to excel due to their inherent discharge properties 
(39–41). This unique ability to generate discharges can potentially be 
harnessed as a method for tactile perception. Thus, it may be possible 
to develop a self-powered haptic interface by formulating a proper 
TENG-based electrical stimulation strategy.

Here, we report self-powered wearable haptic technology by adopt-
ing TENG as an energy-generating source to provide an electrotactile 
tool, i.e., a thin, soft, comfortable-to-wear self-powered electrotactile 
textile haptic (SPETH) glove. The SPETH glove enables self-powered 
tactile reproduction by electrical stimulation through the triboelectric 
discharge effect–induced high-frequency alternating current (42–44). 
The mechanism of triboelectrification associating with triboelectrifi-
cation, electrostatic induction, and breakdown discharge (45) allows 
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the conversion of hand motion–induced mechanical energy into large 
impulse current (0.2 to 4.8 mA). This impulse current can effectively 
reduce skin impedance and then serve as a controllable electrotactile 
means to the mechanoreceptors under the skin for tactile perception. 
By controlling the energy released, the feeling intensities of tactile sen-
sation can be adjusted. Therefore, the SPETH glove can be used for a 
broad range of applications, from VR/AR, to robotic interaction, to 
prosthetic control/sensing, and many others.

RESULTS
Concept and design of the SPETH glove
To enhance interactive perception applications between user and ma-
chines, the SPETH glove is designed to provide users haptic feedback 
through a self-powering mechanism. Figure 1A shows the schematic 

diagram of the operational mechanism and the applications of the 
SPETH glove, where a self-powered electrotactile interaction is achieved 
through the triboelectric discharge effect. In detail, when considering a 
daily physical activity, the human brain initiates a motion command, 
resulting in muscle contraction and ensuing finger movements. Subse-
quently, the SPETH glove worn on the hand collects electrostatic energy 
through physical contact with objects, storing this harvested energy 
within a power management circuit. Once the energy accrues to a criti-
cal threshold, a breakdown discharge happens in the gas discharge tube 
(GDT), which is integrated within the management circuit. This dis-
charge process enables a discharge current into the skin through me-
ticulously positioned electrodes, which then stimulate the sensory 
receptors in the skin and elicit neural excitation. Afterward, this excita-
tion propagates through the peripheral nerves and ultimately reaches 
the brain, where it is assimilated as tactile feedback, completing the 

Fig. 1. Schematic diagram of triboelectric effect and discharge current–enabled SPETH glove. (A) Illustration of the SPETH glove. (B) Applications of the SPETH glove, 
including electrostimulation therapy, prosthetics, and virtual reality. (C) Components and schematic diagram of the haptic glove, including [(C), I] textile-based TENG unit 
and [(C), II] working principle, [(C), III] schematic of management circuit with gas discharge tube and [(C), IV] principle of air discharge, where the oval-shaped diagrams 
represent neutral particles in the air, while the circles with positive and negative signs correspond to positively and negatively charged ions, and [(C), V] skin electrodes 
and [(C), VI] principle of haptic sensation.
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sensory loop in a coherent and responsive manner. Besides, the trigger 
motion can be given not only by human motion but also by mechanical 
motions from robotic hands, prosthetics, and other machines. Such in-
teraction effectively bridges the gap between humans and diverse me-
chanical interfaces, establishing a self-powered bidirectional sensing 
and feedback system between them. Its envisioned utility spans a di-
verse spectrum of applications including electrostimulation therapy, 
advanced prosthetic feedback mechanisms, and cutting-edge VR/AR 
experiences (Fig. 1B).

Figure 1C shows the detailed design of the SPETH glove, consist-
ing of three key components: a textile-based triboelectric unit, a 
management circuit with the GDT, and a skin electrode. Specifically, 
the textile-based triboelectric unit is based on a three-layer design, 
where the top electrode is crafted with conductive silver fiber intri-
cately embroidered with the fabric. The bottom layer entails affixing 
a fluorinated ethylene propylene (FEP) film to the conductive silver 
fiber on the fabric, culminating in a comprehensive TENG unit 
(Figure 1C-I). It is important to highlight that the FEP film we used 
is a commercial product with a single-sided adhesive, enabling di-
rect attachment to the bottom fabric electrode, which works in con-
junction with the top fabric electrode to form a TENG unit. Given 
the inherent loose structure of the fabric, a completely tight contact 
between the FEP film and the top fabric electrode is generally not 
achieved. Instead, when pressure is applied, the gap between the two 
electrodes changes, producing voltage through electrostatic induc-
tion. The seamless embedding of conductive silver fiber into textile 
materials can effectively merge the traditional craft of embroidery 
with contemporary electronic functionality. This integration not 
only simplifies the manufacturing process and enhances aesthetics, 
but also improves the overall efficiency and reliability of the TENG 
unit. Leveraging the advantages of embroidery technology not only 
allows for the creation of intricate and precise patterns for the 
TENGs but also enables good flexibility and lightweight characteris-
tics for the wearable devices. The resulting textile-based TENG unit 
exhibits excellent triboelectric performance, allowing it to be an 
ideal choice as a self-powered source. The detailed embroidery pro-
cess and product image are illustrated in fig. S1 and movie S1.

On the basis of the working principle of triboelectrification and 
electrostatic induction, an alternating high-voltage output can be 
generated in the compressed and released process of the SPETH 
glove (Fig. 1C-II) (46). The power management circuit of the SPETH 
glove incorporates a GDT, as shown in Fig. 1C-III. This circuit is 
essential for effective energy management and ensuring the device’s 
safety. Among them, energy harvested by the textile-based TENGs 
is stored in a capacitor of the power management circuit. If this 
voltage surpasses the activation threshold of the GDT, it triggers an 
avalanche breakdown discharge (47). This avalanche breakdown 
process begins when the intense electric field generated by the 
high voltage ionizes the gas molecules encapsulated within the 
GDT. Ionization occurs when the electric field is strong enough to 
impart enough energy to some gas molecules, causing them to lose 
electrons and form positive ions and free electrons. As ionization 
occurs, free electrons can collide with other gas molecules, leading 
to further ionization (Fig. 1C-IV). This cascading series of events 
creates an increase in the number of free charge carriers (ions and 
electrons) within the gas, much like an avalanche (48). As a result, a 
pulse current is generated for delivering a tangible stimulus to the 
user (Fig. 1C-V). Last, as highlighted by Fig. 1C-V, the skin electrodes 
designed for tactile feedback are composed of two semicircular 

electrodes overlaying a 1-mm-thick hydrogel to enhance good con-
tact with the skin with decreased impedance. It is worth noting that 
the addition of hydrogel is necessary, which can greatly reduce skin 
impedance and thus enhance sensory sensitivity (fig. S2). Figure 1C-
VI shows the principle behind the generation of haptic sensations, 
which associates with a direct and intuitive interaction between 
the device and the user. These components enable a self-sustaining 
system, providing haptic sensations through a passive self-powered 
manner without additional battery or external cables. Specifically, 
when the electrotactile haptic device administers electrical currents 
to localized skin areas, it triggers nearby mechanoreceptors’ axons 
to generate action potentials following established neural pathways 
(49). These signals are subsequently transmitted to the somatosen-
sory cortex, where the brain interprets them as tactile sensations (50).

Electrical performance of the triboelectric unit in the 
SPETH glove
To evaluate the output performance of the triboelectric unit of the 
SPETH glove, comprehensive experiments have been designed to 
characterize the TENG device. As shown in Fig. 2 (A and B) and fig. 
S3, both the output voltage and induced charges increase with the 
increase of loading pressure, while the increasing trend of the elec-
trical performance of the TENG slows down and is lastly saturated 
as pressure increases. It can be found the output voltage and charge 
output approach saturated at ~600 V and ~20 nC, respectively, un-
der 160 kPa. Upon initial application of pressure, the output rapidly 
increases due to the deformation of the textile electrode, effectively 
increasing the actual contact area. However, at higher pressures, the 
deformation eventually reaches its elastic limit at a specific pressure 
(51). As a result, the output tends toward saturation, ultimately 
yielding an output of approximately 250 V and 400 nC with each 
grasp or tap. Figure 2C shows the charging curves of capacitors of 
various sizes using the SPETH glove, indicating its strong output 
capability and ensuring reliable subsequent electrical stimulation. It 
only takes approximately 60 s to charge a 100-nF capacitor to 200 V, 
and for smaller capacities, the charging time is even shorter.

Traditional TENGs are commonly made of rigid materials to 
achieve a larger contact area and input force that can generate volt-
ages exceeding several thousand volts, which can easily lead to break-
down discharge (52,  53). However, wearable TENG devices often 
produce lower outputs limited by applied flexible materials and re-
stricted contact force and form (54), necessitating the generation of 
pulse currents at lower voltages for optimal functionality. Typically, 
achieving pulsed currents requires the use of switches, and we com-
pared several commonly used options, including metal-oxide semicon-
ductor field-effect transistors, electrostatic switches, and electromagnetic 
relays (table S1). GDTs effectively operate under the specific con-
straints of TENGs, requiring low energy for activation, generating 
strong pulsed currents, and simplifying the integration process with-
out the need for additional control circuitry. These advantages make 
GDTs an optimal solution for our research objectives. In conclusion, 
we believe that the GDT is the most viable option for our design. This 
phenomenon is exemplified in Fig. 2D, where gas breakdown sites are 
highlighted with stars. When the GDT reaches its breakdown voltage 
(Vb), it breaks down and opens a channel, facilitating current conduc-
tion. As the voltage across the capacitor gradually decreases, it even-
tually reaches the extinction voltage (Ve), triggering the closure of the 
GDT channel and halting current flow. Subsequent recharging of the 
capacitor occurs until the next breakdown event. The initial charging 
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process takes longer, which starts from zero voltage, whereas subse-
quent recharges take much less time. Consequently, storage capaci-
tors can achieve breakdown threshold voltage much faster, enhancing 
process efficiency. For instance, current and charge curves during 
skin discharge with a GDT are illustrated (Fig. 2E). The experimental 
setup features a GDT with a breakdown voltage of 120 V and a 10-nF 
rated storage capacitor. It takes 1200 nC of charge to charge the ca-
pacitor to the breakdown threshold, but considering the actual cur-
rent flowing through the skin, it is found that the total transferred 
charge is only about 120 nC, which is much lower than the total 
stored charge. This discrepancy occurs because the stored charge in 
the capacitor is not entirely released during discharge, thereby reduc-
ing the threshold for subsequent electrical breakdowns, facilitating 
GDT retriggering. Figure S4 shows additional data on skin discharge 
that can further elucidate this phenomenon. Despite the high actual 
current generated in a short exposure time, no skin damage is in-
flicted, as depicted in fig. S5.

Figure 2F shows the circuit diagram of inducing breakdown dis-
charge in the GDT by using TENG, which is used to assess the dis-
charge performance of the GDT, in this circuit, alternative current 
generated by the TENG is rectified into direct current, subsequently 
stored in capacitor C. The setup involves the serial connection of the 
GDT and resistor R2 (representing skin impedance), followed by 
parallel connection with C. Here, another resistor, R1 (~3.9 kilohms), 
is used as a minor resistor for monitoring the discharge current. Be-
cause the value of R1 is lower than the oscilloscope’s internal resis-
tance of 100 megohms, it can provide accurate sensing signals. Upon 

reaching the breakdown threshold voltage across the GDT, the dis-
charge current flows through R2 and R1, effectively stimulating the 
skin. Throughout the system, the value of the applied capacitor C, 
the skin’s equivalent impedance, and the threshold of the GDT all 
influence the actual output current. On the basis of this circuit, the 
major influential factors, including skin impedance, capacitance, 
and discharge threshold, were studied, as shown in Fig. 2 (G and H). 
Among them, Fig. 2G illustrates the impact of equivalent skin im-
pedance under a fixed capacitance of 10 nF and a breakdown voltage 
of 150 V, which could generate a very apparent situation on skin. 
The influence of capacitance C is explored in Fig. 2H with a constant 
resistance of 50 kilohms (approximately equal to the human body 
impedance) and a breakdown voltage of 150 V. Figure 2I shows the 
effect of the breakdown voltage with a fixed capacitance of 47 nF and 
a resistance of 50 kilohms. The observed trend in the data aligns 
with Ohm’s law, showing that a decrease in skin impedance leads to 
an increase in discharge current. The duration of the discharge cur-
rent is directly influenced by capacitance, and raising the breakdown 
threshold typically results in higher discharge currents.

Haptic feedback of the SPETH glove
The optimization of the haptic function of the SPETH glove is done 
through the careful design of the circuit and the selection of materials. 
Figure 3A shows the circuit design diagram of the haptic part in the 
SPETH glove. The current generated by the TENG is rectified into 
direct current and stored in capacitor C1. A Zener diode connects in 
parallel with C1 to prevent excess voltage accumulation. Subsequently, 

Fig. 2. Electrical performance of SPETH glove and discharge current. (A) Voltage and (B) charge curves of the TENG unit of SPETH glove under different pressures, 
where the size of TENG is 1.5 cm by 1.5 cm. (C) Voltage-time curve of charging different capacitors using the TENG unit. (D) Voltage-time curve of GDT under different 
voltage breakdown thresholds. (E) Current and charge curves during skin discharge. (F) Schematic diagram of current testing for GDT discharge. Current curves of differ-
ent GDTs under different (G) resistances, (H) capacitances, and (I) discharge thresholds.
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capacitor C2 is series connected with a 100-kilohm resistor, then par-
alleled with C1 to ensure continuous charging of C2 from C1. There-
fore, C2 is connected to both the skin and a GDT for discharging 
electricity for electrotactile feedback. Specifically, upon reaching the 
breakdown voltage threshold of the GDT, the current passes through 
the GDT and semicircular electrodes with hydrogel to the skin, gen-
erating perceptible electrode haptic feedback. The choice of a semi-
circular electrode was made to create a deeper and wider current 
distribution area on the skin, preventing current concentration in a 
localized region (fig. S6). The operational dynamics of C1 and C2, in-
cluding their charging and discharging cycles, are shown in fig. S7.

Key factors influencing haptic perception intensity in this system 
include the capacitance of C2, the GDT’s breakdown threshold, and 
the geometry and location of electrodes on the skin. A user study of 
30 participants (15 males and 15 females) was conducted to analyze 
how variations in capacitance and breakdown thresholds influence 
haptic perception on human arms (Fig. 3, B and C). Sensations were 
classified into five levels: no feeling, weak, appropriate, slightly un-
comfortable, and painful. Blinded tests by the participants associated 
with telling a level that best reflected their feelings. The data show that 

increasing capacitance or breakdown threshold can improve haptic 
perception. Moreover, it shows that gender is also an issue causing 
perception differences, where the data indicate that capacitance for 
females is notably lower than that for males, i.e., from 20 to 100 nF to 
<1 nF, as the breakdown voltage increases from 70 to 250 V (Fig. 3D). 
The perception difference is basically due to physiological differences 
from males to females, such as skin impedance and dermal thickness 
(55). Figure 3E shows the actual voltage drop (Vdrop) as a function of 
varying capacitances and breakdown thresholds, based on Eq. 1

where Vb is the breakdown voltage of GDT and Ve is the extinction 
voltage of GDT. It shows that increasing capacitance leads to a 
gradual decrease in the voltage drop, suggesting that the actual 
charge passed does not increase linearly with capacitance under 
fixed breakdown thresholds. Hence, a high capacitance paired with 
a low breakdown threshold provides only a mild haptic perception 
due to the small amount of charge transmission through the skin. 
The transmitted energy passed through the skin W can be approxi-
mated as Eq. 2

Vdrop = Vb − Ve (1)

Fig. 3. Results display of electric stimulation tactile feedback of SPETH glove. (A) Schematic diagram of tactile feedback testing. Grading chart of sensations for 
(B) female and (C) male participants at different capacitances and discharge threshold voltages. A total of 30 participants were included, and the sensations were classified 
into five levels: no feeling, weak, appropriate, slightly uncomfortable, and painful. (D) Comparison graph of comfort zones for male and female participants. Male is rep-
resented by blue, while female is represented by pink. (E) Voltage drop curve of GDT at different discharge thresholds and capacitances. Boxplot of electric stimulation 
energy received on the skin for (F) female and (G) male participants at different sensation levels. Distribution graph of electric stimulation energy for (H) female and 
(I) male participants at different sensations. The electric stimulation energy is defined by the average values of [(F) and (G)].
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Subsequently, calculations were conducted to assess the energy 
inputted to the skin of male and female participants within the grad-
ed zones depicted in Fig. 3 (F and G). The results show that the en-
ergy range extends over three orders of magnitude, from 1 to 103 μJ, 
transitioning from no feeling to painful. Within this range, males 
typically require approximately 30 μJ of energy to elicit an appropri-
ate sensation, whereas females only need about 10 μJ. Furthermore, 
in terms of sensitivity and comfortability, males generally experi-
ence discomfort when a single discharge delivers more than 1000 μJ 
to the skin. In contrast, females may feel discomfort at discharge 
energies as low as 500 μJ. The results suggest notable variability in 
sensory thresholds, both between genders and among individuals. It 
should be noted that the sensation primarily depends on the energy 
input rather than the size of the capacitor or the threshold of dis-
charge voltage. Furthermore, the contour maps derived from the 
medians of Fig. 3 (H and I) correspond with the distribution of sen-
sation levels, emphasizing that the vigor of tactile stimulation is pre-
dominantly contingent upon the magnitude of energy input (Fig. 3, 
F and G). It is noteworthy that within this framework, the energy 
requisite for an individual haptic perception typically operates at the 
microjoule level, feasibly achieved through single cycle output of the 
TENG, thereby ensuring the system’s sustained functionality. Besides, 
in practical applications, larger capacitors with lower charging volt-
ages generally yield higher charging efficiency due to their inherent 
properties, as discussed in previous research on TENG charging ef-
ficiency (56). Therefore, to achieve equivalent stimulation effects, 

selecting capacitors with greater capacitance and lower discharge 
threshold voltages appears advantageous.

Aside from the parameters of the circuit, the geometry of the elec-
trode making contact with human skin also plays a crucial role in de-
termining the intensity of the haptic perception. Figure 4A shows the 
minimum capacitance required to elicit a faint haptic perception 
across various electrode spacings and breakthrough voltage levels. 
Wider electrode spacings, which usually lead to higher skin imped-
ance, tend to diminish the tactile response. For this reason, the study 
adopts the smallest possible electrode spacing to maximize stimula-
tion effectiveness. Moreover, stimulation sensitivity varies with the 
age of the users. Thus, the combined effects of age and electrode posi-
tion on sensation were examined. By adjusting the breakdown thresh-
old voltage of the GDT, this study evaluated the capacitance C2 required 
to achieve a comfortable sensation among different age groups, as 
shown in Fig. 4 (B and C). From the results, it can be seen that the 
younger group has a more pronounced haptic perception to the elec-
trotactile property of the GDT, and they can achieve an appropriate 
level with less energy release, due to the increased skin impedance 
with age (57).

Last, the influence of electrode position was also studied. Figure 
4D presents a sensitivity map of all stimulation sites on the partici-
pant’s arm. In this study, 22 electrode points were strategically 
placed across the entire arm, as shown in fig. S8. By controlling the 
breakdown voltage of the GDT and adjusting the value of storage 
capacitors, the tactile sensation of different electrode position in the 
same arm was investigated, where a different feeling was sensed in 
different positions under the same releasing energy. In detail, the 
threshold values for all 22 points were acquired from each volunteer 

W =

1

2
C
(

V
2
b
−V

2
e

)

(2)

Fig. 4. Threshold characterization results for the arm. (A) Comparison of voltage and capacitance for minimal tactile perception with electrodes of different sizes. 
(B) Comparison of comfortable threshold at the center of the arm for males in different age groups. (C) Comparison of comfortable threshold at the center of the arm for 
females in different age groups. (D) Heatmap displaying the graded sensation across the entire arm under different voltages.
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and used to generate distribution maps for different sensation levels 
and volunteers via natural interpolation methods. A notable in-
crease in sensitivity along the outer side of the arm can be observed, 
which reveals that stimulation intensity often amplifies when elec-
trodes are positioned near blood vessels. It should be noted that at 
the breakdown voltage threshold of 90 V, even with an increased 
capacitance to microfarads, participants were still unable to perceive 
painful stimuli, rendering this figure unsuitable. Furthermore, indi-
vidual variations in electrical stimulation responses were notable, as 
depicted in the sensory mapping chart of another participant shown 
in fig. S9.

Applications of the SPETH glove: Prosthesis sensation, 
gesture recognition, and therapy
This technology enables haptic gloves used in limb sensory feed-
back, where contact between a prosthetic hand and an intended tar-
get generates electrotactile haptic feedback to the user’s arm (Fig. 5A-I). 
Figure 5A-II shows the photo of the SPETH glove, which is crafted 
through an embroidery technique on fabric to create TENG elec-
trodes, later manually fashioned into a glove and connected with a 
haptic module. Figure 5A-III shows an enlarged view of the haptic 
patch that is based on a flexible printed circuit board; more informa-
tion on processing can be found in fig. S10. In the limb sensory feed-
back demonstration, limited by the output of the TENG, we developed 
six TENG sets for the fingers and the palm, which capture and store 
energy from interactions with objects (Fig. 5B). The discharge cur-
rent triggered by the GDT then delivers targeted stimuli, enabling 
precise sensory perception and feedback. To demonstrate the gener-
ated current more intuitively, we have connected light-emitting di-
odes (LEDs) with electrode positions. When the glove is given 
mechanical input or actively touches other objects, the LEDs light up 
(movie S2). In addition, we tested different electrotactile signal pat-
terns during various finger movements, encompassing operations 
like pinch with the thumb and index finger and the sequential open-
ing and closing of four fingers, illustrated by pulse current diagrams 
in Fig. 5C. The results demonstrate the glove’s capability to provide 
tactile sensing and haptic feedback at the same time. A confusion 
matrix depicting stimulation across different hand regions is pre-
sented in Fig. 5D, where three participants discriminated between 
stimulated glove locations successfully, showcasing precise spatial 
distinction. The discharge current induced during this process can 
be used in electrostimulation treatments, explored through electro-
myography and sensation studies, as shown in fig. S11. Our design 
also has potential applications in VR and AR. Specifically, in movie 
S3, we demonstrate the use of our SPETH gloves for grasping vir-
tual objects, highlighting their potential in immersive environments.

The SPETH glove also shows the potential application of a self-
powered passive tactile feedback glove in prosthetics. As shown in 
Fig. 5E, the glove is worn on a robotic hand, with its electrodes posi-
tioned on the participant’s right arm to deliver touch feedback. De-
tecting the arm’s stimulation signals allows the wearer to initiate 
grasping commands through the left-hand control glove, enabling 
the robotic arm to autonomously grasp objects. This demonstration 
underscores how the glove enhances sensory perception for ampu-
tees or individuals experiencing tactile degradation. Figure 5 (F and 
G) portrays the applications of the passive tactile feedback system in 
a black box setting. Initially, as depicted in Fig. 5 (F to I), the robotic 
arm scans for elevated items within the box; touching a high cup (Fig. 
5F-II) triggers electric stimuli on the participant’s arm, informing 

them of the object’s contact. The participant then raises his hand to 
signal object perception (Fig. 5F-III) and issues the grasp command 
(Fig. 5F-IV), completing the perceptual-feedback cycle. In Fig. 5G, 
the robotic arm scans the upper layer, finding no objects (Fig. 5G-I), 
before probing the lower layer, where the participant encounters an 
orange, prompting arm stimulation and signaling object perception 
(Fig. 5G-II), culminating in the command to grasp the object (Fig. 
5G-III), which is then grasped successfully (Fig. 5G-IV), thus con-
cluding the perception-feedback sequence. This process is demon-
strated in movie S4.

DISCUSSION
In conclusion, this work successfully developed a SPETH glove that 
can serve as a wearable haptic device based on the triboelectric ef-
fect and GDT breakdown to deliver precise electrical stimulation for 
self-powered haptic feedback. This glove operates with remarkable 
efficiency, using mere microjoules of energy to induce notable hap-
tic perception. The glove can harness microjoules of energy to pro-
duce notable tactile sensations. Representing a substantial leap 
forward in wearable haptic technology, the SPETH glove seamlessly 
combines self-sustainability, portability, and cost-effectiveness. Its 
ability to provide customizable tactile sensations opens up a broad 
spectrum of potential applications, from enhancing AR and VR ex-
periences to transforming rehabilitation therapies and human-robot 
interfaces. Our findings underscore the transformative potential of 
self-powered tactile interfaces and pave the way for a more immer-
sive and engaging future in interactive technologies.

MATERIALS AND METHODS
Fabrication of the electrotactile haptic glove
Haptic gloves are constructed from commercially available woven 
fabric, incorporating conductive pads made of embroidered conduc-
tive silver fiber and using FEP as the dielectric layer. The FEP film, 
with a thickness of 25 μm, is sourced from a single-sided adhesive 
tape, which can be directly affixed to the fabric electrode. The archi-
tecture of the textile-based TENG unit is shown in Fig. 1C-I. The 
embroidery is performed with Tajima Sai automatic embroidery, and 
the detailed process is depicted in fig. S1. The final assembly of the 
glove involves hand sewing.

Fabrication of the hydrogel-based electrostimulation patch
First, the polyacrylamide (PAAm) ionic conductive hydrogel was 
fabricated based on previous research (16). Initially, a solution of 
8 M LiCl, 2 M acrylamide (AAm), and PAAm (with a PAAm:AAm 
weight ratio of 0.142) was dissolved in deionized water at 60°C for 
3 hours. Then, the cross-linker N,N′-methylenebisacrylamide was 
added at a concentration of 0.6 wt % of AAm, along with the photo-
initiator Irgacure 1173 at a concentration of 1.6 wt % of AAm. The 
mixture was stirred overnight. Afterward, the gel was poured into a 
mold and exposed to ultraviolet light for 30 min to ensure complete 
cross-linking of the hydrogel. Last, the resulting hydrogel, with a 
thickness of 2 mm, was meticulously attached to the electrode for 
electrostimulation purposes.

Robot control
The robotic system includes a force-sensitive Franka Research 3 arm 
(FRANKA EMIKA) with a five-finger robotic hand RH56BFX-2R 
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Fig. 5. Application of SPETH glove in phantom limb sensation and the passive haptic feedback system. (A) [(A), I] The illustration of the haptic glove applied in limb 
sensation, where the contact between the robotic hand and the target can electrically stimulate tactile feed back to the person’s arm. The photograph of [(A), II] the hap-
tic glove and [(A), III] electrodes. (B) The haptic glove consisted of a triboelectric glove, a power management unit, and electrodes. (C) Display of the signals generated in 
different finger gestures. (D) Confusion matrix of recognizing different finger gestures. (E) The overall illustration of the SPETH glove–based passive haptic feedback sys-
tem, where the haptic glove worn on the robotic hand can provide a sense of touch to the person’s arm, allowing human control of the robotic hand through this sensory 
feedback. (F and G) The demonstration of passive haptic feedback system application in a black box, where the cup and orange with different heights were sensed and 
grabbed successfully.
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(HINYEUNG LIMITED). Initially, the robotic arm scans the con-
tents of a black box to make first contact with the object and stops. 
At this point, our SPETH glove generates triboelectricity to direct an 
electric discharge current that stimulates the participant’s arm. If the 
participant feels such sensation, he could raise his hand to indicate 
that he has received stimulation and then make a fist to command 
the robotic hand to grasp the item and retrieve it.

Characterization and measurements
The electrical performance of TENG and discharge current in (Fig. 
2, E and G to I) were measured by Keysight DSOX2014A. The data 
in Fig. 2 (C and D) were measured by Keithley 6514. The signals 
generated by different finger gestures (Fig. 5C) were detected by a 
multimeter system (PowerLab 16/35, AD Instruments). The statis-
tical results of the user study data in Fig. 3 and Fig. 4 were plotted 
using Python, and Keithley 6514 was also used for auxiliary mea-
surement during the process. The data plots were processed by 
Origin Lab 2019. Threshold current heatmaps were processed by 
customized programs in Python. All optical photos were taken by a 
digital camera (Sony A6400).

User study
In the threshold study, experiments were conducted with 15 male 
and 15 female participants to assess various capacitance levels and 
GDT discharge thresholds at the center of their arms. For the study 
targeting comfort thresholds across different age groups, three males 
and three females from each age bracket (20 to 30, 30 to 35, and 
more than 35) were recruited. To explore tactile perception along the 
entire arm, 22 specific locations were identified and marked to map 
graded sensations comprehensively (see fig. S6).

Throughout the experiment, participants were instructed to thor-
oughly cleanse their arms and ensure relaxation before proceeding 
with the testing. The discharge voltage and capacitor settings of the 
haptic system were adjusted until volunteers experienced a defined 
sensation, after which the intensity was gradually increased. Partici-
pants were intentionally kept unaware of the electrical parameters 
and asked to describe the intensity of their sensations subjectively 
using a predetermined five-level sensory scale—from “no feeling,” 
indicating no sensation, to “weak,” representing a very faint stimulus, 
“appropriate,” which conveys a clearly noticeable sensation, “slightly 
uncomfortable,” indicating mild discomfort that is still bearable, and 
“painful,” reflecting overwhelming discomfort that is intolerable. 
Testing of the device and data collection were performed with the 
informed consent of all volunteers. All human experiments were per-
formed in accordance with protocols approved by the Human Sub-
jects Ethics Sub-Committee of Research Committee, City University 
of Hong Kong, Hong Kong, China [Result of Research Ethics Review 
Application (Human Research)-(HU-STA-00000850)] and conduct-
ed in compliance with the guidelines.

Supplementary Materials
The PDF file includes:
Supplementary Text S1 to S6
Figs. S1 to S11
Table S1
Legends for movies S1 to S4

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S4

REFERENCES AND NOTES
	 1.	 X. Yu, Z. Xie, Y. Yu, J. Lee, A. Vazquez-Guardado, H. Luan, J. Ruban, X. Ning, A. Akhtar, D. Li, 

B. Ji, Y. Liu, R. Sun, J. Cao, Q. Huo, Y. Zhong, C. M. Lee, S. Y. Kim, P. Gutruf, C. Zhang, Y. Xue, 
Q. Guo, A. Chempakasseril, P. Tian, W. Lu, J. Y. Jeong, Y. J. Yu, J. Cornman, C. S. Tan,  
B. H. Kim, K. H. Lee, X. Feng, Y. Huang, J. A. Rogers, Skin-integrated wireless haptic 
interfaces for virtual and augmented reality. Nature 575, 473–479 (2019).

	 2.	D . Li, J. Zhou, K. Yao, S. Liu, J. He, J. Su, Q. A. Qu, Y. Gao, Z. Song, C. Yiu, C. Sha, Z. Sun,  
B. Zhang, J. Li, L. Huang, C. Xu, T. H. Wong, X. Huang, J. Li, R. Ye, L. Wei, Z. Zhang, X. Guo,  
Y. Dai, Z. Xie, X. Yu, Touch IoT enabled by wireless self-sensing and haptic-reproducing 
electronic skin. Sci. Adv. 8, eade2450 (2022).

	 3.	 Y. Liu, C. Yiu, Z. Song, Y. Huang, K. Yao, T. Wong, J. Zhou, L. Zhao, X. Huang, S. K. Nejad, 
Electronic skin as wireless human-machine interfaces for robotic VR. Sci. Adv. 8, eabl6700 
(2022).

	 4.	 F. Wen, Z. Zhang, T. He, C. Lee, AI enabled sign language recognition and VR space 
bidirectional communication using triboelectric smart glove. Nat. Commun. 12, 5378 (2021).

	 5.	 J.-H. Kim, A. Vázquez-Guardado, H. Luan, J.-T. Kim, D. S. Yang, H. Zhang, J.-K. Chang, S. Yoo, 
C. Park, Y. Wei, Z. Christiansen, S. Kim, R. Avila, J. U. Kim, Y. J. Lee, H.-S. Shin, M. Zhou,  
S. W. Jeon, J. M. Baek, Y. Lee, S. Y. Kim, J. Lim, M. Park, H. Jeong, S. M. Won, R. Chen,  
Y. Huang, Y. H. Jung, J.-Y. Yoo, J. A. Rogers, A wirelessly programmable, skin-integrated 
thermo-haptic stimulator system for virtual reality. Proc. Natl. Acad. Sci. U.S.A. 121, 
e2404007121 (2024).

	 6.	L . Gu, S. Poddar, Y. Lin, Z. Long, D. Zhang, Q. Zhang, L. Shu, X. Qiu, M. Kam, A. Javey, Z. Fan, 
A biomimetic eye with a hemispherical perovskite nanowire array retina. Nature 581, 
278–282 (2020).

	 7.	 F. Chun, B. Zhang, Y. Gao, X. Wei, Q. Zhang, W. Zheng, J. Zhou, Y. Guo, X. Zhang, Z. Xing,  
X. Yu, F. Wang, Multicolour stretchable perovskite electroluminescent devices for 
user-interactive displays. Nat. Photonics 18, 856–863 (2024).

	 8.	 J. Park, M. S. Kim, J. Kim, S. Chang, M. Lee, G. J. Lee, Y. M. Song, D.-H. Kim, Avian 
eye–inspired perovskite artificial vision system for foveated and multispectral imaging. 
Sci. Robot. 9, eadk6903 (2024).

	 9.	 R. Andrade, J. Waycott, S. Baker, F. Vetere, Echolocation as a means for people with visual 
impairment (PVI) to acquire spatial knowledge of virtual space. ACM Trans Access Comput 
14, 1–25 (2021).

	 10.	H . Guo, X. Pu, J. Chen, Y. Meng, M.-H. Yeh, G. Liu, Q. Tang, B. Chen, D. Liu, S. Qi, C. Wu, C. Hu, 
J. Wang, Z. L. Wang, A highly sensitive, self-powered triboelectric auditory sensor for 
social robotics and hearing aids. Sci. Robot. 3, eaat2516 (2018).

	 11.	 Y. Huang, J. Zhou, P. Ke, X. Guo, C. K. Yiu, K. Yao, S. Cai, D. Li, Y. Zhou, J. Li, T. H. Wong, Y. Liu, 
L. Li, Y. Gao, X. Huang, H. Li, J. Li, B. Zhang, Z. Chen, H. Zheng, X. Yang, H. Gao, Z. Zhao,  
X. Guo, E. Song, H. Wu, Z. Wang, Z. Xie, K. Zhu, X. Yu, A skin-integrated multimodal haptic 
interface for immersive tactile feedback. Nat. Electron. 6, 1020–1031 (2023).

	 12.	 Y. Liu, C. K. Yiu, Z. Zhao, W. Park, R. Shi, X. Huang, Y. Zeng, K. Wang, T. H. Wong, S. Jia,  
J. Zhou, Z. Gao, L. Zhao, K. Yao, J. Li, C. Sha, Y. Gao, G. Zhao, Y. Huang, D. Li, Q. Guo, Y. Li,  
X. Yu, Soft, miniaturized, wireless olfactory interface for virtual reality. Nat. Commun. 14, 
2297 (2023).

	 13.	 J. Fu, Z. Song, H. Wang, G. Xu, X. Li, W. Ding, Y. Zi, Deep-learning assisted biomimetic 
self-powered wireless electronic noses system enabled by triboelectric discharge. Nano 
Energy 121, 109156 (2024).

	 14.	C . Creed, M. Al-Kalbani, A. Theil, S. Sarcar, I. Williams, Inclusive AR/VR: Accessibility barriers 
for immersive technologies. Univ Access Inf Soc 23, 59–73 (2024).

	 15.	 S. Zhou, X. Gao, G. Park, X. Yang, B. Qi, M. Lin, H. Huang, Y. Bian, H. Hu, X. Chen, R. S. Wu,  
B. Liu, W. Yue, C. Lu, R. Wang, P. Bheemreddy, S. Qin, A. Lam, K. A. Wear, M. Andre,  
E. B. Kistler, D. W. Newell, S. Xu, Transcranial volumetric imaging using a conformal 
ultrasound patch. Nature 629, 810–818 (2024).

	 16.	 K. Yao, J. Zhou, Q. Huang, M. Wu, C. K. Yiu, J. Li, X. Huang, D. Li, J. Su, S. Hou, Y. Liu,  
Y. Huang, Z. Tian, J. Li, H. Li, R. Shi, B. Zhang, J. Zhu, T. H. Wong, H. Jia, Z. Gao, Y. Gao,  
Y. Zhou, W. Park, E. Song, M. Han, H. Zhang, J. Yu, L. Wang, W. J. Li, X. Yu, Encoding of 
tactile information in hand via skin-integrated wireless haptic interface. Nat. Mach. Intell. 
4, 893–903 (2022).

	 17.	E . A. Alonzo, T. J. Lato, M. Gonzalez, T. L. Olson, Q. R. Savage, L. N. Garza, M. T. Green,  
J. C. Koone, N. E. Cook, C. M. Dashnaw, D. B. Armstrong, J. L. Wood, L. S. Garbrecht,  
M. L. Haynes, M. R. Jacobson, M. J. Guberman-Pfeffer, M. S. Minkara, H. B. Wedler,  
B. Zechmann, B. F. Shaw, Universal pictures: A lithophane codex helps teenagers with 
blindness visualize nanoscopic systems. Sci. Adv. 10, eadj8099 (2024).

	 18.	H . Jang, K. Sel, E. Kim, S. Kim, X. Yang, S. Kang, K.-H. Ha, R. Wang, Y. Rao, R. Jafari, N. Lu, 
Graphene e-tattoos for unobstructive ambulatory electrodermal activity sensing on the 
palm enabled by heterogeneous serpentine ribbons. Nat. Commun. 13, 6604 (2022).

	 19.	 K. K. Kim, M. Kim, K. Pyun, J. Kim, J. Min, S. Koh, S. E. Root, J. Kim, B.-N. T. Nguyen, Y. Nishio, 
S. Han, J. Choi, C. Y. Kim, J. B. H. Tok, S. Jo, S. H. Ko, Z. Bao, A substrate-less nanomesh 
receptor with meta-learning for rapid hand task recognition. Nat. Electron. 6, 64–75 (2022).

	 20.	 Y. H. Jung, J.-Y. Yoo, A. Vázquez-Guardado, J.-H. Kim, J.-T. Kim, H. Luan, M. Park, J. Lim,  
H.-S. Shin, C.-J. Su, R. Schloen, J. Trueb, R. Avila, J.-K. Chang, D. S. Yang, Y. Park, H. Ryu,  



Xu et al., Sci. Adv. 11, eadt0318 (2025)     21 March 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 10

H.-J. Yoon, G. Lee, H. Jeong, J. U. Kim, A. Akhtar, J. Cornman, T.-I. Kim, Y. Huang,  
J. A. Rogers, A wireless haptic interface for programmable patterns of touch across large 
areas of the skin. Nat. Electron. 5, 374–385 (2022).

	 21.	 Y. Zhou, X. Zhao, J. Xu, G. Chen, T. Tat, J. Li, J. Chen, A multimodal magnetoelastic artificial 
skin for underwater haptic sensing. Sci. Adv. 10, eadj8567 (2024).

	 22.	H . A. Sonar, A. P. Gerratt, S. P. Lacour, J. Paik, Closed-loop haptic feedback control using a 
self-sensing soft pneumatic actuator skin. Soft Robot. 7, 22–29 (2020).

	 23.	 Y. Wang, J. Liang, J. Yu, Y. Shan, X. Huang, W. Lin, Q. Pan, T. Zhang, Z. Zhang, Y. Gao, X. Yu,  
L. Wei, Z. Yang, Multiscale haptic interfaces for metaverse. Device 2, 100326 (2024).

	 24.	 P. H. Nguyen, W. Zhang, Design and computational modeling of fabric soft pneumatic 
actuators for wearable assistive devices. Sci. Rep. 10, 9638 (2020).

	 25.	E . Hajiesmaili, D. R. Clarke, Reconfigurable shape-morphing dielectric elastomers using 
spatially varying electric fields. Nat. Commun. 10, 183 (2019).

	 26.	 X. Tang, Y. He, J. Liu, Soft bioelectronics for cardiac interfaces. Biophys. Rev. 3, 011301 (2022).
	 27.	 X. Tang, H. Shen, S. Zhao, N. Li, J. Liu, Flexible brain–computer interfaces. Nat. Electron. 6, 

109–118 (2023).
	 28.	 Y. Shi, G. Shen, Haptic sensing and feedback techniques toward virtual reality. Research 7, 

0333 (2024).
	 29.	 F. Ershad, M. Houston, S. Patel, L. Contreras, B. Koirala, Y. Lu, Z. Rao, Y. Liu, N. Dias,  

A. Haces-Garcia, W. Zhu, Y. Zhang, C. Yu, Customizable, reconfigurable, and anatomically 
coordinated large-area, high-density electromyography from drawn-on-skin electrode 
arrays. PNAS Nexus 2, pgac291 (2023).

	 30.	C . Xu, S. A. Solomon, W. Gao, Artificial intelligence-powered electronic skin. Nat. Mach. 
Intell. 5, 1344–1355 (2023).

	 31.	 Y. Liu, C. K. Yiu, Z. Zhao, S. Liu, X. Huang, W. Park, J. Su, J. Zhou, T. H. Wong, K. Yao, L. Zhao, 
Y. Huang, J. Li, P. Fan, B. Zhang, Y. Dai, Z. Yang, Y. Li, X. Yu, Skin-integrated haptic interfaces 
enabled by scalable mechanical actuators for virtual reality. IEEE Internet Things J. 10, 
653–663 (2023).

	 32.	 Q. Zhuang, K. Yao, C. Zhang, X. Song, J. Zhou, Y. Zhang, Q. Huang, Y. Zhou, X. Yu, Z. Zheng, 
Permeable, three-dimensional integrated electronic skins with stretchable hybrid liquid 
metal solders. Nat. Electron. 7, 598–609 (2024).

	 33.	H . Wang, J. Wang, K. Yao, J. Fu, X. Xia, R. Zhang, J. Li, G. Xu, L. Wang, J. Yang, J. Lai, Y. Dai,  
Z. Zhang, A. Li, Y. Zhu, X. Yu, Z. L. Wang, Y. Zi, A paradigm shift fully self-powered 
long-distance wireless sensing solution enabled by discharge-induced displacement 
current. Sci. Adv. 7, eabi6751 (2021).

	 34.	L . Zu, J. Wen, S. Wang, M. Zhang, W. Sun, B. Chen, Z. L. Wang, Multiangle, self-powered 
sensor array for monitoring head impacts. Sci. Adv. 9, eadg5152 (2023).

	 35.	 Z. Sun, M. Zhu, X. Shan, C. Lee, Augmented tactile-perception and haptic-feedback rings as 
human-machine interfaces aiming for immersive interactions. Nat. Commun. 13, 5224 (2022).

	 36.	 Y. Zhang, J. Fu, Y. Ding, A. A. Babar, X. Song, F. Chen, X. Yu, Z. Zheng, Thermal and moisture 
managing e-textiles enabled by janus hierarchical gradient honeycombs. Adv. Mater. 36, 
13 2311633 (2024).

	 37.	 Y. Song, J. Min, Y. Yu, H. Wang, Y. Yang, H. Zhang, W. Gao, Wireless battery-free wearable 
sweat sensor powered by human motion. Sci. Adv. 6, eaay9842 (2020).

	 38.	 Y. Luo, M. R. Abidian, J.-H. Ahn, D. Akinwande, A. M. Andrews, M. Antonietti, Z. Bao,  
M. Berggren, C. A. Berkey, C. J. Bettinger, J. Chen, P. Chen, W. Cheng, X. Cheng, S.-J. Choi, 
A. Chortos, C. Dagdeviren, R. H. Dauskardt, C.-A. Di, M. D. Dickey, X. Duan, A. Facchetti,  
Z. Fan, Y. Fang, J. Feng, X. Feng, H. Gao, W. Gao, X. Gong, C. F. Guo, X. Guo, M. C. Hartel,  
Z. He, J. S. Ho, Y. Hu, Q. Huang, Y. Huang, F. Huo, M. M. Hussain, A. Javey, U. Jeong, C. Jiang, 
X. Jiang, J. Kang, D. Karnaushenko, A. Khademhosseini, D.-H. Kim, I.-D. Kim, D. Kireev,  
L. Kong, C. Lee, N.-E. Lee, P. S. Lee, T.-W. Lee, F. Li, J. Li, C. Liang, C. T. Lim, Y. Lin, D. J. Lipomi, 
J. Liu, K. Liu, N. Liu, R. Liu, Y. Liu, Y. Liu, Z. Liu, Z. Liu, X. J. Loh, N. Lu, Z. Lv, S. Magdassi,  
G. G. Malliaras, N. Matsuhisa, A. Nathan, S. Niu, J. Pan, C. Pang, Q. Pei, H. Peng, D. Qi,  
H. Ren, J. A. Rogers, A. Rowe, O. G. Schmidt, T. Sekitani, D.-G. Seo, G. Shen, X. Sheng, Q. Shi, 
T. Someya, Y. Song, E. Stavrinidou, M. Su, X. Sun, K. Takei, X.-M. Tao, B. C. K. Tee,  
A. V.-Y. Thean, T. Q. Trung, C. Wan, H. Wang, J. Wang, M. Wang, S. Wang, T. Wang, Z. L. Wang, 
P. S. Weiss, H. Wen, S. Xu, T. Xu, H. Yan, X. Yan, H. Yang, L. Yang, S. Yang, L. Yin, C. Yu, G. Yu,  
J. Yu, S.-H. Yu, X. Yu, E. Zamburg, H. Zhang, X. Zhang, X. Zhang, X. Zhang, Y. Zhang,  
Y. Zhang, S. Zhao, X. Zhao, Y. Zheng, Y.-Q. Zheng, Z. Zheng, T. Zhou, B. Zhu, M. Zhu, R. Zhu, 
Y. Zhu, Y. Zhu, G. Zou, X. Chen, Technology roadmap for flexible sensors. ACS Nano 17, 
5211–5295 (2023).

	 39.	 Z. Liu, Y. Hu, X. Qu, Y. Liu, S. Cheng, Z. Zhang, Y. Shan, R. Luo, S. Weng, H. Li, H. Niu, M. Gu,  
Y. Yao, B. Shi, N. Wang, W. Hua, Z. Li, Z. L. Wang, A self-powered intracardiac pacemaker in 
swine model. Nat. Commun. 15, 507 (2024).

	 40.	H . Ryu, H.-M. Park, M.-K. Kim, B. Kim, H. S. Myoung, T. Y. Kim, H.-J. Yoon, S. S. Kwak, J. Kim,  
T. H. Hwang, E.-K. Choi, S.-W. Kim, Self-rechargeable cardiac pacemaker system with 
triboelectric nanogenerators. Nat. Commun. 12, 4374 (2021).

	 41.	 R. Hinchet, H.-J. Yoon, H. Ryu, M.-K. Kim, E.-K. Choi, D.-S. Kim, S.-W. Kim, Transcutaneous 
ultrasound energy harvesting using capacitive triboelectric technology. Science 365, 
491–494 (2019).

	 42.	 X. Xia, J. Fu, Y. Zi, A universal standardized method for output capability assessment of 
nanogenerators. Nat. Commun. 10, 4428 (2019).

	 43.	H . Wang, X. Xia, J. Fu, J. Li, C. Chen, Y. Dai, Z. Fan, G. Hu, Y. Zi, A general self-powered wireless 
sensing solution based on triboelectric-discharge effect. Nano Energy 105, 107982 (2023).

	 44.	 G. Xu, J. Fu, C. Li, C. Li, H. Wang, Y. Zi, Understanding the time-lag behavior of the 
breakdown-discharge voltage. ACS Appl. Mater. Interfaces 14, 44398–44404 (2022).

	 45.	 J. Fu, G. Xu, C. Li, X. Xia, D. Guan, J. Li, Z. Huang, Y. Zi, Achieving ultrahigh output energy 
density of triboelectric nanogenerators in high-pressure gas environment. Adv. Sci. 7, 
2001757 (2020).

	 46.	 S. M. Niu, S. H. Wang, L. Lin, Y. Liu, Y. S. Zhou, Y. F. Hu, Z. L. Wang, Theoretical study of 
contact-mode triboelectric nanogenerators as an effective power source. Energ. Environ. 
Sci. 6, 3576–3583 (2013).

	 47.	 R. Rosen, W. Simendinger, C. Debbault, H. Shimoda, L. Fleming, B. Stoner, O. Zhou, 
Application of carbon nanotubes as electrodes in gas discharge tubes. Appl. Phys. Lett. 
76, 1668–1670 (2000).

	 48.	L . B. Loeb, J. M. Meek, The mechanism of spark discharge in air at atmospheric pressure. 
I. J. Appl. Phys. 11, 438–447 (1940).

	 49.	 W. Lin, D. Zhang, W. W. Lee, X. Li, Y. Hong, Q. Pan, R. Zhang, G. Peng, H. Z. Tan, Z. Zhang,  
L. Wei, Z. Yang, Super-resolution wearable electrotactile rendering system. Sci. Adv. 8, 
eabp8738 (2022).

	 50.	 A. Chortos, J. Liu, Z. Bao, Pursuing prosthetic electronic skin. Nat. Mater. 15, 937–950 (2016).
	 51.	 M.-L. Seol, S.-H. Lee, J.-W. Han, D. Kim, G.-H. Cho, Y.-K. Choi, Impact of contact pressure on 

output voltage of triboelectric nanogenerator based on deformation of interfacial 
structures. Nano Energy 17, 63–71 (2015).

	 52.	H . Wu, S. Wang, Z. Wang, Y. Zi, Achieving ultrahigh instantaneous power density of 
10 MW/m2 by leveraging the opposite-charge-enhanced transistor-like triboelectric 
nanogenerator (OCT-TENG). Nat. Commun. 12, 5470 (2021).

	 53.	H . Wang, X. Xia, J. Fu, Z. Song, W. Ding, Y. Dai, Y. Zi, A flexible lightweight self-powered 
wireless metal detector enabled by triboelectric discharge effect. Device 1, 100127 
(2023).

	 54.	 K. Dong, X. Peng, Z. L. Wang, Fiber/fabric-based piezoelectric and triboelectric 
nanogenerators for flexible/stretchable and wearable electronics and artificial 
intelligence. Adv. Mater. 32, 1902549 (2020).

	 55.	H . Dao Jr., R. A. Kazin, Gender differences in skin: A review of the literature. Gend. Med. 4, 
308–328 (2007).

	 56.	 X. Li, Z. Zhao, Y. Hu, Y. Gao, L. He, W. Qiao, B. Zhang, Y. Xu, Z. L. Wang, J. Wang, Efficient 
energy transport in constant-voltage triboelectric nanogenerator-based power units. 
Energ. Environ. Sci. 17, 1244–1254 (2024).

	 57.	 M. M. Emery, A. A. Hebert, A. A. Vila-Coro, T. C. Prager, The relationship between skin 
maturation and electrical skin impedance. J. Dermatol. Sci. 2, 336–340 (1991).

Acknowledgments 
Funding: This work was supported by National Key R&D Program of China, no. 
2024YFB4707503 (X.Y.); Innovation and Technology Fund of Innovation and Technology 
Commission, grant no. ITS/119/22 (X.Y.); Shenzhen Science and Technology Innovation 
Commission, grant no. SGDX20220530111401011 (X.Y.); Research Grants Council of the Hong 
Kong Special Administrative Region, grant nos. RFS2324-1S03, 11211523, 11213721, and 
11215722 (X.Y.); National Natural Science Foundation of China, grant no. 62122002 (X.Y.); 
Research Grants Council of the Hong Kong Special Administrative Region, grant no. 15304823 
(Z.Zhe.); Research Grants Council of the Hong Kong Special Administrative Region, grant no. 
SRFS2122-5S04 (Z.Zhe.); the Hong Kong Polytechnic University, grant no. P0038678 (Z.Zhe.); 
Guangdong Natural Science Funds for Distinguished Young Scholar, grant no. 
2023B1515020074 (Y.Z.); Guangzhou-HKUST (G.Z.) Joint Funding Project, grant no. 
2024A03J0466 (Y.Z.); Project of Hetao Shenzhen-Hong Kong Science and Technology 
Innovation Cooperation Zone (HZQB-KCZYB-2020083) (Y.Z.); the City University of Hong Kong, 
grant nos. 9667221, 9667246, 9680322, and 9667199, part of the InnoHK Project on Project 
2.2—AI-based 3D ultrasound imaging algorithm at Hong Kong Centre for Cerebro-
Cardiovascular Health Engineering (COCHE) (X.Y.); and National Key Research and Development 
Program of China, grant no. 2024YFE0200900 (Z.P.). Author contributions: Conceptualization: 
G.X., H.W., G.Z., and J.F. Methodology: G.X., H.W., G.Z., and J.F. Investigation: G.X., H.W., G.Z., J.F., 
K.Y., S.J., R.S., X.H., P.W., J.L., B.Z., C.K.Y., Z.Zho., C.C., and X.L. Visualization: G.X., H.W., G.Z., J.F., K.Y., 
S.J., R.S., and X.H. Funding acquisition: Z.P., Y.Z., Z.Zhe., and X.Y. Project administration: Y.Z.,  
Z.Zhe., and X.Y. Supervision: Y.Z., Z.Zhe., and X.Y. Writing—original draft: G.X., H.W., G.Z., and J.F. 
Writing—review and editing: Y.Z., Z.Zhe., and X.Y. Competing interests: Applications have 
been submitted for a US Non-Provisional Patent entitled “Self-powered passive electrotactile 
haptic glove for enhanced applications,” reference number: PWG/PA/1776/6/2024(US). The 
authors of the patent include X.Y., G.X., H.W., and G.Z. All other authors declare that they have 
no competing interests. Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 9 September 2024 
Accepted 13 February 2025 
Published 21 March 2025 
10.1126/sciadv.adt0318


	Self-powered electrotactile textile haptic glove for enhanced human-machine interface
	INTRODUCTION
	RESULTS
	Concept and design of the SPETH glove
	Electrical performance of the triboelectric unit in the SPETH glove
	Haptic feedback of the SPETH glove
	Applications of the SPETH glove: Prosthesis sensation, gesture recognition, and therapy

	DISCUSSION
	MATERIALS AND METHODS
	Fabrication of the electrotactile haptic glove
	Fabrication of the hydrogel-based electrostimulation patch
	Robot control
	Characterization and measurements
	User study

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


