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A B S T R A C T   

Tactile perception sensing, which could endow artificial devices with human-like abilities, is indispensable for 
new generation intelligent prosthetic. However, the development of flexible tactile sensors with multifunctional 
capabilities and low power consumption that remains an on-going challenge. Here, we purpose a flexible 
fingerprint-shaped triboelectric tactile sensor (FTTS) using eutectic gallium-indium (EGaIn) liquid metal and 
silicone. Based on the principle of triboelectric nanogenerator, the fabricated FTTS is composed of three inde
pendent fingerprint-like channels for liquid metal filling, with contact separation and stretching working modes 
to accommodate different application scenarios. Due to the flexible multi fingerprint-shaped channel design and 
the principle of triboelectricity, the FTTS has a fast response speed of 1.01 ms, and lower detection limit, which 
could stretch up to 225%. The fabricated FTTS is capable of pressure intensity and position detection, password 
simulation, material identification and pulse monitoring. In addition, this active sensor could realize zero power 
consumption of the sensing part without external power supply needed. The tactile perception and simulation 
technology based on this triboelectric sensing will definitely show broad prospects in the fields of intelligent 
prosthetics, medical rehabilitation and human-computer interaction.   

1. Introduction 

Tactile perception is one of the most essential ways for human beings 
to interact with the external environment [1]. Wearable tactile sensors, 
as a promising field have absorbed much attention, and have been 
widely used for artificial prosthetics, haptic perception, intelligent ro
botics, and other human-machine interaction applications, achieving 
several important functions like human tactile perception, such as 
contact force, temperature, humidity, and so on [2–7]. The principle of 
these kind of sensor are mainly based on capacitive, piezoresistive and 
piezoelectric [8–12]. As we know, human fingers are particularly sen
sitive to tactile perception. It is crucial to reconstruct these senses to 
provide the best replacement for upper limb amputees [13]. Due to the 
complex curved shape and limited installation space of prosthetic hands, 

traditional tactile sensors may be too rigid to fit the irregular surface. In 
addition, the power consumption and sensitivity of the sensor are also 
urgent to be solved. So new requirements are put forward for these kinds 
of sensors. 

The development of flexible and functional electronic materials has 
effectively promoted the revolution of this field. At present, silver 
nanowires, carbon nanotubes, hydrogels, and liquid metal have been 
reported for the structural design of tactile sensors [6,14,15]. Under 
normal circumstances (22 ℃), liquid metal is in a liquid state and has 
high conductivity and fluidity, which can improve the durability and 
stability of the tactile sensor for long-term use [16,17]. Nowadays, a 
great body of research of finger-liked tactile sensor has focused on the 
piezoresistive based principle with liquid metal as the variable resistor. 
Some researchers proposed a highly stretchable liquid metal tactile 
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sensor that integrated into the fingertip, demonstrating the feasibility of 
real-time slip detection and prevention of a grasped object [18]. And a 
research team proposed a 3D printed force tactile sensing based on 
liquid metal, which can accurately measure the temperature contact 
forces using in robotic manipulation [16]. However, the test process of 
the sensor based on piezoresistive principle is more complex, which 
requires special test circuit and signal amplifier, and it is easily affected 
by temperature. In addition, the sensitivity and lower limit of force 
detection need to be improved. 

Coupling effects of triboelectrification and electrostatic induction, 
triboelectric nanogenerator could convert mechanical energy into 
electricity energy/electrical signal directly, without any complex signal 
acquisition equipment. Triboelectric nanogenerator as active sensor 
with characteristics of high sensitivity, reliable performance and high 
signal-to-noise ratio have been widely used in implantable medical de
vice [19–24], intelligent robot [25–27], rehabilitation aids [28–32], and 
so on [33–38]. 

In this study, we develop a flexible fingerprint-shaped triboelectric 
tactile sensor (FTTS) using eutectic gallium-indium (EGaIn) and silicone 

for multifunctional application. As a common liquid metal, EGaIn has 
the characteristics of low melting point, high surface tension, and good 
electrical conductively, which is suitable as the stretchable electrode of 
the sensor. The patterned silicone is as the friction layer for enhancing 
the triboelectric charge density to improve both the output performance 
and sensitivity of the FTTS. The liquid metal is injected into the designed 
three independent fingerprint-shaped microfluidic channels with good 
stretchability. Based on the triboelectric nanogenerator principle, the 
FTTS is the coupling of contact separation and stretching working modes 
to cope with different application scenarios. Due to the FTTS’s excellent 
sensitivity, fingerprint-like multi-channel design and triboelectric prin
ciple, it is ideal for applications such as pressure intensity and position 
detection, password simulation, materials identification, and pulse 
monitoring, which great promise in the field of intelligent prostheses, 
medical rehabilitation and human-machine interaction. 

Fig. 1. Preparation process and principle of the FTTS. (a) Schematic structure of the FTTS, and the schematic diagram of the application with intelligent prosthesis. 
(b) The fabrication process of the FTTS. (c) Working principle of the FTTS in contact-separation mode. (d) Various application functions realized by the FTTS, such as 
pressure and position detection, Morse code and materials identification. 
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2. Results and discussion 

2.1. Preparation process and principle of FTTS 

FTTS is designed to be worn on the finger of the prosthetic and 
intelligent manipulator for obtaining various tactile information during 
touching applications (Fig. 1a and Fig. S1). This tactile sensor is mainly 
composed of two parts: silicone (Ecoflex 00–30) with micro-surface 
structure, and liquid metal (EGaIn) embedded in silicone channel. The 
channels inside the FTTS are arranged in three sets to form the finger
print shape. To better fit the bionic fingertip, the overall width and 
length of the FTTS are set as 15 mm and 20 mm, respectively. The 

fabricating process of the FTTS is shown in Fig. 1b. See the experimental 
section for detailed methods. The assembled device is approximately 
3.3 mm thick. 

To illustrate the operating mechanism of the FTTS with contact- 
separation mode, which in principle involves the combination effects 
of triboelectrification and electrostatic induction (Fig. 1c). The silicone 
is as the friction layer, and liquid metal is as electrode layer. In the initial 
state, the FTTS comes in contact with external contact layer (poly
urethane (PU) film), the equal amounts of positive and negative charges 
are produced on the surface of PU and silicone due to the tribo
electrification effect. When the FTTS begins to separate from PU, this 
equilibrium state is broken, so that the electrons flowed from the liquid 

Fig. 2. Electrical output performance of the FTTS. (a-c) VOC, ISC and QSC of the FTTS without micro-surface structure progress on the surface of the silicone (contact 
and separated with PU, 1 Hz). (d-f) VOC, ISC and QSC of the FTTS with micro-surface structure progress on the surface of the silicone (contact and separated with PU, 
1 Hz). (g) Sensitivity test of the FTTS for detecting a force as light as 16.88 mN equaling to the weight of a rice grain. (h) Response performance test of the FTTS under 
the frequency of 500 Hz. 
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metal electrode to the reference electrode (the ground) for a new bal
ance, generating output signal based on electrostatic induction. The 
amplitude of this signal reaches the maximum value when they are 
completely separated. Then the FTTS approaches to the PU again, 
electrons flow from the ground to the liquid metal for rebalancing, 
producing a negative output signal. This is a full cycle based on this 
triboelectric sensing. The corresponding COMSOL simulation schematic 
diagram is shown in Fig. S2. By processing and analyzing the acquired 
signals, the fingerprint-shaped triboelectric tactile sensor could be used 
for a variety of applications such as pressure and position detection, 
materials identification, and so on (Fig. 1d). 

2.2. Electrical output performance of the FTTS 

Based on the above-mentioned working mechanism, the electrical 
output performance of the FTTS is systematically studied. Compared 
with the device without surface microstructure treatment, the output 
performance of the FTTS with micro-surface structure (hemispheres of 
0.5 mm diameter) on the silicone surface has been significantly 
improved. As shown in Fig. 2a-f, the open circuit voltage (VOC), short 
circuit current (ISC) and transferred charge (QSC) are improved by about 
36%, 28%, and 26%, respectively. After surface treatment for the sili
cone, the VOC, ISC, and QSC of the FTTS could reach at 15.3 V, 115.6 nA 

Fig. 3. Characterization of position signal and application of multi-channel information interaction of the FTTS. (a-c) VOC, ISC and QSC of the FTTS (with PU) at 
different contact and separation frequency (0.5 Hz, 1 Hz, 1.5 Hz, 2 Hz, and 2.5 Hz). (d) Part of Morse code. (e) Encode between the output signal of the FTTS and the 
input signal of Morse code. (f) The information simulation and identification of the strings “TRIBOELECTRIC” enabled by the FTTS. (g) The information simulation 
and identification of the strings “NANO” enabled by the FTTS. 
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and 5.1 nC, respectively. And The FTTS could effectively detect a force 
as light as 16.88 mN equaling to the weight of a rice grain, exhibiting 
good sensitivity and lower detection limit (Fig. 2g and Supplementary 
materials Video S1). Besides, the FTTS has a fast response speed of 
1.01 ms (58.6 mV), ensuring accurate tactile information even with 
quick contact (Fig. 2h). To explore the water resistance of the FTTS, we 
soak the device in water for 48 h, and measure the VOC of the device 
before and after immersion. The results show that the output perfor
mance of the FTTS has no obvious attenuation after soaking in water, so 
that the FTTS has good water resistance (Fig. S3). In addition, the 
experimental data shows that temperature has no effect on the perfor
mance of the device in the range of 20–40 ℃ (Fig. S4). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107324. 

2.3. Frequency, fatigue test and application of single-channel information 
interaction of the FTTS 

Further, the electrical output performance with different contact and 
separation frequency (0.5 Hz, 1 Hz, 1.5 Hz, 2 Hz, and 2.5 Hz) between 
FTTS and PU is also measured. As shown in Fig. 3a and Fig. 3b, within a 
certain range of 0.5–1 Hz, VOC and ISC are positively correlated with the 
test frequency. While it has little effect on VOC and ISC, when the fre
quency exceeded 1 Hz. In addition, QSC depends very little on the test 
frequency (Fig. 3c). 

Morse code is an on-off signal code that expresses different character 
information through different sequences. It can be used in the fields of 
telegraphy, military, emergency rescue and so on, with good confiden
tiality and controllability. As shown in Fig. 3d, the 26 letters are rep
resented by a short dot signal "⋅ " and a long signal "–", which could be 
replaced by single pulse and dual pulses from the FTTS when contacting 
any object surface, respectively, thanks to the sensor’s high sensitivity 
and fast responsiveness (Fig. 3e). Here, combined with the encoding of 
the FTTS and Morse code, the information simulation and identification 
of the strings “TRIBOELECTRIC” (Fig. 3f) and “NANO” (Fig. 3g and 
Supplementary materials Video S2) are realized. With the FTTS, infor
mation interaction could be achieved anywhere by finger (or prosthetic) 
without complex mechanical equipment. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107324. 

In addition, during the experiment, we find that the FTTS has 
different output responses to different materials. Further, to investigate 
the ability of the FTTS to discriminate different material types, five 
different materials (PFTE, PS, Acrylic, Glass, and PA66) are as the test 
objects. As shown in Fig. S5, whether it is VOC, ISC, or QSC, the amplitude 
of the output signal with PTFE is always the weakest, and the direction is 
opposite to that of other materials. In addition, the output signals of the 
FTTS with PS, acrylic, glass and PA66 show an upward trend, and the 
signal direction remains consistent. The small Figures in Fig. S5a and 
Fig. S5b are enlarged views of PTFE and PS output signals, respectively. 
By reason that, according to triboelectric series, PA66 possesses the 
strongest electropositivity, then Glass, Acrylic PS, and PTFE. In the 
contact-separation mode, the stronger the difference in electropositivity 
(or electronegativity) between the external material and the FTTS sili
cone layer, the more obvious the output amplitude, and the direction of 
the output signal is divided into positive and negative, which providing 
the possibility for smart manipulators or prostheses to realize function of 
materials identification. 

The fatigue test of the FTTS is also conducted under the continuous 
1 Hz mechanical impact, as shown in Fig. S6, which indicates that the 
VOC has no obvious attenuation after 20, 000 cycles of testing compared 
with the pristine state, showing good stability of the device. Taken 
together, the fabricated the FTTS has the advantages of simple and 
reliable principle, fast response, high sensitivity and good stability, 
making it an ideal method for detecting and simulating tactile 
information. 

2.4. Applications of the FTTS for position detection and multi-channel 
information interaction 

For the designed FTTS, three identical microfluidic channels with 
embedded liquid metal form the electrode layer in three regions. The 
two channels are symmetrically arranged in the lower half of the sensor, 
which is equivalent to the position of the finger belly of the human hand. 
The other channel is placed in the upper half of the sensor, which is 
equivalent to the fingertip position of the human hand. When the 
external force acted on different positions of the FTTS, the signals of the 
three channels showed obvious differences and independent. Based on 
the principle of triboelectrification, the output amplitude of each 
channel is mainly determined by the position of the contact and sepa
ration between the object and the sensor, which can be used to judge the 
position of tactile perception. 

The sensor is divided into five regions (①-⑤) according to the shape 
of the designed electrodes. As shown in Fig. 4a-f and Supplementary 
materials Video S3, when an object contacts and separates from these 
different areas, the electrical signals of the three channels have obvious 
differences and show a stable regularity, that is, the larger the contact 
area between the object and a certain channel, the stronger the output 
signal of the channel. In that the effective contact area allows the tactile 
sensor to induce more charge, thus improving the output performance. 
In consequence, the effective contact position between the sensor and 
the object can be accurately determined according to the relative output 
amplitudes of the three channels. This law is consistent with the simu
lation of the mechanical model. The corresponding COMSOL simulation 
of forces applied at different positions on the FTTS are shown in Fig. 4g. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107324. 

The popularization of intelligent technology in the digital informa
tion age makes traditional electronic combination locks unable to meet 
the needs of safety, convenience and humanization, so an active encoder 
is urgently needed. The FTTS is integrated with the finger cover and 
worn on the human finger. With the help of multiple channels, three sets 
of signals containing cipher information could be obtained by tapping 
the plane continuously with different positions of the finger. By 
comparing with the preset code, the password authentication can be 
completed. Here, three kinds of ciphers are tested with the encoding 
method as shown in Fig. 4h. Each group of data has good differences and 
strong information separation (Fig. 4i-k, Fig. S7 and Supplementary 
materials Video S4). After integration with Bluetooth device, it can be 
free from the constraints of traditional cryptographic devices in fixed 
location. For a door lock, when the FTTS paired with the door, the 
password could be authenticated by tapping the trouser leg with finger 
without pressing the key on the door lock. With strong privacy and 
flexibility, so that improves the security of the password, which will 
definitely show broad prospects in the fields of the new generation 
intelligent password system. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107324. 

2.5. Characterization of tensile properties, stress signals and application 
of pulse monitoring of the FTTS 

The FTTS has excellent flexibility that can accommodate various 
motions such as bending, stretching, and twisting (Fig. S8). Firstly, the 
output performance under different tensile states is systematically 
studied. As shown in Fig. 5a, the amplitude change of VOC tends to in
crease with increasing stretch ratio to the FTTS. The tests are performed 
starting from the original state of the device, i.e., from 100% to 150%, 
and the output at each stretch state is tested 10 times. After stretching 
from 100% to 225%, the tactile sensor could still quickly return to its 
original state without significant output attenuation (Supplementary 
materials Video S5). Different from the contact-separation mode, the 
principle of the stretch mode of the FTTS is divergent, which is more of 
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the internal charge transfer. As shown in Fig. 5b. In the initial state, both 
the silicone inner the FTTS and the surface of the liquid metal are 
charge-balanced, so that no electronics flow in the external circuit. 
When the FTTS is stretched, the contact area of silicone and liquid metal 
has increased, more negative charge is generated inside the silicone due 
to triboelectrification effect. In order to reach equilibrium, electrons 
flow from the liquid metal to the ground, result in output signal 
generating, until the FTTS is stretched to the maximum state. In the 
process of restoring to the initial state, the electrons flow reversely from 
the ground into the liquid metal in order to reach an equilibrium state. 
At this time, the opposite electrical signal is generated until the device is 

completely restored to the original state. The corresponding COMSOL 
simulation schematic diagram and Video are shown in Fig. S9 and 
Supplementary materials Video S6. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107324. 

Next, the specific relationship between VOC of the FTTS and the 
applied force is explored. Here, the signals are recorded by oscilloscope 
and Mark-10 system. A piece of PU with size of 2 cm × 2 cm is attached 
to the force detector, and repeatedly contact and separate with the TFFS 
at a frequency of 1 Hz. As shown in Fig. 5c, the sensor can measure the 
force in the range of 0–1 N well. When the applied force is greater than 

Fig. 4. Characterization of position signal and application of multi-channel information interaction of the FTTS. (a-f) Multi-channel output performance charac
terization for applying force to different positions of the FTTS. (g) Corresponding COMSOL simulation of forces applied at different positions on the FTTS. (h-k) Multi- 
channel output performance characterization for three kinds of ciphers with the encoding method in Fig. 4h enabled by the FTTS. 
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1.25 N, the output voltage measured by an oscilloscope will not change 
significantly. In addition, an electrometer is used to test the output 
voltage change when a continuous force is applied to the FTTS, and 
simultaneously recorded the distance traveled by the dynamometer and 
the force applied to the FTTS (Fig. 5d). Interestingly, when the PU on the 
dynamometer is 5 mm away from the FTTS surface and then moved 
downward continuously, the electrometer records the output signal of 
the non-contact state between the PU and the FTTS, which may be 
related to the characteristics of the triboelectric nanogenerator, which 
coups the triboelectrification and electrostatic induction. When they 
first start to contact, the trend of the output changes is consistent with 
that measured by the oscilloscope in Fig. 5c. 

The FTTS has good response and high sensitivity to small force based 
on the stretch mode, which could be as an active sensor for arterial pulse 
detecting. Similarly, it is combined with the finger cover and worn on 
the finger or prosthetic limb, then placed in the right position on the 
wrist, the sensor can clearly detect pulse information. As shown in 
Fig. 5e, the pulse wave under different physiological conditions (at rest 
and after exercise) is intuitively displayed in real time. The VOC of the 
FTTS has increased from 47 mV at rest to 61 mV after exercise. By 
analyzing the time interval between two adjacent peaks, the heart rate 
(beat per minute, bpm) at rest and after exercise are about 73 bpm and 

107 bpm, respectively. The FTTS clearly records the characteristic peaks 
of peripheral arterial pulse pressure and other characteristic informa
tion, including important biomedical and physiological message for the 
diagnosis of cardiovascular diseases, which provides an important 
reference basis for the monitoring and early warning of such diseases. 
This sensing could endow prosthetic limbs with new functions, 
providing a reliable method for the realization of intelligent medical 
robot in the future. 

3. Conclusion 

In this work, we proposed a strategy to fabricated a wearable tactile 
sensor using EGaIn and Ecoflex for multifunctional applications. The 
structural design of the three separate areas with fingerprint-shaped 
patterned microfluidic channels and the micro structure surface of the 
FTTS effectively improves the sensitivity of the finger tactile sensor. The 
VOC, ISC, and QSC reaches at 15.3 V, 115.6 nA and 5.1 nC, respectively. 
The FTTS can respond to the force as low as 16.88 mg and also has a 
good signal-to-noise ratio of the output signal at 500 Hz. Due to the 
multi-channel design and the high sensitivity, the FTTS can detect forces 
applied at different locations on the sensor. Based on these features, it 
successfully realizes the simulation and recognition of finger password. 

Fig. 5. Characterization of tensile properties, stress signals and application of pulse monitoring of the FTTS. (a) The amplitude of VOC with different stretch ratio 
applied to the FTTS. (b) Working principle of the FTTS in stretch mode. (c) Output performance characterization with different force applied to the FTTS (repeatedly 
contact and separate with the PU, 1 Hz, recorded by oscilloscope). (d) Output performance characterization with continuous force applied to the FTTS (steady decline 
with PU, from 5 mm to − 1.9 mm, recorded by electrometer). (e) Pulse monitoring enabled by the FTTS. 
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The fabricated FTTS is 15 mm in width, 20 mm in length and 3 mm in 
thick with good flexibility and stretchability. Besides, the FTTS has 
corresponding electrical signal output under different stretching states, 
and the FTTS has a good response to the force of 0–1 N. It can completely 
measure the pulse wave information with details, which provides an 
important reference basis for the monitoring and early warning of car
diovascular diseases. Based on the triboelectric effect, it can be used to 
identify material types due to the different ability to transfer charges 
between diverse materials, and the experiment also proved that the 
amplitude and direction of VOC are different when the FTTS is exposed to 
various materials. It is believed that this kind of tactile sensor will have 
great potential in the fields of intelligent prosthetics, human-machine 
interactions, healthcare applications and so on. 

Future work will focus on the high integration of the sensor with 
acquisition/control equipment, and integrate the temperature and hu
midity sensors, in order to realize more tactile sensing functions on 
intelligent prosthesis or robots. 

4. Experimental section 

4.1. Materials 

Gallium (99.99% purity, Shanxi Zhaofeng Gallium Co., Ltd.) and 
indium (99.995% purity, Shanxi Zhaofeng Gallium Co., Ltd.) were 
prepared for the experiment. EGaIn was produced by pouring the two 
liquid metals in a certain proportion into a glass bottle at 180 ℃ and 
stirring them evenly for 3 h. EGaIn is sealed and stored at room tem
perature (about 22 ℃). Before using EGaIn, it is usually washed with 
sodium hydroxide solution to remove the oxide. The silicone elastomer 
base and silicone elastomer curing agent (Ecoflex 00–30, Sooth-On, Inc.) 
were mixed thoroughly in a glass bottle at the ratio of 1:1. The overall 
size of the PTFE mold is 2 cm × 2.5 cm × 5 mm. After Computerized 
Numerical Control (CNC) processing, the depth of the fingerprint- 
shaped channel is 1.5 mm, and the depth of the microstructure 
portion is 1 mm. 

4.2. Fabrication of the FTTS 

Firstly, the prepared silicone was poured into two PTFE molds with 
different structures, and dried in the oven at 60 ◦C for 2 h. After that, the 
two molds were stripped and to get two membranes. Then the two 
membranes were bonded using the silicone adhesive and dried in the 
oven at 60 ◦C for 2 h again. Next, the prepared EGaIn was inject into the 
microchannel by a syringe, and the pinhole was resealed by the silicone 
adhesive to obtain the FTTS. The overall width and length of the FTTS 
are 15 mm and 20 mm, respectively. 

4.3. Characterization and measurement of the FTTS 

The open-circuit voltage was measured by an oscilloscope 
(HDO6104, Teledyne LeCroy); the short-circuit current and short-circuit 
charge were measured by an electrometer (6517, Keithley) and recorded 
by the oscilloscope (HDO6104, Teledyne LeCroy). A linear motor 
(E1100, LinMot) was used to apply a periodic stable force on the FTTS 
for periodic testing such as electrical output performance characteriza
tion and fatigue test. Tensile test of the FTTS was performed by ESM301/ 
Mark-10 system with the tensile speed of 100 mm⋅min− 1. The investi
gation of the relationship between applied force and VOC of TFFS was 
performed by the ESM301/Mark-10 system (800 mm⋅min− 1) to apply a 
periodic stable force on the FTTS. The simulations were implemented by 
COMSOL software. A platform vibrator (VT-500, YMC Piezotronics, Inc.) 
was employed as a high-frequency vibrator to test the response time 
(frequency, 500 Hz). All optical photos taken by the SLR (6D MarkII, 
Canon). 
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