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Wearable triboelectric sensors
for biomedical monitoring
and human-machine interface
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SUMMARY

A growing advocacy of healthy and quality life makes wearable electronics spring
up. Triboelectric nanogenerator (TENG) has developed as an energy harvesting
technology and as an advanced sensor technology in wearable electronics. The
triboelectric sensor (TS) is sensitive to the mechanical motion and driven by the
motion itself. Therefore, TS is capable of monitoring certain vital signs and kinds
of movements of human body. Based on these monitoring, novel human-machine
interfaces (HMIs) can be established. In this review, a comprehensive overview of
some key progresses in this field over last 5 years are presented. Several main as-
pects of biomedical monitoring based on TSs are classified: pulse/cardiac/micro-
motion, respiration/airflow/vibration, and pressure/tactile/body movement. The
major types of HMIs taking these biomedical monitoring as basis are introduced
accordingly: eye movement, voice/auditory, gesture/joint movement, and touch/
tactile based HMIs. Finally, the current limitations and future trends are put for-
ward for biomedical monitoring and HMIs based on TSs.
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INTRODUCTION

With the fast development of micro-nanotechnology, wearable electronics are springing up in the field of

health monitoring and smart communication (Bandodkar et al., 2019; Chung et al., 2019; Gao et al., 2016;

Pu et al., 2017; Wang et al., 2018c; Zheng et al., 2020). These flexible and light devices greatly improve the

quality of life and make life more convenient. A real-time monitoring of the vital signs helps people know

their physical conditions better and make timely adjustment for better health and give early warning about

a possible disease (Fan et al., 2020; Lin et al., 2018, 2019; Liu et al., 2019a; Zheng et al., 2020). At the same

time, this physical information about body conditions and movements may play an important role in the

intelligent communication with the surroundings, which is especially meaningful for the assistance for

the disabled, industrial production and entertainment (Guo et al., 2016; Osborn et al., 2018; Pu et al.,

2017; Si et al., 2020; Wang et al., 2020; Zhu et al., 2020). These demands encourage a development of wear-

able technology.

Among numerous advanced wearable technologies, triboelectric nanogenerator (TENG) with its signifi-

cant advantages of self-power, high output, light weight, applicability of design, low cost, stability and

robustness etc. has drawn many researchers’ attention (Chen et al., 2020; Shi et al., 2019b; Wang, 2020a;

Xu et al., 2020). TENG is first invented in 2012 for energy harvesting (Fan et al., 2012; Wang et al., 2012).

When two materials have different electronegativity in physical contact, opposite charges generate on

the surface of these two materials (Wang and Wang, 2019; Zhou et al., 2020). When they are separated un-

der a mechanical force, the potential created by the charges induces an electron flow through an external

circuit (Wang and Wang, 2019; Zhou et al., 2020). Therefore, the applied mechanical force is transformed

into electricity. Because TENG can generate electrical signal from a mechanical motion, it can serve as the

self-powered sensor for detecting the features of these mechanical movements (Wang, 2013, 2020b; Yang

et al., 2013). A triboelectric sensor (TS) can be designed flexibly according to the different application

circumstances. There are four basic working modes of TENG, i.e., the contact-separation mode (Zhang

et al., 2013, 2017), the linear-sliding mode (Lin et al., 2013; Zhou et al., 2014), the single-electrode mode

(Yu et al., 2017; Zhong et al., 2013), and the freestanding triboelectric-layer mode (Guo et al., 2015; Zhang

et al., 2015). These four modes have their own unique characteristics and typical application instance, and
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Figure 1. An overview of the wearable triboelectric sensor based biomedical monitoring and HMIs sprung from it
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their basic principles will be illustrated following the introduction section. In practice, they are appropri-

ately chosen or used in combination according to specific applications.

This review intends to provide a comprehensive overview of the advances in wearable TSs for the biomed-

ical monitoring and deriving human-machine interfaces (HMIs) in recent 5 years. As shown in Figure 1, the

main aspects of biomedical monitoring based on TSs include three-quarters: pulse, cardiac, andmicro-mo-

tion monitoring; respiration, airflow, and vibration monitoring; and pressure, tactile, and body movement

monitoring. The derived HMIs from them are classified accordingly into four parts: eye-movement-based

HMIs; voice- and auditory-based HMIs; gesture- or joint-movement-based HMIs; and touch- or tactile-

based HMIs. In each part, the application background is briefly introduced, and most articles containing

corresponding keywords are cited. Then, several typical examples are illustrated. For a good understand-

ing of each example, the structure and material of the devices, the working principle, and main application

performance are sketched accordingly. Further, the problems and potential development trends of wear-

able TSs for biomedical monitoring and HMIs are addressed for future research.
BASIC WORKING PRINCIPLES OF TRIBOELECTRIC NANOGENERATORS

Contact-separation mode

The vertical contact-separation mode is the most basic mode of TENG, as shown in Figure 2A. When two

materials with distinct electron affinity get a physical contact to each other, opposite charges are created

on their surfaces. When they are separated by a gap under an external force, the potential is created in the

interfacial region and back-deposited electrodes, which drive electrons to flow through the external circuit

to keep a balance of the electrostatic field. Once the two materials get contact again, the potential created

by the triboelectric charges disappears, thus the induced electrons flow back. On the external load, an

alternating output can be detected under the periodic applied force. This mode with simple structure

and low wear is easy to design and fabricate, but the requirement of a volume for the varying gap always

leads to a packaging difficulty.
Linear-sliding mode

Changing the vertical contact-separation of the two parts into the lateral relative sliding (as shown in Fig-

ure 2B), the contact area of the two parts changes along with the sliding, which can also break the electro-

static balance and create a potential to drive the electrons flow through the external circuit. The periodic

process is similar to the contact-separation mode. Although, deriving from the basic linear-sliding mode,

sliding in planar motions, and cylindrical/disc rotations can also be involved, and multiple grating
2 iScience 24, 102027, January 22, 2021



Figure 2. Working mechanism of TENG in four basic modes

Reproduced with permission, from ref (Wang, 2017), Copyright 2017, Elsevier.

(A) The vertical contact-separation mode.

(B) The linear-sliding mode.

(C) The single-electrode mode.

(D) The freestanding triboelectric-layer mode.
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structures are developed for certain energy collection purposes or quantitative sensings. However, the fre-

quency friction may reduce the robustness and durability due to wear and tear.

Single-electrode mode

Both the vertical contact-separation mode and linear-sliding mode use a pair of interconnected electrodes

with relative displacement, whichmay limit their applications especially for themobile object in biomedical

sensing and HMIs. Although, the single-electrode mode has only one electrode connected to ground

through a load, as shown in Figure 2C. The dielectric part can be freely movable without attaching an elec-

tric connection. When the dielectric part periodically approaches to and departs from the stationary elec-

trode via vertical or lateral route, the charges transfer between the electrode and ground. This mode is

more flexible but the output performance is lower.

Freestanding triboelectric-layer mode

The freestanding triboelectric-layer mode is a configuration that can keep the pair of electrodes relatively

stationary and ground-free. As shown in Figure 2D, the pair of symmetric electrodes are connected to each

other with a load. When the dielectric part moves between the two electrodes, an asymmetric charge dis-

tribution is created via induction, which causes a charge transfer between the two electrodes through the

external load. This mode is always adopted for sliding motions and developed as grating structures based

on its features. In practice, these four modes are appropriately chosen and involved in advanced designs

for high performances in specific applications.

TRIBOELECTRIC-SENSOR-BASED BIOMEDICAL MONITORING

Pulse/cardiac/micro-motion

Pulse and cardiac wave are typical physiological signals characterizing human conditions (Ma et al., 2018;

Ohkuma et al., 2017; Said et al., 2018). The wearable electronics with sensing techniques have important

significance in monitoring these body signals for assessment and disease diagnosis (Hui and Kan, 2018;

Kim et al., 2012; Park et al., 2018). To date, most wearable sensors are based on force-induced changes

in capacitance (Cohen et al., 2012; Lipomi et al., 2011), resistivity (Pang et al., 2012; Wang et al., 2014),

piezoelectricity (Persano et al., 2013; Wang and Song, 2006; Wu et al., 2013), and triboelectricity (Chen

et al., 2017; Cui et al., 2018; Lai et al., 2017; Liu et al., 2019b; Meng et al., 2019; Yan et al., 2018; Zhao

et al., 2019). In fact, the micro-motion caused by the force induced on the skin surface is quite suitable
iScience 24, 102027, January 22, 2021 3



Figure 3. Pulse, cardiac, and micro-motion monitoring based on TSs

(A) Bionic membrane sensor for monitoring the pulse waves. Reproduced with permission, from ref (Yang et al., 2015a),

Copyright 2015, WILEY-VCH.

(B) Plat sensor for monitoring muscle motion and pulse waves. Reproduced with permission, from ref (Cai et al., 2016),

Copyright 2016, Elsevier.

(C) Elastomer encapsulated sensor for monitoring pulse and the diagnosis system. Reproduced with permission, from ref

(Ouyang et al., 2017), Copyright 2017, WILEY-VCH.

(D) Stretchable yarn netting embedded sensor for gauging pressure on skin surface. Reproduced with permission, from

ref (Dong et al., 2018), Copyright 2018, WILEY-VCH.
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for a self-powered piezoelectric nanogenerator (PENG) or TENG to detect. In contrast with PENG, TENG

sensor has relatively higher performance and lower cost. The following are four TENG-based examples: a

bionic eardrum sensor for monitoring the pulse waves (Yang et al., 2015a); a plat sensor for monitoringmus-

cle motion and pulse waves (Cai et al., 2016); an elastomer encapsulated sensor for monitoring pulse and

the diagnosis system (Ouyang et al., 2017); and a stretchable yarn netting embedded sensor for gauging

pressure on skin surface (Dong et al., 2018).

In 2015, Yang et al. introduced a wearable bionic membrane sensor (BMS) for monitoring pulse waves, with

a structure inspired by the human eardrum, as shown in Figure 3A (Yang et al., 2015a). The BMS has a multi-

layer structure in an oval shape with a polyethylene terephthalate (PET) thin film as the substrate. On the

PET substrate, a thin layer of nylon film coated with indium tin oxide (ITO) is attached as the electrification

layer and the back electrode. On the top, a layer of polytetrafluoroethylene (PTFE) membrane like a human

eardrum is tented outward at the level of the tip of an umbo as another electrification layer. Besides, there
4 iScience 24, 102027, January 22, 2021
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are two circular holes punched through the three layers as the communicating vessel to integrate the

conical cavity with the ambient air. In the upper-right corner of the figure is the photograph of the as-fabri-

cated transparent BMS. When it is attached onto a subject’s carotid artery, chest, and wrist, the detailed

information about the arterial physical conditions such as pulse rate, pulse wave velocity (PWV), the

augmentation index (AIx), or the reflection index (RI) of carotid artery can be calculated on the parameters

of the pulse wave. This BMS can provide a high sensitivity of 51 mV Pa�1 with a pressure detection limit to

2.5 Pa as well as a fast response time less than 6 ms. Besides continuous monitoring of the human pulse

waves, it can be used as a throat microphone because it holds a wide response frequency ranging from

0.1 kHz to 3.2 kHz.

In 2016, Cai et al. reported a plat sensor for monitoring the muscle motion and pulse waves. This sensor is

assembled with two layers: a rough surface PET film deposited with aluminum (R-PET-Al) and a PTFE film

deposited with aluminum (PTFE-Al). These two deposited aluminum layers are used as the top and bottom

electrodes, respectively, as shown in Figure 3B (Cai et al., 2016). When bonded together, the R-PET-Al film

is slightly bent with a distance about 2mm from the PTFE film. Although this structure can be improved, it is

the first time to use the TENG to detect the micro muscle motions on the face, which indicates a meaningful

development into HMIs and driving fatigue monitoring (Lu et al., 2020; Pu et al., 2017). As demonstrated,

when equipped beside the corners of eyes, this sensor can detect and distinguish the strong and slight eye-

blink through the amplitude of voltage. When placed over the radial artery of a subject’s wrist, the sequen-

tially radial pulse waves in the rest state and right after the exercise can be monitored and identified.

In 2017, Ouyang et al. proposed an elastomer encapsulated self-powered ultrasensitive pulse sensor

(SUPS), as shown in Figure 3C (Ouyang et al., 2017). The SUPS consists of two layers spaced to each other.

One is a nanostructured Kapton (n-Kapton) thin film as a triboelectric layer, which is deposited with a Cu

layer on the back side as one electrode. The other is a nanostructured Cu (n-Cu) film formed through depo-

sition on the previous n-Kapton film, which serves as the other triboelectric layer as well as an electrode. To

enhance the structural stability, the entire device is packaged by the polydimethylsiloxane (PDMS) elas-

tomer. Benefiting from the flexibility and super-sensitivity (an output performance of 1.52 V and a signal-

to-noise ratio of 45 dB), the SUPS is adaptive to various human body regions and thus can keep a high

quality of pulse signals. As shown in Figure 3C, when pasted on the carotid artery, the brachial artery,

the radial artery, the finger, and the ankle artery region, the SUPSs detect various amplitudes of pulses

with similar features, easy for pulse wave velocity (PWV) calculations. Employing a Bluetooth wireless trans-

mission tech, the pulse wave can be monitored on the intelligent terminals in real time. Based on this, the

indicative diagnosis and antidiastole to cardiovascular diseases can be provided through characteristic

exponent analysis including heart rate variability (HRV) Poincare plot, time-domain HRV indexes, etc.

Therefore, this SUPS shows great value in wearable intelligent mobile diagnosis and cardiovascular disease

prevention in the future.

In 2018, Dong et al. focused on the textile-based TENGs to improve the wearability and developed a stretch-

able yarn nettingembedded sensor for sensingpressure on skin surface (Donget al., 2018). As shown in Figures

3D, a silver-coatednylon yarnwith three-ply-twistedconfiguration is selectedas theelectrodematerial, which is

interlaced in a ‘‘chain-link’’ fence-shaped network and embedded into the silicone rubber elastomer. This de-

vice holds a stretchability of 30% when the basic structure parameters of the yarn network as the height and

length are equal to 1.24mmand the thickness of silicone rubber is 2.8mm, which covers the strain range of hu-

man arm skin. The working principle of this wearable sensor follows a single-electrode mode, and the human

skin can be regarded as another triboelectric layer. When attached on the wrist, the real-time arterial pulse

waves under normal and exercise conditions canbe recorded anddistinguished. From the enlargedwaveform,

the details such as typical percussionwave, tidal wave, anddiastolic wave related to the systolic/diastolic blood

pressure, the ventricular pressure, and the heart rate can clearly be identified.
Respiration/airflow/vibration

Respiration is another representative signal reflecting the physiological and pathological conditions in

health monitoring (Atalay et al., 2015; Massaroni et al., 2018). In addition to being attached to the skin

like the pulse sensor, sensing the respiration through the airflow or vibration caused by it is an alternative

effective way (Ding et al., 2018; Kim et al., 2019; Sun et al., 2018; Wang et al., 2019a, 2019b; Yi et al., 2015;

Zhang et al., 2019a). In this part, these two types of respiration monitoring are reviewed with four examples:

first, a chest strap integrated sensor weaved of warp/weft metallic yarns for detecting their intersection
iScience 24, 102027, January 22, 2021 5
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area change in breathing (Zhao et al., 2016); second, an arch structural nanofiber-based permeable sensor

integrated inside a mask for detecting the air vibration caused by respiration (Cao et al., 2018b); third, a

cellulose fiber based sensor implanted in a mask for breathing detection and PM2.5 elimination (He

et al., 2018b); fourth, a textile sensor-array-basedmonitoring system for cardiovascular and respiratory syn-

drome assessment (Fan et al., 2020).

In 2016, Zhao et al. reported a textile TENG sensor fabricated by weaving of Cu-coated polyethylene tere-

phthalate (Cu-PET) warp yarns and polyimide (PI)-coated Cu-PET (PI-Cu-PET) weft yarns on an industrial

loom, as shown in Figure 4A (Zhao et al., 2016). This device eliminates the second-layer structure (Liu

et al., 2016). The generation of triboelectric charges depends on the changes of contact area at each

yarn crisscross intersection under a mechanic force. The maximum short circuit current density of 15.50

mA m�2 can be achieved on it. Integrated into a chest strap, the human respiratory information about

rate and depth can be monitored. This flexible device is fabricated with materials widely used in textile in-

dustry on miniaturized industrial machines and can withstand standard machine-washing tests. Therefore,

it is very promising in wearable healthcare monitoring and other applications.

In 2017, Cao et al. introduced a nanofiber-based triboelectric sensor (SNTS). The SNTS is designed as an arch

structure consisting of an electrospun polyvinylidene fluoride (PVDF) nanofiber membrane (NM) and a screen-

printed Ag nanoparticles (AgNPs) electrode, as shown in Figure 4B (Cao et al., 2018b). The SNTS follows the

working mechanism of single-electrode mode. Due to the different tribo-polarities of PVDF NM and AgNPs,

equal amount of positive and negative triboelectric charges will appear on the surface of them when the two

tribolayers contact each other. And the AgNPs electrode is connected to the ground through an external

load, fromwhich the sensing signal is obtained.Arched inside amask, the SNTScanmonitor thebreathing con-

dition. And the SNTS shows a high gas-permeability and stability, and aftermore than 30min of breathing, the

voltage signal does not decline along with the increase of vapor from human breath.

In 2018, He et al. developed a cellulose-fiber-based TENG simultaneously with PM2.5 removal, antibacte-

rial, and breathing monitoring, as shown in Figure 4C (He et al., 2018b). This sensor consists of two dielec-

tric layers applied as tribolayer and both are deposited with an Ag electrode on the backside. The key

design of material and structure is introducing 1D biodegradable cellulose nanofibers (CNFs) into the

big pores of cellulose microfibers (CMFs) skeleton to form a nanostructured CMFs/CNFs paper. Then,

by using the CMFs/CNFs paper as the template, a silver (Ag) nanofibers membrane is fabricated. Finally,

a CMFs/CNFs/Ag hierarchical 2D nanostructure is obtained. On the bottom, a fluorinated ethylene propyl-

ene (FEP) film as the opposite tribo-material is punched with micro-holes to assist gas flow. Here, CNFs is

used to modify the surface for electrification enhancement and to obtain a desirable nanopores-on-micro-

pores 2D structure for particulate matter removal. The Ag nanofibers membrane is simultaneously used as

electrode and antibacterial sites. The whole device is mechanically stable and flexible. Implanted in a mask,

the device can be triggered by human breathing to induce a voltage signal of 2.22 V at normal status and

3.37 V after a short period of slow running. This wearable device achieves a high efficiency of 98.83% in

PM2.5 removal, thus it is capable of both improving air quality and healthcare monitoring.

In 2020, Fan et al. reported a triboelectric all-textile sensor array (TATSA)-based healthcare monitoring sys-

tem (Fan et al., 2020). As shown in Figure 4D, the TATSA is knitted with conductive and nylon yarns in the

form of loop interlock units in the course and wale direction. The conductive yarn consists of an inner stain-

less steel and the wrapped Terylene yarns. There are two kinds of contact surface between the two inter-

locked yarns, and both will change under an external force due to different stress distribution, thus

inducing triboelectric charges transfer. The sensitivity of TATSA is 7.84 mV Pa�1, and the response time

is 20 ms. In addition, this textile sensor is flexible and machine washable (>40 washes) and can be inte-

grated into the clothes to dynamically and simultaneously monitor the respiratory and pulse signals. Based

on this, a wireless mobile health monitoring system (WMHMS) is developed. As Figure 4D shows, the res-

piratory and pulse signals of a sleep apnea syndrome (SAS) patient is captured for respiration observation

and evaluation, which demonstrates an excellent performance of the TATSA in real time and remote health

monitoring.
Pressure/tactile/body movement

Body movement monitoring plays an important role in daily life especially for sports training, medical diag-

nosis/rehabilitation, and security (Cui et al., 2019; He et al., 2018a; Lin et al., 2018, 2019; Zhang et al., 2019b;
6 iScience 24, 102027, January 22, 2021



Figure 4. Respiration, airflow, and vibration monitoring based on TSs

(A) Chest strap integrated sensor weaved of warp/weft metallic yarns for detecting their intersection area change in

breathing. Reproduced with permission, from ref (Zhao et al., 2016), Copyright 2016, WILEY-VCH.

(B) Arch structural nanofiber-based permeable sensor integrated inside a mask for detecting the respiration caused air

vibration. Reproduced with permission, from ref (Cao et al., 2018b), Copyright 2018, Tsinghua University Press and

Springer-Verlag GmbH Germany, part of Springer Nature.

(C) Cellulose-fiber-based sensor implanted in a mask for breathing detection and PM2.5 elimination. Reproduced with

permission, from ref (He et al., 2018b), Copyright 2018, WILEY-VCH.

(D) Textile sensor-array-based monitoring system for cardiovascular and respiratory syndrome assessment. Reproduced

with permission, from ref (Fan et al., 2020), Copyright 2020, American Association for the Advancement of Science.
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Zou et al., 2019). In these particular applications, the flexibility, stretch ability, and shape-adaptability of

sensor are essential for keeping signals stable and device available (Alam et al., 2020; An et al., 2018; Go-

gurla et al., 2019; Han et al., 2019; Liu et al., 2018; Ma et al., 2020; Sarkar et al., 2019). In this part, five

examples based on different fabrications are reviewed: first, a flexible sensor assembled with serpen-

tine-patterned electrodes and wavy-structured Kapton film for detecting the pressing and stretching force

in human motions (Yang et al., 2015b); second, an environmentally friendly hydrogel-based tube-shaped

TENG for sensing human motions (Xu et al., 2017); third, a shape-adaptive sensor based on a rubber strap

covered conductive liquid for biomechanical monitoring (Yi et al., 2016); fourth, a textile-based TENG
iScience 24, 102027, January 22, 2021 7
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sensor for gait monitoring (Jao et al., 2018); fifth, a highly resilient 3D-braided TENG as e-textiles for motion

monitoring (Dong et al., 2020b).

In 2015, Yang et al. developed a flexible and stretchable sensor, which was fabricated by assembling a

wavy-structured Kapton film and serpentine-patterned electrodes, as shown in Figure 5A (Yang et al.,

2015b). The wavy-structured Kapton thin film is sandwiched by two layers of serpentine-patterned copper

electrodes, which are deposited on stretchable PDMS substrates. The wavy-structured Kapton thin film

serves both as the spacer layer and tribolayer. Due to the orthogonally distributed reversible elastic

wavy structure of the Kapton film and the copper electrode, the device can detect both the vertical pressing

and horizontal stretching that bring them into contact-separation. This device can withstand a tensile strain

of up to 22%. When attached onto the subject’s elbow, the bending of the joint leads to the stretching of

the device, triggering a voltage signal. When secured on the bicep of an arm, the muscle tensions lead into

a pressing force on the device, producing an output voltage too.

In 2016, Xu et al. presented an environmentally friendly hydrogel-based TENG for sensing human motions,

as shown in Figure 5B (Xu et al., 2017). The Hydrogel-TENG consists of a flat aluminum (Al) foil layer and a

hemispheric shape layer that fabricated by wrapping physical-crosslinking polyvinyl alcohol (PVA) hydrogel

in elastic PDMS. The Al foil layer serves as both the tribolayer and electrode. The other electrode is a nickel

fabric electrode set in the PVA hydrogel. The whole device is encapsulated by hydrogel. This device is

expansible, flexible, and stretchable under an external force, which will cause a change of the contact

area between PDMS film and Al layer, leading to a triboelectric charges’ flow. Fabricated in a tube-shape,

this Hydrogel-TENG can be fixed on the straightened elbow joint. When the joint is bent at different de-

grees, output voltages are generated accordingly.

In 2016, Yi et al. introduced a shape-adaptive TENG (saTENG) composed of a conductive liquid electrode

and a rubber cover, as shown in Figure 5C (Yi et al., 2016). The saTENG can work in the single electrode

mode by connecting the inner conductive liquid to the ground through the load.When a positively charged

subject approaches the rubber, electrons will flow from the ground to the liquid electrode for keeping an

electrostatic balance. If this subject compresses the rubber, the transferred charges increase along with the

increased contact area due to deformation. Making a bracelet-like saTENG and wearing it around the up-

per arm, the bending angle of the forearm can be detected through the output current amplitude affected

by the biceps volume increase.

In 2018, Jao et al. developed a chitosan-glycerol-film-based TENG for gait monitoring, as shown in Fig-

ure 5D (Jao et al., 2018). This device has a common double-layered structure. One layer is the chitosan-glyc-

erol film, which serves as both triboelectric and conductivematerials. The other layer is a PTFE film attached

to themetal electrode layer. It is found that chitosan with 20wt% glycerol exhibits largest output voltage. To

detect the gait information, the chitosan-glycerol solution is coated onto four points of socks, whereas the

layer of PTFE and metal electrode are set on the insole. The four points are set at the toe, inner side of the

forefoot, outer side of the forefoot, and heel. According to the force distributions represented by the elec-

tric outputs, normal and pigeon-toed walking gait can be distinguished.

In 2020, Dong et al. reported a highly resilient 3D braided TENG as e-textiles for motionmonitoring. As shown

in Figure 5E (Dong et al., 2020b), The orientation of the braided yarn follows four basic directions, constructing

amounts of spatial rhombus-shaped braced frames, which provides enough contact and separation space for

them and the inner axial yarn. For these yarns, 8-axial commercial silver-plated nylon yarns form the inner axial

yarn, andPDMS is further coatedon it to form thebraided yarn. Under compression, the inner axial yarn and the

braided yarn contact, and the triboelectric charge transfer between the electrodes of these two parts through

external circuit occurs. Integrated into the shoe as a rubber encapsulated sole, this textile device candetect the

step information such as step number, average velocity, and exercise intensity etc.
BIOMEDICAL MONITORING INTEGRATED HMIS

Eye movement

Mechanosensational HMI as a unique communication channel between humans and external devices plays

an important role in helping the disabled and promoting the operation convenience (Barea et al., 2002;

Guo et al., 2016; Usakli and Gurkan, 2010). The preliminary works reviewed in part 2.1 (pulse, cardiac

and micro-motion monitoring based on TSs) indicate an advantage of TS in mechanosensational HMIs
8 iScience 24, 102027, January 22, 2021



Figure 5. Pressure, tactile, and body movement monitoring based on TSs

(A) Flexible sensor assembled with serpentine-patterned electrodes and wavy-structured Kapton film for detecting the

pressing and stretching force in human motions. Reproduced with permission, from ref (Yang et al., 2015b), Copyright

2015, WILEY-VCH.

(B) Environmentally friendly hydrogel-based tube-shaped TENG for sensing human motions. Reproduced with

permission, from ref (Xu et al., 2017), Copyright 2017, WILEY-VCH.

(C) Shape-adaptive sensor based on rubber strap covered conductive liquid for biomechanical monitoring. Reproduced

with permission, from ref (Yi et al., 2016), Copyright 2016, American Association for the Advancement of Science.

(D) Textile-based TENG sensor for gait monitoring. Reproduced with permission, from ref (Jao et al., 2018), Copyright

2018, Elsevier.

(E) Highly resilient 3D-braided TENG as e-textiles for motion monitoring. Reproduced with permission, from ref (Dong

et al., 2020b), Copyright 2020, Springer Nature.
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because micro motions even like pulses can be detected by it. The following are two examples of eye-

movement-based mechanosensational HMIs: an elastic circular-film-based TS glasses driven by eye-blink

for communication (Pu et al., 2017); a near-field transmission-tech-introduced eyemovement detection sys-

tem (Vera Anaya et al., 2020).

In 2017, Pu et al. proposed an aesthetical sensor mounted on a pair of glasses to replace the bioelectrical-

based HMI sensors, as shown in Figure 6A (Pu et al., 2017). This sensor follows a multi-film structure based
iScience 24, 102027, January 22, 2021 9



Figure 6. Eye-movement-based HMIs

(A) Elastic circular-film-based TS glasses driven by eye blink for communication. Reproduced with permission, from ref (Pu

et al., 2017), Copyright 2017, American Association for the Advancement of Science.

(B) Near-field transmission-tech-introduced eyemovement detection system. Reproduced with permission, from ref (Vera

Anaya et al., 2020), Copyright 2020, Elsevier.
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on a single-electrode mode and could be flexibly mounted on the arm of a pair of glasses through an

adjustable fixator. An acrylic thin annulus serves as the spacer between the two tribo-layers to realize a ver-

tical contact/separation driven by the skin motions at the corners of eyes in eye blinking. Through synchro-

nous measurement, it is illustrated that the voltage amplitude of this TS is significantly larger (~750 times)

than that of electrooculogram (EOG). Therefore, with a simple signal processing circuit, this TS on a pair of

glasses is capable of detecting eye blinking. Setting a threshold, the voluntary and involuntary eye blink can

be distinguished and further applied in controlling household appliances and typing on the virtual
10 iScience 24, 102027, January 22, 2021
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keyboard (selecting the corresponding letter by the number of eye blinks). This study brings the TENG to

the field of mechanosensational HMIs and may greatly help people achieve a convenient and colorful life.

In 2020, Anaya et al. proposed a non-attached electrode-dielectric approach for monitoring the eye move-

ment based on the near-field transmission tech (Vera Anaya et al., 2020). As shown in Figure 6B, the move-

ment of the oppositely charged elements will create a resultant electric field E, which will act on the metal

plate in the space similar to a freestanding TENG. The moving elements attached on the lateral skin of the

eye are made of a textile layer soaked in poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PE-

DOT:PSS) solution and an Ecoflex layer, adapted from their work in Ref. (He et al., 2019). The metal plate

is fixed on one arm of the spectacles close to the friction layers, beside which a box packaged with the con-

ditioning circuit, microcontroller, and Bluetooth is also fixed. This sensing system is applied in the cursor

and virtual drone control, by blinking different number of times to select the directions.
Voice/auditory

Voice is the most natural form of communication. Li et al. have reported a ferroelectret nanogenerator-

based dual-functional acoustic device (as loudspeaker or microphone) (Li et al., 2017). Whereas, a smart

microphone itself can play a dual-functional role in HMIs. As Yang et al. expected from the social robotics,

the smart machine (e.g. a humanoid robot) needs a sensitive electronic ear, like a human being needs the

normal hearing (Yang et al., 2018). A good hearing aid is to amplify the specific impaired frequency regions

to audible levels (Meyer and Hickson, 2012; Popelka et al., 1998). Therefore, to enhance voice communica-

tion in HMIs, a sensitive acoustic sensor with a simple structure, broader frequency response, and fre-

quency selectivity is highly desired (Fan et al., 2015). In this part, two examples of TENG-based acoustic

sensor are reviewed: a triboelectric-based artificial basilar membrane (TEABM) to mimic cochlear tonotopy

(Jang et al., 2016); a circular-type single-channel triboelectric auditory sensor (TAS) for both robotics and

human beings (Guo et al., 2018).

In 2016, Jang et al. reported a basilar-membrane-inspired triboelectric acoustic sensor for acoustic-to-elec-

tric conversion (Jang et al., 2016). As shown in Figure 7A, the conceptual schematic of the organ of Corti

illustrates the movement of basilar membrane, which induces an acoustic-to-electric transduction. Inspired

by it, the triboelectrification between materials with different electronegativity can be used to implement

this transduction. In this device, there are eight fixed beams with different lengths to respond at different

resonance frequencies. Each beam is stacked with an Al foil (bottom layer) and a Kapton film sputtered with

Au as electrode (top layer). The Al layer is connected to the Au layer through an external circuit. When the

beam vibrates at the resonance frequency of the acoustic stimulus, triboelectricity is generated by vertical

contact separation of the two layers. The bottom left subfigure shows the resonance frequency (i.e., the

peak) sequentially shifts to a lower frequency as the channel number increases (i.e., with increasing

beam length). With frequency selectivity from 294.8 to 2311 Hz, the sensitivity is measured in the range

of 1.74–13.1 mV Pa�1. As the author described, theminimum sound pressure level (SPL) to drive this TEABM

is around 70 dBSPL. In the range of 70–85 dBSPL, on a deafened guinea pig model, the clear electrically

evoked auditory brainstem response (eABR) is recorded, which is elicited by the stimulating pulses con-

verted from TEABM’s output.

In 2018, Guo et al. proposed a circular-type single-channel TAS for building an electronic hearing device for

both robotics and humans (Guo et al., 2018). As shown in Figure 7B, the inner free Kapton film sputtered

with Au vibrates under air flow, inducing the triboelectricity due to the contact-separation with the upper

FEP film. This tiny, thin, and even transparent device shows ultra-high sensitivity up to 110 mV/dB. Further,

based on the design of annular or sectorial inner boundary architecture, the resonant frequency band is

tunable and the response band can be extended to the range of 100–5000 Hz, which almost covers the

whole frequency range of human voice. Therefore, the TAS can be fabricated as the robotics’ electronic

ear for communicating with humans. For helping the humans with hearing loss, this TAS can be set at

the front end of the hearing aid system to respond to the lost frequency bands only, which can be realized

by adjusting the proportion of inner-bounded partitions. Then, the response signal is amplified in a single

channel to the normal level, without affecting the original normal frequency bands because there are only

the response and amplification of the lost frequency bands in the process. This prototype different from

ordinary signal processing is demonstrated on a hearing-impaired model established by weakening the

sound to �30 dB in the 207 to 837 Hz and the 1594 to 2090 Hz frequency bands. At last, the impaired fre-

quency bands are rehabilitated by the TAS-based processing system.
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Figure 7. Voice- and auditory-based HMIs

(A) Triboelectric-based artificial basilar membrane (TEABM) to mimic cochlear tonotopy. Reproduced with permission,

from ref (Jang et al., 2016), Copyright 2016, WILEY-VCH.

(B) Circular-type single-channel triboelectric auditory sensor (TAS) for both robotics and human beings. Reproduced with

permission, from ref (Guo et al., 2018), Copyright 2018, American Association for the Advancement of Science.
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Gesture/joint

In manufacturing industry, medical care/rehabilitation, and disaster relief etc., gesture interaction with ma-

chine is an intuitive approach to reduce difficulties and costs in learning (Chen et al., 2019; Chiu et al., 2019;

He et al., 2019; Yang et al., 2018). To realize a precise control of the machine, quantification of the motion

information is requisite (Dong et al., 2020a; Pu et al., 2018; Wang et al., 2020; Zhu et al., 2020). In this part,

four kinds of wearable TENG-based gesture/joint motion sensors and interaction systems are reviewed:

first, a stretchable kinesio-tape-based TS for gesture monitoring via amplitude quantification (Wang

et al., 2018b); second, a grating structured sensor quantifying joint rotation via counting the induced pos-

itive/negative pulses and the transient control of robot hand (Pu et al., 2018); third, a rotating grating struc-

tured angle sensor for robotic arms via counting pulses and detecting phase difference (Wang et al., 2020);

and fourth, a nanophotonic readout tech integrated sensor system for intermediate state sensing (Dong

et al., 2020a).

In 2018, Wang et al. reported a stretchable kinesio-tape-based motion sensor relying on the lateral sliding

TENGmode, as shown in Figure 8A (Wanget al., 2018b). This device is composedof two tribolayers (PET and

Kapton films) with back electrode on each and two kinesio tapes as substrates to fasten the opposite ends of
12 iScience 24, 102027, January 22, 2021



Figure 8. Gesture or joint-movement-based HMIs

(A) Stretchable kinesio-tape-based TS for gesture monitoring via amplitude quantification. Reproduced with permission,

from ref (Wang et al., 2018b), Copyright 2018, MDPI.

(B) Grating structured sensor quantifying joint rotation via counting the induced positive/negative pulses and the

transient control of robot hand. Reproduced with permission, from ref (Pu et al., 2018), Copyright 2018, Elsevier.

(C) Rotating grating-structured angle sensor for robotic arms via counting pulses and detecting phase difference, the

scale bars are 5 mm, 1 mm. Reproduced with permission, from ref (Wang et al., 2020), Copyright 2020, WILEY-VCH.

(D) Nanophotonic readout tech-integrated sensor system for intermediate states sensing. Reproduced with permission,

from ref (Dong et al., 2020a), Copyright 2020, American Chemical Society.

ll
OPEN ACCESS

iScience 24, 102027, January 22, 2021 13

iScience
Review



ll
OPEN ACCESS

iScience
Review
them, respectively. When attached onto the joint of a finger, the bending strain will stretch the tapes crook-

edly and initiate the inner ends fixed tribolayers to slide relatively, inducing a potential difference between

the two back electrodes to drive a charge flow through the external circuit. Because the separate surface

area is linearly correlated to the bending angles, the amplitude of output voltage can directly reflect the

bending state. This quantification based on amplitude has been adopted in many researches (Alam

et al., 2020; Han et al., 2019; Liu et al., 2020; Yu et al., 2019). As a demonstration, five such kind of sensors

are attached on to the fingers to monitor the motion of each finger and different gestures.

In 2018, Pu et al. designed a grating structured joint motion triboelectric quantification sensor (jmTQS) to

detect the flexion/extension degree and speed of the finger by counting the positive/negative pulses

generated in unit time, as shown in Figure 8B (Pu et al., 2018). Through a hinge model, it is verified that

the rotation angle is linear to the tensile displacement at the finger joint. This kind of tensile displacement

can be detected by the sliding freestanding mode. As the figure shows, the slider and the stator have the

corresponding patterns of electrode grids to simultaneously induce wide and narrow pulses in sliding,

which represent the direction and degree respectively. Therefore, through counting the narrow pulses

of the output coupling signal in unit time, the rotation angle and speed can be judged; through the positive

or negative of coupling signal, the rotation direction can also be judged. At last, the demonstration shows

jmTQS can directly quantify the joint flexion, extension, and speed and can be further applied in the syn-

chronous control of a robotic hand with intermediate states.

In 2020, Wang et al. reported a rotating grating-structured self-powered angle sensor (SPAS) for applying in

robotic arms and recording the flexion and extension of joints, as shown in Figure 8C (Wang et al., 2020).

The SPAS is based on a sliding freestanding mode, consisting of a rotator and a stator coaxially assembled.

The rotator part includes two groups of radial freestanding electrodes, with the same central angle of a and

a central angle phase difference of b between them. The outer circle group belongs to TENG A (inducing

the sensing signal), whereas the inner circle group belongs to TENGB (inducing the reference signal). The sta-

tor part is composed of a tribolayer film and two groups of radial interdigital electrodes corresponding to the

two groups of freestanding electrodes in the rotator. The central angle of the two groups of electrodes in the

stator is the same,whichcausesadifference in theoverlapsof rotator-stator electrodesbetweenTENGAandB.

Taking clockwise-rotation as an example, owing to the difference in the overlaps, the freestanding electrode in

the inner circle TENG B is ahead of that in the outer circle TENG A, forming a phase difference between the

reference and sensing signals and vice versa. Therefore, the rotation direction can be judged by the phase dif-

ference. To judge the overall rotation angle and angular velocity, counting the number of pulses and dividing it

with the spent time produces the results, similar to the aforementionedwork. In addition, the author proposed

another scheme to improve the angular resolution via establishing the correspondence between rotation an-

gles and voltage signals in a unit period based on linearization of the voltage ramp. As a demonstration, the

SPAS is assembled in a medical brace to record joint’s flexion/extension movement, indicating its application

in personalized recuperation and rehabilitation robots.

In 2020, Dong et al. proposed a nanophotonic readout tech integrated sensor system for intermediate

states sensing (Dong et al., 2020a). Conventionally, TENG tech generates pulse signals on the basis of tran-

sient charge flow and uses electrical readout, which may lead to unstable and lossy transmission of inter-

action information. As shown in Figure 8D, the common textile TS is composed of a positive nitrile layer with

carbon cloth, a thin foam spacer, and a negative Ecoflex-coated carbon cloth, encapsulated in two pieces

of nonconductive textiles. Specifically, this sensor’s output is applied to a nanophotonic aluminum nitride

(AlN) Mach�Zehnder interferometer (MZI) modulator, which is composed of an AlN MZI sandwiched in a

micro parallel-plate capacitor. When the TENG sensor works in open-circuit condition, the current flow

can be negligible, thus the electrical state induced by different stimuli can be maintained. Although, ac-

cording to the electro-optic Pockels effect, the optical transfer in the AlN MZI can be changed by the

open-circuit voltage generated. Due to high data transmission rate of the nanophotonic readout and

the open-circuit condition enabled by it, various linear force sensitivity can be achieved independent of

the force speed. At last, a robotic hand control is distinctively demonstrated by detecting the grasp force

applied on a balloon to reflect the gesture intermediate process.
Touch/tactile

The overwhelming majority of HMIs relies on tactile interactions (Cao et al., 2018a; Guo et al., 2020; Huang

et al., 2020; Kang et al., 2019; Meng et al., 2018; Wu et al., 2018b, 2020; Xue et al., 2016; Yuan et al., 2017).
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From the traditional keyboards (Ahmed et al., 2017; Chen et al., 2015; Jeon et al., 2018; Wang et al., 2018a;

Wu et al., 2018a; Yang et al., 2013) and touch pads (Chen et al., 2018; Dong et al., 2018; Shi et al., 2019a) to

the rising electronic skin (Chang et al., 2020; Lai et al., 2016, 2019; Wu et al., 2017), the tactile sensors are

developed to be more flexible, sensitive, efficient, and multi-functional, even with human-like intelligence.

In this part, six examples of TENG-based tactile sensors are reviewed: a high-resolution pressure-sensitive

TS matrix for tactile mapping (Wang et al., 2016); an elastic metal-free tactile sensor for detecting both

normal and tangential forces (Ren et al., 2018); a transparent and attachable ionic hydrogel-based pressure

sensor for coded communication (Lee et al., 2018); a flexible touch pad with subdivided units for tactile XY

positioning (Pu et al., 2020); a user-interactive electronic skin for touch track mapping based on the tribo-

electric-optical model (Zhao et al., 2020); and a triboelectric tactile sensor producing various amplitudes of

signals based on the history of pressure stimulations for mimicking neuromorphic functions of synaptic

potentiation and memory (Wu et al., 2020).

In 2016, Wang et al. reported a high-resolution pressure-sensitive triboelectric sensor matrix (TESM) for

tactile mapping, as shown in Figure 9A (Wang et al., 2016). The TESM follows a single-electrode design

of TENG, and each sensing unit serves as one channel. To reduce the overwhelming wiring difficulty, the

electrode is deposited on both sides of the flexible PET substrate interconnected with each other via

through-holes. The regular electrode arrays on the top side serve as the charge sensing elements, whereas

the electrodes on the bottom side serve as the wiring elements and are connected to the external

measuring equipment. Then, the bottom side is encapsulated by another thin film of PET with ethylene–

vinyl acetate copolymer (EVA). On the top side, a PDMS film is spin-coated as a tribolayer relative to the

contact object. In this configuration, a 163 16 pixelated TESMwith a resolution of 5 dpi is fabricated, which

can map both single-point and multi-points touch via multichannel acquisition. In addition, this configura-

tion has been improved to be a cross-type to reduce the number of addressing lines from m 3 n to m + n,

which benefits the real-time tactile mapping but sacrifices the multi-points mapping.

In 2018, Ren et al. demonstrated a fully elastic tactile sensor for detecting both normal and tangential

forces, which is essential for mimicking human tactile pressure but always overlooked by most of the pre-

vious studies (Ren et al., 2018). As shown in Figure 9B, with the single-electrode mode, this TENG consists

of an elastic PDMS film as the tribolayer and four stretchable PDMS-carbon black mixture (PDMS-CB)

electrodes arrayed on an elastic PDMS substrate. Specifically, tiny burr arrays are printed on the electri-

fication surfaces of PDMS tribolayer and PDMS-CB electrodes layer, respectively. Under normal force, the

elastic deformation of PDMS film and the compression deformation of tiny burr arrays on the four elec-

trode regions will uniformly lead to a potential change, thus driving a charge flow through the external

circuit. Under the tangential force, the shear deformation of tiny burr arrays and elastic deformation of

the PDMS layer in 2D region will lead to nonuniform changes of the overlapping tiny burr areas on the

four electrodes, inducing different potential changes on these four electrodes. Take the tangential force

applied along 45� direction as an example, the output voltages from E1~E3 electrodes increase, whereas

the output voltage from E4 electrode decreases.

In 2018, Lee et al. reported a self-cleanable, transparent, and attachable ionic hydrogel-based pressure

sensor for coded communication, as shown in Figure 9C (Lee et al., 2018). Firstly, the PDMS and hydrogel

(as an ionic conductor) is chemically anchored to each other, overcoming the weak physical bonding due to

the difference in affinities to water and Young’s modulus. Then, using an (heptadecafluoro-1,1,2,2-tetrahy-

drodecyl) trichlorosilane (HDFS) chemical surface treatment, an anti-contaminated contact surface is ob-

tained along with maximizing contact electrification and transparency. This stable, highly stretchable,

transparent and soft sensor can be attached onto five fingers with thimble type, to send words by coding

each finger’s tactile signal to interpret to an alphabet.

In 2020, Pu et al. presented a flexible 3D triboelectric touch pad (3D-TTP) with subdivided units for tactile

XY positioning (Pu et al., 2020). As shown in Figure 9D, this 3D-TTP consists of two parts: the top three layers

for XY positioning and the bottom three layers for pressure sensing. For tactile mapping, thematrix scheme

can greatly reduce the number of channels and achieve a high-resolution wiring layout. However, new

problems about crosstalk and target sensing resolution arise. To address these problems, an XY comple-

mentary subdivision pattern (XYCSP) of two layers of orthogonal electrodes is proposed, as shown in the

figure. This XYCSP configuration can suppress the crosstalk through reducing the overlap area of these

two layers of orthogonal electrodes as well as make object positioning robust in object size and contact
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Figure 9. Touch- or tactile-based HMIs

(A) High-resolution pressure-sensitive TS matrix for tactile mapping. Reproduced with permission, from ref (Wang et al.,

2016), Copyright 2016, WILEY-VCH.

(B) Elastic metal-free tactile sensor for detecting both normal and tangential forces. Reproduced with permission, from ref

(Ren et al., 2018), Copyright 2018, WILEY-VCH.

(C) Transparent and attachable ionic hydrogel-based pressure sensor for coded communication. Reproduced with

permission, from ref (Lee et al., 2018), Copyright 2018, Springer Nature.

(D) Flexible touch pad with subdivided units for tactile XY positioning. Reproduced with permission, from ref (Pu et al.,

2020), Copyright 2020, Elsevier.

(E) User-interactive electronic skin for touch track mapping based on the triboelectric-optical model. Reproduced with

permission, from ref (Zhao et al., 2020), Copyright 2020, American Association for the Advancement of Science.

(F) Triboelectric tactile sensor producing various amplitudes of signals based on the history of pressure stimulations for

mimicking neuromorphic functions of synaptic potentiation and memory. Reproduced with permission, from ref (Wu

et al., 2020), Copyright 2020, American Chemical Society.
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point. As a proof, the tactile signal mapping the finger trace of ‘‘T’’ on a 33 3 pad is demonstrated without

an additional shielding layer between the two layers of orthogonal electrodes. In addition, with the bottom-

attached pressure sensing layer, an anti-peek password-based authentication is demonstrated.
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In 2020, Zhao et al. introduced a self-powered user-interactive electronic skin (SUE-skin) for converting

touch stimuli into electrical signals and visible lights simultaneously, as shown in Figure 9E (Zhao et al.,

2020). The SUE-skin consists of a phosphor layer, an Al electrode, a Kapton layer, an Al shield layer, and

a PDMS substrate. The phosphor layer here is fabricated with the synthesis of ZnS (ZnS: Cu, Al) phosphor

particles, which has higher luminous efficiency than traditional ZnS: Cu due to the co-activation of doped

Al. A triboelectric-optical model is proposed to explain the ability of the SUE-skin to realize touch visual-

ization and mapping at a low-pressure threshold. When the human-skin gradually separates from the initial

contact state with SUE-skin, the negatively charged surface of the dielectric adhesive will induce a current

flow to the electrode through the external circuit, leading to an inner varying electric field to drive the elec-

trons produced by the impact ionization toward the bottom ZnS phosphor particle, probably exciting the

luminescence centers and causing electroluminescence. When the human-skin gradually approaches the

SUE-skin again, the electrons inside the ZnS will move in reverse under the varying electric field, exciting

the luminescence centers and causing electroluminescence again. As a demonstration, four channels of

SUE-skin are fabricated to control the consumer electronics, showing an intuitive touch lighting and track

mapping.

In 2020, Wu et al. proposed a novel triboelectric tactile sensor to mimicking neuromorphic functions of

synaptic potentiation and memory, as shown in Figure 9F (Wu et al., 2020). The device follows a common

single-electrode mode and adopts an arch-shaped structure design to achieve a longer duration time of

separation (release) process than contact (press) process, which leads to a higher positive-polarity voltage

than the negative one just as the biological action potentials generated by mechanoreceptors. Further-

more, as a key component, the reduced graphene oxides (rGOs) is embedded in the negative friction layer

(PI film) to act as electron-body traps to elongate the time interval to reach a saturation state. In this model,

the output voltage shows a temporary increase, as well as a spontaneous decay over time. Therefore, under

certain times of pressure stimuli, the output voltages increase to exceed a threshold, just like the accumu-

lated biological excitatory postsynaptic potential (EPSP) making the post synaptic neuron to fire an action

potential (‘‘0’’ to ‘‘1’’). The stacked structure in the friction layer is used to mediate the retention time of the

information to realize a short-term memory (STM, of INS-I) and a long-term memory (LTM, of INS-II). This

work emulated a combined mechanoreceptor and neuromorphic system, based on which, the two-dimen-

sional information of the current and previous stimulation can be recorded.
CONCLUSION AND PROSPECTS

In this review, we investigate the recent developments in wearable TSs for biomedical monitoring and the

HMIs that take the biomedical monitoring as basis. For biomedical monitoring, wearable TSs are mainly

used to monitor pulse and related cardiac state, respiration, and some physical movements that cause

stress or stretch. For HMIs, wearable TSs are mainly applied in the control stage by detecting eye-move-

ment, voice, gesture, and touch signals, as well as a few applications in the feedback phase as hearing

aids, rehabilitation robots, and electronic skin. Among these researches, some devices are designed as

general devices for various scenes, whereas more designs focus on specific scenarios to bring forward

optimal designs, which jointly promote the development of this research field. For future research, several

suggestions are proposed:

1 From the wearable point of view, thematerials used in biomedical monitoring and HMIs are expected

to be flexible, light, stretchable, washable, aesthetic, skin friendly, and even environmentally friendly.

Therefore, researchers will gradually make use of textile, rubber, hydrogel, shape memory polymers,

and other novel functional materials to fabricate TENG sensor with well-designed structures.

2 In the aspect of sensing strategy, quantification is proposed to replace the conventional two-stage

judgment (i.e., ‘‘0’’ and ‘‘1’’) on a transient pulse without any intermediate state, especially for the con-

trol stage. In addition, the composite mechanism of the intermediate state in a human-like intelligent

sensor (e.g., electronic skin) still needs to be explored.

3 In terms of signal processing, the essential signal processing and wireless transmission device

should be highly integrated, with the features of small size, anti-interference, and low power con-

sumption. TENG’s power generating nature and the corresponding power management can be in-

tegrated for a fully self-powered mobile system. Besides, advanced algorithms based on machine

learning and big data etc. are also essential for the robust biomedical monitoring and HMIs in daily

applications.
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4 From the perspective of technical integration, multiparameter system can be founded with advanced

packaging and optimized modularization, and more other technologies like near-field transmission,

nanophotonic readout, electroluminescence, and several wireless sensing technologies etc., can be

appropriately introduced to promote the development of wearable biomedical monitoring and

HMIs.
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