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Self-Powered Tactile Sensor Array Systems Based on the 
Triboelectric Effect

Juan Tao, Rongrong Bao,* Xiandi Wang, Yiyao Peng, Jing Li, Sheng Fu, Caofeng Pan,* 
and Zhong Lin Wang*

With the arrival of intelligent terminals, tactile sensors which are capable of 
sensing various external physical stimuli are considered among the most vital 
devices for the next generation of smart electronics. To create a self-powered 
tactile sensor system that can function sustainably and continuously without an 
external power source is of crucial significance. An overview of the development 
in self-powered tactile sensor array system based on the triboelectric effect is sys-
tematically presented. The combination of multi-functionalization and high perfor-
mance of tactile sensors aimed at achieving highly comprehensive performance is 
presented. For the tactile sensor unit, a development is summarized based on the 
two primary modes which are vertical contact–separation and single-electrode. 
For the pressure mapping array, the resolution is significantly enhanced by the 
novel cross-type configuration based on the single-electrode mode. Integrated 
with other mechanisms, the performance will be further elevated by broadening 
of the detect range and realizing of visualization of pressure imaging. Then, two 
main applications of human–machine interaction (HMI) and trajectory moni-
toring are comprehensively summarized. Finally, the future perspectives of self-
powered tactile sensor system based on triboelectric effect are discussed.

DOI: 10.1002/adfm.201806379

1. Introduction

Significant progress has been achieved in mobile networks and 
smart terminals in the past few decades, which has motivated 
the aspiring investigation of various intelligent sensors for the 
growing demand in our daily life. Particularly, flexible tactile 
sensors endowed with basic perceived capability of sensing 
external physical stimuli have been demonstrated in various 
applications, such as biomedicine, intelligent robots, and 
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human–machine interface.[1–4] Numerous 
endeavors are implemented to achieve 
superior performance with high sensi-
tivity, area scale, high spatial resolution, 
fast response, and wide detect range of 
tactile sensor via conventional physical 
transduction mechanisms including 
piezoresistivity and capacitance.[5–14] 
Especially, to mimic various perceived 
capabilities of human skin, tactile sensors 
with multifunctionalities are investigated 
to perceive all kinds of external stimuli 
such as strain, pressure, temperature, 
and humidity, playing an essential role 
in smart and interactive flexible/stretch-
able electronic.[15–19] Recently, a skin-
inspired multifunctional sensing matrix 
which can successfully sense temperature, 
in-plane strain, humidity, light, magnetic 
field, pressure, and proximity, has been 
demonstrated.[20]

Although momentous advancements 
for pursuing high performance of tactile 

sensors have been achieved via employing the micro-/nanoscale 
fabrication and integration technology based on those tradi-
tional transduction mechanisms, the capability of tactile sen-
sors to operate independently and sustainably is still needed 
to be vested.[21] For certain application circumstances, such as 
implanted or embedded devices for biomedical therapy, health-
care, or nation security monitoring, the mobile or sustainable 
sensors are crucial and indispensable options. However, the 
most limitation of traditional tactile sensors lies in the demand 
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for external power suppliers almost provided by the rigid bat-
teries, which will suffer from frequently charging and replace-
ment due to the limited life span.[22–25] At the same time, the 
heavy weight and bulky occupation of batteries also hinder 
the integration of network system, resulting in the difficulty 
in usability and portability. Hence, with an increasing number 
of sensor nodes which are acquired to be put into closed loca-
tion beyond access, to establish a self-powered tactile sensor 
network system which can work sustainably without any other 
external supplier is of great significance in further wearable 
or implantable devices. So far, lots of studies on self-powered 
sensor system have been investigated to harvester energy from 
our environment, such as solar cell for harvesting solar energy 
based on the photovoltaic effect,[26–29] thermal harvestor for col-
lecting thermal energy based on thermoelectric effect,[30,31] and 
piezoelectric nanogenerators (PENGs) and triboelectric nano-
generators (TENGs) for gathering mechanical energy based on 
piezoelectric effect and triboelectric effect.[32–39]

Among these power sources, mechanical energy is consid-
ered as one of the most available and attainable power in our 
daily life, because it is ubiquitous energy source which can 
be found anywhere and anytime compared with solar energy 
which depended on the season or weather.[40,41] Therefore, har-
vesting ambient mechanical energy from ambient environment 
offers a potential alternative to settle the problem mentioned 
above. Fortunately, developed by Wang and Song, the first 
PENG fabricated with on ZnO nanowire–based piezoelectric 
effect comes out in 2006,[42] which can harvest mechanical 
energy and convert it into electricity. Based on piezoelectricity, 
numerous self-powered tactile sensor arrays that can map the 
pressure distribution with high sensitivity and spatial resolu-
tion are demonstrated.[43–48] Subsequently, the newly arising 
TENG is invented based on triboelectric effect in 2012,[49] which 
offers a novel technology for harvesting mechanical energy 
from ambient environment and converting it into electricity. 
Numerous commendable works are newly demonstrated to 
harvest all kinds of mechanical energy by TENGs with various 
structures, such as human movement,[50] wind,[51] blue ocean 
energy,[52–55] and vibration energy.[56,57] For instance, lawn-
structured TENGs are fabricated to scavenge natural wind at 
arbitrary blowing direction on rooftops.[51] Additionally, a net-
work of TENG is fabricated by Li et al. to efficiently harvest the 
huge quantities of blue energy from ocean, where the contact 
and separation occur in the interface of solid and liquid.[53] In 
spite of acting as an energy harvestor, the produced electrical 
signals can be the transduction mechanism for the construc-
tion of self-powered sensors system.[58] A one-stop self-powered 
implantable triboelectric sensor which can provide continuous 
monitoring of multiple physiological and pathological signs are 
fabricated by Ma et al.[59] Reported by Guo et al., a self-powered 
auditory sensor for an external hearing aid in intelligent robotic 
applications is fabricated.[60] Additionally, a fully elastic and 
metal-free tactile sensor based on TENG, which can detect both 
normal and tangential forces is proposed by Ren et al.[61]

In this review, progress of self-powered tactile sensor array 
system based on triboelectric effect will be systematically sum-
marized. First, the fundamental principle of triboelectric effect 
and the device design are discussed. Performance and func-
tionality are considered as two core development routes, based 

on which the specific details of tactile sensor system aimed at 
achieving highly comprehensive performance will be unfolded. 
Primarily, the development of tactile sensor unit in terms of 
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two main modes including vertical contact–separation mode 
and single-electrode mode is summarized. Subsequently, 
we highlight the progress of tactile sensor array for pressure 
mapping based on triboelectric effect and integration with 
other mechanisms. Then, two main aspects of systematic appli-
cations including human–machine interface and trajectory 
monitoring will be concentrated on illustrating great potential 
in practical application. Additionally, the future perspectives of 
self-powered tactile sensor system based on triboelectric effect 
are also discussed.

2. Basic Mechanism and Device Design

Although the triboelectric effect has already been known, the 
positive applications are always ignored and omitted before 
the invention of TENGs. In this section, the fundamental prin-
ciple of triboelectric effect and TENGs will be profoundly intro-
duced, in which the charge transfer is regarded as the vital 
process. Then, on the basis of the working mechanism of TENGs, 
the device design of self-powered tactile sensor will be introduced.

2.1. Fundamental Principle of Triboelectric Effect

It is well-known that the triboelectric effect also called contact 
electrification has been discovered since the ancient Greek era of 
2600 years ago. Naturally, triboelectric effect as one of the most 
frequently experienced effects occurs in any two different mate-
rials, exhibiting its universality and prevalence. Citing a classical 
example, as shown in Figure 1a, when the hard rubber rod is 
contacted with a piece of fur through friction, positive charges 
and negative charges are in equal quantity in the rod and fur 
due to the neutral substance initially. Then, the rubber rod and 
fur get negatively charged and positively charged, respectively, 
due to the occurrence of charge transfer. In the aforementioned 
case where the material is contacted with a different material 
through friction, they all get electrically charged when separated, 
called triboelectric effect.[62] Additionally, when a kind of mate-
rial which has strong triboelectric effect tends to be insulated 
or less conductive, the transferred charges could retain on its 
surface in an extended period of time.[63] In the past 1000 years, 
this phenomenon is considered as a negative effect blocking 
development of our community due to the creating electro-
static hazard. Fortunately, TENGs are demonstrated based on 
the coupling of the triboelectric effect and electrostatic induc-
tion, which offers a novel technology for harvesting mechanical 
energy from ambient environment into electricity.[62] Newly 
proposed by Wang,[64] it indicates that our nanogenerators are 
the applications of Maxwell’s displacement current in energy 
and sensors. And, the study also presents that the three major 
applications of nanogenerators should lie in micro-/nanopower 
source, self-powered sensors, and blue energy.

Although the essential process of triboelectric effect is 
ascribed to charge transfer, the specific fundamental under-
standing of the mechanism still remains to be explored.[62] 
Especially, the puzzle about the kind of charge species trans-
ferred in contact–separation process of the interface is still 
elusive, and the reason why the transferred charges can be 

maintained on the surface for a long time without a quick dis-
sipation is hard to be reasonably explained.[65] There are two 
major types of mechanism: electron transfer and ion transfer. 
When explained by ion transfer for the most circumstances 
poly mers involved, mobile ions should be contained,[66] or 
hydronium and hydroxide ions which are ascribed to water 
from the humid atmosphere work will be involved.[67] However, 
the electrification between metal and metal, semiconductor, and 
insulator usually are explained by the electron transfer mecha-
nism.[68] A research developed by Zhou et al.[69] has found that 
the sign of the transferred charges in contact electrification 
can be reversed by applying an external electric field. Further-
more, a report conducted by Lu et al.[70] demonstrates that the 
output performance of TENG will decrease with the increase 
of temperature. Based on those studies, a research about real-
time quantitative measurement of the surface charge amount 
in triboelectric effect process is newly conducted by Wang and  
co-workers, which highlights that the transfer mechanism of 
the contact separation in triboelectric effect process is domi-
nated by electron transfer for the case of solid–solid contact.[65] 
Furthermore, an electron cloud/potential model based on 
essential electron cloud interaction is proposed, as shown in 
Figure 1b. The electron clouds are constructed by the electrons, 
which spatially surrounded the specific atom or molecule and 
occupied given orbitals. Thus, a potential well representing 
an atom can be built and obtained with the out shell electrons 
loosely bounded. For materials A and B, at the initially sepa-
rated state, the electrons are trapped, respectively, because of 
the corresponding potential wells. Once the two materials get  
into contact with each other, their electron clouds are invol-
untarily interacted by forming an overlap, yielding an asym-
metric double-well potential. At the same time, the electron 
will jump from the atom of material A to material B, which 
is the core process of the charge transfer in contact separation 
process of the triboelectric effect. When the two materials are 
in physical separation, the transferred charges from material A 
to material B will be trapped in the potential well again due to 
the existence of energy barrier of material B under the circum-
stance that the environmental temperature T is not too high, 
causing material A positively charged and material B nega-
tively charged. Obviously, the temperature would not be too 
high normally in our daily life, which is the reason why trans-
ferred charges can be retained on the material surface for an 
extended time without quick dissipation. When the tempera-
ture is elevated, the larger energy fluctuations of electrons with 
the increase of temperature will augment the probability of 
electrons escaping out of the potential well, facilitating the dis-
sipation of transferred charges of surface.[65,70] It will be noted 
that the mechanism of the proposed electron cloud model is 
dominant by electron transfer, but also potentially along with a 
small proportion of the ion transfer or material transfer.[65] In 
conclusion, greater endeavors should be given to construct a 
comprehensive mode to excavate the intrinsic transfer mecha-
nism, which will be adaptive to contact–separation process of 
all materials to the largest extent. Despite the specific mecha-
nism of the triboelectric effect, various positive applications 
also should be concerned, in which a self-powered tactile 
sensor array system based on triboelectric effect will be sum-
marized and focused on.

Adv. Funct. Mater. 2018, 1806379
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2.2. Device Design of Tactile Sensor Based on Triboelectric Effect

TENGs based on triboelectric effect can not only harvest all 
kinds of energy and convert it into electricity acting as energy 
collector, but also enable it to construct a self-powered system 
serving as various active sensors. A tactile sensor is essentially 
a transducer which transforms physical stimuli including touch 
or a certain pressure into measurable and recordable electric 
signals.[2,3] According to the fundamental working principle of 
the TENGs mentioned above, the output electrical signals are 
directly concerned with the external stimulation, in which a 
relatively larger external force resulted in more transfer charge 
density due to an intimate contact, achieving a higher output 
signal.[22,35] Thus, the most immediate application of TENGs 
should be acting as a tactile sensor to detect external force or 
touch, and the sensor array for pressure mapping.

In this review, the device designs of tactile sensor based 
on triboelectric effect will be unfolded in the following two 
orientations: performance and multifunction, as the profile 
shown in Figure 2. For a self-powered tactile sensor system on 
the basis of triboelectric effect, the essential performance of 
high sensitivity, fast response time, high resolution, and wide 
detection range are the vital factors for guaranteeing the ele-
mentary function well for sensing tiny pressure precisely and 
high resolution mapping matrix.[71–73] On the other hand, the 
multifunction, such as stretchability, transparency, biocompat-
ibility, self-healing, or conformable properties are considered 
as the significant factors when applied in practical application  

simultaneously.[74–76] According to the summary of relevant 
researches, some approaches are available to enhance the basic 
performance of tactile sensor system. For instance, micro-/
nanostructures on the surface of triboelectric materials such 
as nanowires or arrays,[72,77] and hierarchical structure between 
contact materials such as interlocked structures and bulk 
spacers,[78,79] are utilized to improve the performance of sensor 
unit. The structure configuration of pixels in the array and 
versatile processing technology are employed to optimize the 
spatial resolution of mapping and scalable-area property.[71,73] 
At the same time, functional materials are adopted to realize 
the various functional characteristics.[80–83] The progress of 
the basic tactile sensor unit and array will be summarized 
from these two aspects toward high sensitivity and resolution, 
stretchability, transparency, etc., to enhance the comprehen-
sive performance, with the corresponding detailed expression 
embodied in the following sections.

Surface topography physical modification is a crucial 
approach which not only can be utilized to boost the tribo-
electric effect by effectively enhancing contact area between 
two materials, but also can elevate the detection sensitivity, 
response, and range of tactile sensor.[78] Different representative 
materials with various micro-/nanostructural morphologies 
are created to fortify surface roughness to increase the effec-
tive contact area, enhancing the triboelectric effect.[63] At the 
same time, those micro-/nanostructures are conducive to the 
enhancement of the sensitivity of tactile sensor by providing a 
large variation of gap distance between two opposing surfaces, 
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Figure 1. a) Schematic of triboelectric effect phenomenon. b) Schematic of an electron-cloud–potential-well model profile (3D and 2D) proposed for 
explaining triboelectric effect and charge transfer. Panels b) reproduced with permission.[65] Copyright 2018, Wiley-VCH.
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which is proportional to the triboelectric output voltage.[84] For 
the flexible polymer-based triboelectric materials, vertically 
aligned nanowire (NW) arrays are commonly employed on the 
uncovered polymer surface via a top-down approach, such as 
plasma dry etching or inductively coupled plasma.[72,85] Seen 
in Figure 3a, the fluorinated ethylene propylene (FEP) and 
polytetrafluoroethylene (PTFE) composed of large percentage 
of fluorine, are the most triboelectric negative materials with a 
tendency to gain electrons and widely used for TENG fabrica-
tion.[86–88] The created FEP NWs which possess diameter and 
extend of ≈150 nm and 1.5 µm, can result in a highly sensitive 
tactile sensor in low pressure detection region due to a more 
conformable interaction.[85] When compared with bulk FEP 
film, the easy deformation of NWs facilitates the increment 
of the real friction area corresponding to an augment of the 
applied external force. Followed by the similar technique, the 
scanning electron microscope (SEM) image of PTFE NWs 
exhibits that the average diameter and length are about 110 nm 
and 0.8 µm, respectively, facilitating the intimate contact with 
another material nylon due to the conformable interaction.[89] 
For stretchable elastomer triboelectric material, polydimethyl-
siloxane (PDMS) acts as one of the most commonly used sili-
cone materials for fabrication because of its good extensibility 
and transparency, whose surface can often be modified with 
regular structures, with SEM shown in Figure 3b. In order to 
obtain PDMS patterned with pyramid, a corresponding solid 

Si wafer mold which is initially treated with trimethylchlorosi-
lane for PDMS film stripping from the master easily, is fabri-
cated by photolithography method and wet etching process 
to gain recessed pyramids.[90] Then, PDMS liquid elastomer 
is spin-coated on the surface of the mold, and a PDMS film 
with regular pyramid will be peeled off after curing thermally. 
Of course, other different structures such as lines and cubes 
also can be realized by the same technique and fabrication pro-
cess.[90] Furthermore, a hierarchical nanoporous and microridge 
PDMS structured of with gradient elastic modulus is proposed  
to enhance compressibility and contact areal differences due 
to effective transmission of the external force, resulting in a 
highly sensitive sensor.[78] For metal thin films acting as dual 
roles of triboelectric materials and electrodes simultaneously, 
they are also employed with micro-/nanostructures to boost the 
surface roughness, as illustrated in Figure 3c. Aluminum (Al) 
electrode is decorated with the mixture of Ag NWs and nanopar-
ticles (NPs), which is utilized to improve the triboelectric effect 
as well as pressure response and sensitivity via enhancing effec-
tive contact area.[77] Cubic patterns on Al surface are also set up 
by a typical photolithography process to enhance triboelectric 
effect.[91] Furthermore, nanopore distributions on the surface 
of Al are created by electrochemical anodization method, and 
the enhancement of the effective contact will be realized by the 
deformation and fill into the vacant nanopores when contacted 
with another polymer thin film under external force.[86]

Adv. Funct. Mater. 2018, 1806379

Figure 2. Schematic diagram of device design of triboelectric effect–based tactile sensor from two main aspects: performance and functionality. 
“Large area” Reproduced with permission.[71] Copyright 2017, Wiley-VCH. “High sensitivity” Reproduced with permission.[72] Copyright 2014, Wiley-VCH. 
“High resolution” Reproduced with permission.[73] Copyright 2016, Wiley-VCH. “Transparency” Reproduced with permission.[74] Copyright 2018, 
Wiley-VCH. “Shape memory” Reproduced with permission.[75] Copyright 2018, Wiley-VCH. “On-skin ultrathin” Reproduced with permission.[76] 
Copyright 2017, Wiley-VCH.
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With the rapid development of internet of things, functional-
ization of electronics with stretchable, transparent, quasi-skin, 
and biocompatible characteristics mimicking the unique prop-
erties of electronic skins, have received extensive attention for 
the alternative next-generation electronics. Primarily, in order 
to achieve the stretchability of TENG, the most direct way is to 
choose triboelectric materials of elastomer with low Young’s 
moduli and intrinsic elasticity, like commonly used PDMS, 
Ecoflex, and silicon rubber. However, the back electrode of tribo-
electric materials of elastomer should also possess extensibility 
in the case of maintaining an excellent conductivity. Thus, cou-
pled with triboelectric materials of elastomer, those electrode 
materials, such as carbon nanotube (CNT) mixture and con-
ductive liquid with stretchability,[83,92,93] Ag NWs and hydrogel 
with both stretchability and transparency,[81,94] are employed 
for the fabrication of TENG to realize stretchability. Our group 
has developed a highly stretchable and transparent self-powered 
tactile sensor based on triboelectric effect with patterned Ag-
nanofiber electrodes on PDMS, which is demonstrated with 
high transparency larger than 70%, low sheet resistance of 
1.68–11.1 Ω−1, and excellent stretchability (Figure 3d).[74] Cer-
tainly, geometrical structures such as wavy Kapton film and 
kirigami paper are also employed to further enhance stretch-
ability and adaptability.[95,96] Additionally, with the arrival of 
electronic-textile or smart textile era, the flourishing trend of 
self-powered textile-based TENG is demonstrated to satisfy the 
wearable, washable, and area-scalable characteristics.[71,97–100] A 

recent work about textile-based self-powered triboelectric touch 
sensor array is pioneered, in which the top layer electrification 
material is made of PTFE textile and electrodes are essentially 
fabricated with woven fabric deposited with copper and nickel, 
with the devices capable of easily being bent, rolled, and scalable 
in area (Figure 3e).[101] Even more, based on textile, triboelec-
tric tactile sensor with designable CNT ink electrodes by screen 
print has been put forward to own the washable and breathable 
properties. Apart from stretchable, transparent, and wearable 
capabilities mentioned above, TENGs with more novel function 
mimicking human skin such as self-healing (Figure 3f), shape-
memory, and biodegradable properties are initiated in recently 
years, which offer an environmentally friendly superexcellent 
entrance for implantable medical, electronic skin, and smart 
sensor system.[75,76,80,82,102]

3. Self-Powered Tactile Sensor Based on the 
Triboelectric Effect

Motivated by abovementioned working principle of the TENGs, 
the most fundamental and immediate application lies in the 
tactile or pressure sensor because the output electrical signals 
of TENGs are greatly influenced by magnitude/frequency of 
the external force. In this respect, TENGs play a dual role in 
both providing an autonomous power source without any 
other power consumption and serving as a tactile sensor for 

Adv. Funct. Mater. 2018, 1806379

Figure 3. Device design of a triboelectric effect–based tactile sensor. Various surface modifications for enhancing performance: a) polymer-based: FEP 
and PTFE with NWs. Left: adapted with permission.[85] Copyright 2014, American Chemical Society. Right: adapted with permission.[89] Copyright 2015, 
Wiley-VCH; b) elastomer-based: PDMS with pyramids and nanoporous and microridge structures. Left: adapted with permission.[90] Copyright 2012, 
American Chemical Society. Right: adapted with permission.[78] Copyright 2018, American Chemical Society; c) electrode-based: Ag NWs and NPs, Al 
with cubic patterns. Left: adapted with permission.[77] Copyright 2013, American Chemical Society. Right: adapted with permission.[91] Copyright 2012 
American Chemical Society. Various materials for realization of functionalization: d) stretchable and transparent PDMS with Ag NWs. Reproduced 
with permission.[68] Copyright 2018, The Royal Society; e) area scalable textile-based. Reproduced with permission.[101] Copyright 2017, Elsevier Ltd.;  
f) self-healable vitrimer elastomer-based. Reproduced with permission.[80] Copyright 2018, Wiley-VCH.
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monitoring external stimulation with the output signals as 
a transducer. Herein, the development of triboelectric tactile 
sensor unit will be summarized. Furthermore, self-powered 
tactile arrays are established to achieve pressure mapping/
imaging which exhibit high sensitivity and spatial resolution, 
wide detect range, and low power consumption. Moreover,  
triboelectric effect which is integrated with other mechanisms 
like mechanoluminescence, transistor, and electroluminescence 
is utilized to optimize the performance, such as widening the 
detection pressure range and visualizing the tactile mapping.

3.1. Tactile Sensor Unit

Up to now, in spite of diverse configurations employed in col-
lecting multifarious mechanical energy in complicated circum-
stances, TENGs are divided into four principal types consisting 
of vertical contact–separation mode, lateral sliding mode, single-
electrode mode, and freestanding triboelectric-layer mode.[40] 
Among these modes, the vertical contact–separation mode and 
single-electrode mode with their own unique characteristics are 
the most commonly used approaches to demonstrate the self-
powered pressure or touch sense system applications, because 
the applied external force is vertically applied onto the contact 
surface in the two modes. Certainly, sliding mode is occasion-
ally combined with single-electrode mode in tactile sensor 
system to realize various monitorings of motion trajectory, 
which will be explained and reviewed in application system 
section. Additionally, the development of tactile sensors based 
on triboelectric effect is summarized in terms of the working 
mode, triboelectric materials, and the performance including 
sensitivity, detection range, linearity, response time, and limit 
of detection, as illustrated in Table 1.

3.1.1. Tactile Sensor Based on Vertical Contact–Separation Mode

The vertical contact–separation mode is the earliest configura-
tion, with the basic working principle illustrated in Figure 4a. 
TENGs based on this mode consists of two films with distinc-
tively different triboelectric polarities in a stacked configura-
tion, at least one of which needs to be dielectric with electrode 
attached onto its outer surface.[22] Under the external mechan-
ical stimuli, the two triboelectric materials get into mutual 
contact, generating opposite charges in equal quantity as a 
result of triboelectric effect at the same time. A significant 
electric potential difference can be established after releasing, 
and electrical signals will be detected when the two electrodes 
are connected through an electrometer. Once the gap dis-
tance of two materials decreases again, a reduced potential 
difference will result in a reversed electrical signal. The first 
proof-of-concept pressure sensor based on triboelectric effect 
is proposed by Fan et al.,[90] which is in accordance with the 
simplest structure of vertical contact–separation mode. Com-
posed of stacking Kapton and polyester (PET), a charge gener-
ation, separation, and induction process can be accomplished 
by a mechanical deformation of the polymer films under the 
external pressure. This transparent, flexible self-powered pres-
sure sensor with a high sensitivity can sense a tiny pressure of 

a water droplet (8 mg, ≈3.6 Pa) and a falling feather (20 mg, 
≈0.4 Pa) with a detection limit of ≈13 mPa. Followed by a 
quantitative and comprehensive work reported by Lin et al. 
(Figure 4b),[77] both a static and dynamic pressure sensing are 
achieved via different measurement approaches theoretically 
and experimentally. The triboelectric materials are constituted 
by PDMS with modified micropatterned pyramid structures 
and Al film embedded with Ag NWs and NPs which acts as an 
electrode simultaneously. It is noted that the structure modifi-
cation on both the triboelectric surfaces is brought in to raise 
the triboelectric charge density and pressure response simul-
taneously. Theoretically, the relative variation of the voltage 
and the applied pressure can be analyzed by the following 
equation

V d d d S k d p( )( ) ( ) ( )− = − = ⋅ ⋅V / V / /oc,0 oc oc,0 0 0 0  (1)

where Voc is the open-circuit voltage, d is the distance of two 
layers, p is the pressure, and k represents the elastic property 
of the material. Hence, the relationship should be expected to 
a directly linear relationship, providing a credible measuring 
method for the magnitude of external force.[77] Furthermore, 
the transferred charge density can be served for detecting static 
pressure but the relationship presents nonlinearity. The output 
short-circuit current is influenced by the magnitude and fre-
quency of the external force, and it is defined by the following 
equation

J tσ( ) ( )= ∆d / dsc  (2)

where σ is the transferred charge. Hence, larger magnitude and 
faster frequency will result in a higher short-circuit current due 
to more effective contact area and faster speed, respectively. As 
a consequence, a dynamic pressure sensing including ampli-
tude and loading rate will be achieved by the current acting 
as a monitoring parameter. Experimentally, the relationship 
between relative voltage variation ΔV/V0 and applied pressure 
has been displayed, where the slope represents the sensitivity 
of sensor. Compared with the linear region II for high pres-
sure with the sensitivity of 0.01 kPa−1, the linear region I for 
low pressure presents a higher sensitivity of 0.31 kPa−1 due to 
a larger increase in contact area and voltage variation for low 
pressure while an almost saturation of contact area between two 
materials for high pressure. As for the experimentally dynamic 
pressure sensing, the rectified current under different applied 
pressures is discussed under the same loading/unloading fre-
quency of external force in an increasing and decreasing force 
process. A coincidence between the two curves illustrates the 
valid basis of short-circuit current as a sensing permanent for 
applied force. Simultaneously, when keeping the applied pres-
sure as a constant, different rectified currents can be attained 
under different loading/unloading frequencies. Thus, dynamic 
sensing of pressure including amplitude and frequency can 
be accomplished by the current signal. Besides, the response 
time and the detection limit of the sensor is less than 5 ms and 
2.1 Pa, respectively, with the detection range inferred to be less 
than 14 kPa according to the experimental measurement.

Subsequently, lots of researches about tactile sensor based 
on vertical contact–separation mode have been investigated 

Adv. Funct. Mater. 2018, 1806379



www.afm-journal.dewww.advancedsciencenews.com

1806379 (8 of 23) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to improve the performance.[78,79,103,104] Jiang et al. demon-
strates a flexible, transparent, and waterproof triboelectric 
tactile sensor with triboelectric materials of micropyramid-
modified PDMS and indium tin oxide (ITO) separated by 
PDMS side walls, showing a pressure sensitivity of 2.82 ± 
0.187 V MPa−1.[79] Recently, a highly sensitive triboelectric tac-
tile sensor is developed by Ha et al. based on the integration of 
two structure design of hierarchical nanoporous and interlocked 
microridge-structured polymers (Figure 4c).[78] In the structure 
design, soft PDMS layer with a low elastic modulus and stiff 
poly(vinylidenefluoride-cotrifluoroethylene) [P(VDF-TrFE)] layer 
are utilized as contact materials, inspired by stiff epidermis and 
soft dermis layers of human skin. Specifically, gradient stiff-
ness structure is aimed at enhancing the compressibility and 
contact areal differences on account of effective transmission of 

the external pressure from stiff to soft layers, while nano porous 
structures into the interlocked and microridge-structured poly-
mers will result in more effective variation of both volume and 
gap distance between two friction surfaces without the need of 
additional bulky spacers. Thus, the combination of these two 
structures receives the highest triboelectric output performance 
and pressure sensitivity than other different structures with and 
without nanoporous and microridge structures. Furthermore, 
the relationship between the output voltage and different applied 
pressures under different width (w) and pitch (p) sizes of micror-
idge arrays (w/p = 25/30, 50/60, and 100/120 µm) is explored. 
The result shows that the triboelectric output voltage enhances 
with the increasing of width and pitch sizes, as a consequence, 
the microridge arrays with w/p of 100/120 µm exhibits the 
highest pressure sensitivity of 0.55 V kPa−1 up to 19.8 kPa and 
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Table 1. Summary of tactile sensors based on triboelectric effect and their performance.

Working modes Triboelectric materials Sensitivity Detection range Linearity Response time Detection limit Ref.

Vertical contact–separation PDMS and ITO Not known Not known Not known Not known ≈13 mPa [90]

Single-electrode PDMS (micropyramid) 0.29 ± 0.02 V kPa−1 <10 kPa Linear 0.1 s 0.4 kPa [105]

Vertical contact–separation PDMS and Ag NWs/NP 0.31 kPa−1 (<3 kPa)

0.01 kPa−1 (3–14 kPa)

Not known Two consecutive 

linear regions
<5 ms 2.1 Pa [77]

Vertical contact–separation FEP (NWs) and Latex 6.9 V kPa−1 (3.1–12.2 kPa) Not known Linear Not known 0.16 Pa [72]

Vertical contact–separation Polyline (air voids in layers) 

and Al
3.0 kPa−1 (<30 kPa)

0.7 kPa−1 (30–50 kPa)

<50 kPa Two consecutive 

linear regions

Not known Not known [104]

Single-electrode FEP (NWs) 44 mV kPa−1 (<0.15 kPa)

0.5 mV kPa−1 (2–12 kPa)

<12 kPa Two consecutive 

linear regions

Not known Not known [85]

Single-electrode PTFE (NWs) and Nylon 51 mV Pa−1 (2.5 Pa–1.2 kPa)

3 mV Pa−1 (1.2–6 kPa)

<6 kPa Two consecutive 

linear regions

Not known 2.5 Pa [89]

Single-electrode PTFE (NWs) 0.947 µA MPa−1 <2.5 MPa Linear Not known Not known [108]

Vertical contact–separation PDMS (side walls and 

micropyramid) and ITO
2.82 ± 0.187 V MPa−1 

(0.3–428.8 kPa)

0.3–428.8 kPa Linear ≈40 ms 0.30 kPa [79]

Single-electrode Graphene oxide 388 µA MPa−1 (2.5–125 kPa) 2.5–125 kPa Linear Not known Not known [107]

Single-electrode FEP (microstructure) 2.79 mV Pa−1 (<1 kPa)

0.2 mV Pa−1 (10–70 kPa)

0.03 mV Pa−1 (70–250 kPa)

<250 kPa Three consecutive 

linear regions
≈50 ms Not known [110]

Single-electrode PDMS (micropyramid) 6 MPa−1 0.6–200 kPa Linear 50 ms 600 Pa [112]

Single-electrode Elastomer (ionic hydrogel) 0.013 kPa−1 (1.3–70 kPa) 1.3–70 kPa Linear Not known 1.3 kPa [81]

Single-electrode Conductive fiber and PET 0.77 V Pa−1 (<5.2 kPa)

34.7 mV Pa−1

<14 kPa Two consecutive 

linear regions
<80 ms Not known [71]

Vertical contact–separation PDMS (nanoporous) and 

P(VDF-TrFE)
0.55 V kPa−1 (<19.8 kPa)

0.2 V kPa−1 (19.8–100 kPa)

<100 kPa Two consecutive 

linear regions

Not known Not known [78]

Vertical contact–separation PDMS and CNT 0.35 V kPa−1 (5–50 kPa)

0.51 V kPa−1 (50–100 kPa)

0.18 V kPa−1 (100–200 kPa)

0.04 V kPa−1 (200–450 kPa)

5–450 kPa Four consecutive 

linear regions

0.45 s Not known [103]

Single-electrode Silk (CNT ink) 0.0479 kPa−1 (<100 kPa) 0.0186 

kPa−1 (100–400 kPa)

0.0033 kPa−1 (400–650 kPa)

<650 kPa Three consecutive 

linear regions

Not known Not known [106]

Single-electrode Ecoflex rubber (microprism 

structure)
9.54 V kPa−1 (<5 kPa) <25 kPa Not known Not known 63 Pa [126]

Single-electrode PDMS (Burr arrays of carbon 

black)
51.43 V kPa−1 (normal force)

0.83 N V−1 (0.5–3 N)

2.50 N V−1 (3–40 N) (tangential 

force)

0.1–1.5 MPa

0.5–40 N

Linear

Three consecutive 

linear regions

Not known Not known [61]
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a relative low sensitivity of 0.2 V kPa−1 under 100 kPa particu-
larly. This high pressure sensitivity of hierarchical microridge 
arrays in the low pressure range can be used to monitor weak 
pulse pressure of radial artery, demonstrating its highly reliable 
feasibility and practicability in wearable devices for health moni-
toring. It can be found that the performance and functionality 
have been enhanced simultaneously with the employment of 
developed structure design and materials.

3.1.2. Tactile Sensor Based on Single-Electrode Mode

Naturally, assuming that the human skin has an access to 
participating in touch sensing as a contact material since all 
objects can be chosen as triboelectric materials, the usage scope 
will be greatly expanded. Thus, single-electrode mode endows 
one triboelectric material with the unique property that it can 
be free or moving object, which provides the great convenience  
for various circumstances in practical applications, with the 
fundamental operating principle shown in Figure 5a. In single-
electrode mode, only one triboelectric layer is fixed in device 
configuration with the corresponding back single electrode 
connected to ground as a reference electrode for an electron 
source. The periodic change of the contact area or gap distance 
between the fixed material and the moving object can give 

rise to charge transfer and electrostatic induction, producing 
the alternate flow of electrons in external circuit. Although, the 
electrostatic-induced electron transfer in this mode is not the 
most effective way,[24,25,40] the simplified fabrication way and 
another free object without restriction are favorable for practical 
applications in both pressure and touch sensing.

Previously, the first self-powered tactile sensor based on 
single electrode is demonstrated by Yang et al.,[105] which is 
realized by the contact and separation between human skin 
and PDMS through directly harvesting biomechanical energy 
from the motion of human finger, exhibiting a sensitivity of 
0.29 V kPa−1 and a response time of less than 0.1 s. Afterward, 
tactile sensor composed by FEP based on a single-electrode 
mode with improved performance is proposed by Zhu et al.,[85] 
as shown in Figure 5b. The device is constructed by a single ITO 
electrode deposited onto a PET substrate connected to ground, 
and FEP modified with vertically aligned NWs and moving 
objects serving as the triboelectric materials. An enhancement 
tendency in output voltage has been attained with the increasing 
of applied external force which is ascribed to the reduced gap 
distance and increased contact area. Two distinct linear regions 
with a fast increasing initially and a slow increasing subse-
quently are presented. For the extremely low-pressure region I 
less than 0.15 kPa, an extraordinary sensitivity of 44 mV Pa−1 
is received with preferable linearity (R2 = 0.991). While the 
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Figure 4. Development of tactile sensor unit based on vertical contact–separation mode. a) The working principle of vertical contact–separation mode. 
b) Both static and dynamic pressure sensing. Reproduced with permission.[77] Copyright 2013, American Chemical Society. c) Skin-spired pressure 
sensor based on the integration of two structure design. Reproduced with permission.[78] Copyright 2018, American Chemical Society.
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pressure is beyond 2 kPa in region II, the sensor exhibits a sen-
sitivity of 0.5 mV Pa−1 with a good linearity (R2 = 0.974). The 
FEP with strong electron affinity capability and the modified 
NWs with 1.5 µm endow an enhanced triboelectric effect and a 
high sensitivity of tactile sensor, with a sevenfold enhancement 
in pressure sensitivity compared with a bulk FEP film. Moder-
ately, shorter NWs of 600 nm will result in an ineffective area 
with contact object, while the excessively long NWs larger than 
3 µm will lead to a poor mechanical robustness. Additionally, 
on account of its unique property, this kind of tactile sensor 
based on single-electrode mode has the capability in perceiving 
different objects made of various textures, which is attributed to 
the different output voltages in response to diverse triboelectric 
effects of electron affinity difference. This capability reveals its 
widespread applicability in a variety of circumstances and per-
ception sensing for different materials in e-skin and human–
machine interaction. In order to optimize its comprehensive 
performance, more efforts are exerted to climb the high perfor-
mance and multifunction. A self-powered tactile sensor based 
on single-electrode mode composed by textile and CNTs by 
screen-printing technology is proposed, with the wide detection 
range to 700 kPa.[106] The linear regions with different sensitivi-
ties can be divided into three regions, including 0.0479, 0.0186, 

and 0.0033 kPa−1. The optimized performance can be attributed 
to the rough surface constituted of numerous microfibers of 
textile and CNTs. Furthermore, in this mode, various materials 
such as graphene oxide and conductive fiber are used for tactile 
sensors to improve the comprehensive properties.[71,107,108]

Recently, our group put forward a self-powered triboelectric 
tactile sensor consisting of the high stretchable and transparent 
patterned Ag nanofiber (Ag NF) electrodes by electrostatic 
spinning on the elastomeric PDMS substrate,[74] as shown in 
Figure 5c. Due to the stronger electron affinity of PDMS than 
that of finger, electrons will transfer from finger to PDMS, 
yielding PDMS negatively charged. Under periodic stimulus of 
touch and removal of the finger, the electrical signals will be 
received regularly, revealing its feasibility of tactile sensing. The 
optical transparency and electrical conductivity of the electrodes 
are investigated by analyzing the transmittance spectra and 
sheet resistance. The results reveal that when the electrospin-
ning time ranges from 5 to 15 min, the sheet resistance ranges 
from 11.1 to 1.68 Ω−1 with an excellent transmittance larger 
than 70%, confirming a superior performance as a transparent 
conductive electrode of tactile sensor. Furthermore, the stretch-
ability and durability are measured for practical applications in 
stretchable tactile sensors. Tactile sensor based on unidirectional 
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Figure 5. Development of tactile sensor unit based on single-electrode mode. a) The working principle of on single-electrode mode. b) Flexible ultra-
sensitive flexible tactile sensor. Reproduced with permission.[85] Copyright 2014, American Chemical Society. c) Highly stretchable and transparent 
tactile sensor. Reproduced with permission.[74] Copyright 2018, Wiley-VCH.
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Ag NF electrodes exhibits an inferior tensile property. On the 
contrary, the output voltage of the tactile sensor based on bidi-
rectional unidirectional Ag NF electrodes remains unaltered, 
demonstrating a remarkable stretchability. In addition to the 
normal pressure detect, a tactile sensor based on single-elec-
trode mode which can detect both normal and tangential forces 
has been recently demonstrated.[61] The tiny arrays of carbon 
black on the contact surface are prepared to facilitate the elastic 
deformation, which largely promotes the pressure detection 
range up to 1.5 MPa and sensitivity of 51.43 V kPa−1. Simultane-
ously, the sensor can detect tangential forces from 0.5 to 40 N, 
with a relatively rough sensitivity of 0.83 N V−1 in the range of 
0.5–3 N and 2.50 N V−1 in the range of 3–40 N.

3.2. Tactile Sensor Array

Under the development of the tactile sensor mainly based on 
vertical contact–separation mode and single-electrode mode 
mentioned above, tactile sensor array, which is the integration of 
the sensor unit assembled together, has been demonstrated for 
touch imaging and pressure mapping. Because restricted reso-
lution is limited by the structure design of vertical contact–sepa-
ration mode, more attentions and endeavors have been exerted 
on the tactile sensor array based on single-electrode mode to 
improve the spatial resolution. Moreover, to achieve high per-
formance, self- powered tactile sensor array based on tribo-
electric effect integrated with other mechanism also has been 
discussed, especially with mechanoluminescence, transistor, 
and electroluminescence to obtain full dynamic-range detection, 
drain–source current modulation, and electroluminescence.

3.2.1. Array of Tactile Mapping Based on Triboelectric Effect

Initially, the first tactile sensor array based on triboelectric effect 
is promoted by Lin et al.,[77] which is fabricated on the vertical 
contact–separation mode by integrating 6 × 6 separated sensor 
unit onto the same grounded electrode. Once some pixels are 
exerted by applied pressure, the voltage signals will be observed 
in these pixels, while other profile of pixels still remains con-
stant synchronously, thus the letter “TENG” is spatially imaged 
with distinguishable profile. Afterward, a light-emitting diode 
(LED)–TENG tactile matrix with the 8 × 7 pixels is proposed 
to visualize the pressure mapping by recording the electrolu-
minescent signals of the LEDs without external power source, 
in which the magnitude of applied pressure is characterized 
by light emission density of the LED.[104] However, the integra-
tion method of this kind vertical contact–separation mode is 
not suitable for the large-scale fabrication with high-resolution 
arrays because each pixel is packaged independently in the 
matrix. Compared with vertical contact–separation, the tactile 
array based on single-electrode mode provides a better integra-
tion way to potentially obtain high resolution, demonstrating 
the advantages of a simple device design and preparation 
method.[109] The tactile array based on single-electrode mode is 
first proposed by Yang et al.,[105] in which the triboelectric mate-
rial PDMS is intact with ITO electrodes separated to fabricate 
array configuration. In other words, the active size depended 

on the size of each electrode patch, which can be significantly 
reduced by various microfabrication and sophisticated design 
in the device structure.

Improved by Wang et al.,[73] on the basis of single-electrode 
mode, a self-powered, high-resolution, and pressure-sensitive tri-
boelectric tactile sensor array capable of enabling real-time tactile  
mapping is demonstrated. First, the structure fabrication of  
tactile sensor matrix based on single-electrode mode is illustrated 
in Figure 6a, with a PDMS film spin-coated onto the top serving 
as the electrification layer. The top PET with a thickness of 25 µm 
severs as a flexible substrate, where the deposited Ag electrode 
array presents aligned on the top serving as the charge-sensing 
element and the circuit configuration electrodes on the back side 
are connected to the external measuring equipment. Another 
bottom PET film coated with ethylene–vinyl acetate copolymer 
(EVA) is utilized as an encapsulation layer of the circuit configu-
ration electrodes. In this configuration and structure design, a 
16 × 16 pixelated triboelectric sensor matrix with a resolution of 
5 dpi is demonstrated with the side length of each pixel 2.5 mm, 
with the corresponding schematic of the pressure mapping pro-
cess shown in Figure 6b. As for the data acquisition for multi-
pixels synchronously, an available multichannel data acquisition 
method is adopted to realize the combination of large-scale data 
processing and real-time tactile imaging. The simulated results 
of potential distinction between the touched and untouched  
electrodes can be observed clearly under the touch sensing of uni-
point, bipoints, and multipoints, theoretically verifying the feasi-
bility and validity of multipoint touch sensing. When applying an 
external force on the top of the tactile array by a mold in the shape 
of number “6,” a facile and explicit imaging of the mold shape can 
be exhibited via an experimental mapping profile according to 
the output voltage signals of simultaneous use of multiple pixels. 
Furthermore, in order to increase the pixels and enlarge the scale 
of the sensor matrix, the circuit configuration on the bottom side 
of the device will become more sophisticated and a bulky number 
of addressing lines (m × n) will put forward further challenges to 
hinder the fast mapping, which is unbeneficial for the practical 
device fabrication and data acquisition. Hence, a novel cross-type 
configuration is developed to overcome the aforementioned chal-
lenges by reducing the number of scanning channels to m + n  
and simplifying the device structure, with the ameliorative 
electrode structure displayed in Figure 6c. An aligned rhombic 
array is proposed to improve the effective area ratio in each  
pixel, where row electrodes are electrically connected to the top  
surface of the PET substrate, while column electrodes are con-
nected to the backside. On the basis of improved structure 
design, a 36 × 20 tactile matrix with a pixel resolution of 10 dpi 
is demonstrated. Facilitating its practical commercial application, 
the transparent electrode ITO is adopted to demonstrate a simple 
touch-panel screen, where a touch tracing of a word “3” on the 
surface of the tactile sensor matrix is depicted in Figure 6d. 
Additionally, a discernible pressure mapping will be observed 
(Figure 6e), where the distinct difference in output voltage sig-
nals between the touched and untouched pixels verifies the 
practicability of this self-powered tactile sensor array based on 
triboelectric effect in human-interactive interfaces for consumer 
electronics.

Followed by the similar structure design, lots of works 
are conducted to constructing the triboelectric tactile array 

Adv. Funct. Mater. 2018, 1806379



www.afm-journal.dewww.advancedsciencenews.com

1806379 (12 of 23) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

sensing system. A transparent and flexible triboelectric 
sensing array with fingertip-sized pixels is demonstrated, 
which can be used in real-time touch sensing, spatial 
mapping, and motion monitoring.[110] An ultrahigh resolu-
tion of 127 × 127 dpi is realized in pressure sensing in terms 
of output current of each pixel via carbon fibers acting as elec-
trodes.[111] Although, the matrix possessed high resolution 
due to signal carbon fiber as a row/column electrode, the rel-
atively low sensitivity of 0.055 nA kPa−1 and inferior triboelec-
tric effect are presented. Particularly, a self-powered triboelec-
tric sensor array with highly stretchable and transparent prop-
erties is fabricated by using the random Ag NF electrodes for 
tactile mapping.[74] To obtain Ag NF electrodes, various ori-
entations of large-scale polyvinyl alcohol (PVA) NFs are con-
trollably prepared by altering the shape of metal collector by 
electrostatic spinning, as the schematic diagram in Figure 7a. 
Then, an 8 × 8 transparent stretchable sensor matrix is pro-
moted based on the optimal structure configuration referred 
before,[73] where the column and row electrodes with a 
crossbar-type are employed to enhance the mapping rate, 

as displayed in Figure 7b. Herein, a multiswitch scanning 
method is adopted to simplify the test system and boost scan-
ning efficiency instead of multi-electrometer scanning mode. 
The corresponding coordinates have the maximum voltage 
values in a scanning cycle when a pixel is under applied pres-
sure. As shown in Figure 7c, when pixels of (X4Y7), (X7Y4), 
and (X4Y2) are touched in turn, the corresponding voltage 
signals and a real-time tactile mapping will be manifested by 
data acquisition and software analysis. Finally, a demo of Pac-
Man has been presented, with four regions divided for the 
control of moving direction of up, down, left, and right when 
the corresponding pixels are touched (Figure 7d).

3.2.2. Array of Tactile Mapping Based on Triboelectric Effect 
Integrated with Other Mechanisms

Although lots of endeavors have been devoted to elevating 
the performance of self-powered tactile sensor based on tri-
boelectric effect according to the aforementioned summary, 
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Figure 6. High-resolution and pressure-sensitive triboelectric sensor matrix for real-time tactile mapping. a) Schematic of the device structure of 
16 × 16 matrix. b) Schematic diagram of the pressure mapping process. c) Structure design of the cross-type electrode of 36 × 20 matrix. d) Illustration 
of a cross-type triboelectric sensor matrix attached to a commercial smart phone by monitoring a trail of a “3.” e) Diagrams tactile mapping of “3.” All 
panels reproduced with permission.[73] Copyright 2016, Wiley-VCH.
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the wide detection range, high spatial resolution, and visu-
alization still need to be excavated to expand the practical 
application in e-skin, robots, and human–machine interface. 
Aimed at improving the detection range, a full dynamic-range 
pressure sensor matrix is demonstrated by integrating dual 
mode of triboelectric effect and mechanoluminescent mecha-
nism, exhibiting high sensitivity and resolution at the same 
time.[112] A large-scale 100 × 100 matrix with a high resolu-
tion of 100 dpi is demonstrated to achieve real-time pressure 
profile detecting and depicting, with the structure schematic 
shown in Figure 8a. Effectively, a crossbar-type electrode and 
the rhombic array configuration are employed to enhance the 
mapping rate and effective area ratio in each pixel at a certain 
resolution in triboelectric sensor matrix (TESM), while the  
ZnS:Mn powder and photoresist on the top of the electrodes 

are designed for mechanoluminescent sensor matrix (MLSM). 
Each MLSM pixel is located in the center of every four TESM 
pixels to get more light penetration, with spin-coated poly-
methyl methacrylate (PMMA) serving as a protective layer of 
MLSM and PDMS with modified microstructure acting as the 
triboelectric film of TESM, respectively. An excellent pressure 
sensitivity of 6 and 0.037 MPa−1 are attained for TESM and 
MLSM, respectively, with the corresponding detection range 
of 0.6–200 kPa and 650 kPa–30 MPa (Figure 8c). It can be 
observed that a stable output voltage response will be attained 
under an identical applied pressure for TESM, while the cor-
responding visible-light optical images are illustrated in dif-
ferent applied pressures, demonstrating the valid reliability of 
the electrical and optical dual-mode detection. Various poten-
tial applications are available based on this full dynamic-range 
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Figure 7. Highly stretchable and transparent self-powered triboelectric tactile sensor array. a) Schematic illustration of PVA NFs with different 
orientations by the electrospinning. b) Structure design of 8 × 8 cross-type array. c) The multiswitch scanning when the finger touched the device 
in sequence and the corresponding tactile mapping. d) Illustration of a Pac-Man. The pixels of the sensors are divided into four regions capable of 
detecting motions and different move orders will be executed when they get in touch, including moving up, down, left, and right. All panels reproduced 
with permission.[74] Copyright 2018, Wiley-VCH.
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matrix, with the corresponding working schematic illus-
tration depicted in Figure 8b. When applying a relative low 
pressure, the pressure mapping is primarily contributed by 
the TESM with the output voltage as a parameter for tactile 
imaging profile by the analysis of the software. Otherwise, 
under an external larger pressure, the tactile mapping will 
be significantly credited to the MLSM with optical signal as a 
valid parameter, which presents higher sensitivity than TESM 
due to the near saturation electric signals. Obviously, the cor-
responding electrical readout and optical visualization can 

function together to achieve a full-range pressure monitoring 
according to the voltage and light intensity of each pixel. 
Experimentally, different applied pressures have been exerted 
by using different sizes of contact object to accomplish an “N” 
shape with the route from A to D, with the corresponding 
mapping illustrated in Figure 8d. It can be observed that the 
applied pressure increases from A to C, with a reliable elec-
trical readout of TESM in low pressure, but a distinct visible 
image of MLSM in high pressure. Based on the profile, the 
maximum light intensity occurs in the point C, illustrating 
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Figure 8. Full dynamic-range pressure sensor matrix based on triboelectric and mechanoluminescent sensing. a) Schematic structure of the pressure 
sensor matrix. b) Schematic diagram of the pressure imaging principle: TESM used for low pressure regimes (<500 kPa) and the MLSM used for 
high pressure regimes (>1 MPa). c) The variation of electrical and optical signals of TESM and MLSM under different applied pressures. d) Pressure 
mapping and electrical output voltage, and optical signal from low and high pressure regions, respectively. All panels reproduced with permission.[112] 
Copyright 2017, Wiley-VCH.
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the validity of dual mode sensing, in accordance to the theo-
retical outlook initially.

Furthermore, the electrostatic potential created by the 
triboelectric effect can serve as a gate voltage to control or 
tune charge carriers transport in the channel of transistors, 
called tribotronic transistor (TTA),[113–115] opening up a new 
approach for elevating the performance since tactile sensor 
array based on the transistor can reduce the crosstalk sensor 
arrays based on transistors.[109,116,117] Herein, a typical TTA 
array will be focused on to explain the working mechanism, 
The basic unit is composed of a transistor unit and a square 
Cu pad, and a PTFE film is utilized to sever as the mobile 
triboelectric material under the external force,[113] as shown 
in Figure 9a. According to the corresponding drain–source 
current response of each pixel to the distance, a high sensi-
tivity of 1.029 mm−1 even with a slight distance increase can 
be achieved (Figure 9b). Herein, the variation of distance gap 
between Cu pad and PTFE is represented by the difference of 
applied pressure. However, when the PTFE film surpasses a 
“critical distance” of 3 mm, a distinct sensitivity decrease can 
be observed. The critical distance represents when the sepa-
ration distance is lower than 3 mm, the variation of output 
voltage in this region is larger than that of other separation 
distance, thus receiving a higher sensitivity. Thus, a 10 × 10 
TTA is fabricated to demonstrate the mapping. A PTFE patch 
with the shape of “A” is adopted to press in the matrix, and 
the IDS of all pixels are used for the distribution mapping 
(Figure 9c). The results exhibit an excellent uniformity in 
electrical characteristics among all 100 pixels, with 94% of the 
output current values in the narrow range of 0.105 ± 0.009 A, 
and obvious current variations can be found in contact and 
noncontact pixels, showing a superior performance. Addi-
tionally, a novel combination of triboelectric effect and elec-
troluminescence (EL) is developed to visualize the pressure 
mapping,[118] which is fundamentally a type of triboelectrifi-
cation-induced electroluminescence (TIEL) that will convert 
dynamic motions into luminescence to achieve visualization 
imaging. Different from combination of ML, the triboelectric 
effect plays an induced function in which the generated elec-
tric potential is used to excite the EL. A matrix is fabricated 
by layer-by-layer composite material employed to demon-
strate real-time visualization, where the luminescent layer is 
prepared into a segmented structure with phosphor particles 
filled into the cell of one pixel to promote the spatial resolu-
tion (Figure 9d). Under an extremely low pressure less than 
10 kPa, the substantial luminescence can be induced with 
three orders of magnitude smaller than that of elastico-tribo-
luminescence (ETL); and the pressure sensitivity could reach 
0.03 kPa−1 under 20 kPa, presenting a 750-fold enhancement 
than the ETL, with the intensity variation as a function of pres-
sure displayed in Figure 9e. In order to achieve visualization, 
an image acquisition system is programed for the demonstra-
tion, as depicted in Figure 9f, where the luminescence induced 
by a sliding object is captured by a camcorder and a live image 
and the overall trajectory of the luminescence are presented in 
a two-window software interface. The word “light” is written 
to achieve the visualization of handwriting, where the separate 
frames will be combined and superimposed together, yielding 
an overall trajectory of a complete letter. Notably, the distinct 

variation of luminescence intensity can be observed because 
the applied force as well as the velocity significantly will vary 
during the writing. Integrated with the EL via the produced 
electric potential in triboelectric effect, the tactile mapping 
array has succeeded in realizing the visualization mapping. 
At the same time, a potentially high spatial resolution is avail-
able since the phosphor of finer particle size can be further 
promoted in segmented structure.

4. Self-Powered Tactile Sensor System 
Applications

Although the self-powered tactile sensor unit and array based 
on triboelectric effect are developed and enhanced for the fun-
damental ability of pressure detection and spatial mapping 
ability, a variety of application systems will be established, such 
as motion sensor, health monitoring, trajectory monitoring, and 
smart wireless control.[78,90,106,110,119–121] In this section, com-
prehensive applications newly demonstrated in recent years of 
human–machine interaction (HMI) and trajectory monitoring 
based on tactile sensor unit or matrix will be mainly focused on 
to introduce the self-powered tactile sensor system applications.

4.1. Applications in Human–Machine Interaction

Since the demonstration of triboelectric tactile sensors, plen-
tiful investigations on HMI application have been demon-
strated, especially concentrating on the typical examples of 
smart wireless control, intelligent keyboards, and actively per-
ceived robot. Initially, the smart wireless control has already 
been demonstrated particularly by integrating with the human 
finger as a trigger as a remote switching between a triggered 
state and a static state.[72,85,106,122–124] Recently, triboelectric tac-
tile sensor is employed on a pair of spectacle frames to capture 
eye blink motion, constructing two practical HMI systems 
consisting of the smart home control system and the wireless 
hands-free typing system,[124] as illustrated in Figure 10a. For 
establishing smart home control system, filter, amplifier, and 
relay signal processing circuit should be included, which con-
tributes to translating the original voltage signal from blinking 
motion into the switching signal for the electrical appliances. 
This demonstration presents great convenience, such as hands-
free for opening up a table lamp and electric fan or answering 
telephone, even self-care for the disabled. Furthermore, a 
hands-free typing system with eye blinking is further devel-
oped, in which virtual instrument software platform Lab View 
is respected to serve as a virtual keyboard with nine groups 
divided. The word “TENG” has been typed via eye blinking 
by a user with each signal in accordance with a certain letter. 
It can be observed that a distinct difference of voltage signal 
amplitude between voluntary and involuntary blink can easily 
be distinguished. In addition, another typical HMI application 
lies in intelligent keystroke capable of authenticating and even 
identifying users through their unique typing characteristics to 
obtain a smart security system. Previously, Chen et al., devel-
oped a self-powered intelligent keyboard between human fin-
gers and keys,[122] which could detect and record the dynamic 
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time intervals and applied pressure as typical characteristic 
parameter for a construction of a smart security system. 
Improved by the Wu et al.,[125] a two-factor authentication and 
identification system has been built via recording a user’s 
intrinsic typing behavior reflected in keystroke dynamics and 
providing a customized signal processing scheme for feature 
extraction, as displayed in Figure 10b. A stretchable and con-
formable triboelectric keyboard consists of an improved shield 
electrode for minimizing the unexpected disturbing signals 
based on a contact–separation mode. By analyzing the char-
acteristic parameter typing latencies (L), hold time (H), and 
signal magnitudes (M), the typical radar plots of the normalized 
average feature values have been recoded and analyzed when 

five users typed the same number sequence for 150 times. 
It can be discovered that a distinctive typing behaviors are 
observed among them, which provided a valid reference for 
the accomplishment of the authentication and identification 
of the users. This self-powered security supervision provided 
a promising approach since the password leaking and easily 
replicated fingerprints all have own drawbacks. Another 
similar work for throat-attached anti-interference capable of 
voice recognition also was demonstrated.[89] Recently, a highly 
stretchable and sensitive triboelectric quasi-skin sensor is devel-
oped,[126] which can sense the applied pressure and proximity  
of object with excellent stretchability to 100% strain and a 
superior sensitivity of 0.29 kPa−1 in low pressure region. Herein, 
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Figure 9. Tactile mapping array based on triboelectric effect integrated with transistor and electroluminescence sensing. Tribotronic transistor array 
for self-powered tactile sensing: a) structure schematic diagram of the basic TTA unit; b) the sensitivity curve of drain–source current response to 
different distance gap; c) tactile mapping in a 10 × 10 TTA matrix. Panels of a), b) and c) reproduced with permission.[113] Copyright 2016, American 
Chemical Society. Visualization of tactile mapping based on triboelectric-induced electroluminescence: d) structure design TIEL matrix with the seg-
mentation structure in the luminescent layer; e) normalized intensity as a function of applied pressure; f) demonstration of image acquisition system 
and visualization of real-time tactile mapping depended on luminescence intensity induced by triboelectric effect. Panels of d), e) and f) reproduced 
with permission.[118] Copyright 2016, Wiley-VCH.
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the triboelectric tactile sensors can not only sense the normal 
pressure, but also the proximity. In the proximity sensing mode, 
the object is far away from the tactile sensor originally. Once the  
object approaches again, the potential difference between 
the triboelectric sensor and object will decrease, yielding reverse 
electrons flowing from the ground to the embedded electrode 
and generating a voltage in the opposite direction. Based on this 
triboelectric tactile skin sensor, versatile actively perceiving and 
responding tasks are performed to realize the robot–human and 
robot–environment applications. As displayed in Figure 10c, 
a silicon rubber with triangular microprism structures con-
taining Ag flake is fabricated as a stretchable and twisting active 
tactile sensor based on the single-electrode mode. Then, this 
tribo-skin is monolithically integrated onto the two fingers of 
the soft robots to serve as an actively perceptive and responsive  

soft gripper. This perceivable gripper can hold and shake a 
baby doll’s hand with excellent adaptive compliance and supe-
rior perceived capability for unpredictable environment. It can 
be observed that once the gripper hand equipped with triboe-
lectric tactile sensor approaches the doll’s hand, the voltage is 
produced as a fast response corresponding to the proximity of 
the tribo-skins. When the gripper holds the baby’s hand com-
pletely, the value is mounted to the maximum, in accordance to 
the pressure sensing of the tribo-skins. While the active gripper 
lifts the hand up and down, the real time–generated voltages 
accord with the corresponding motions, and will decrease and 
recover to the original value gradually under the circumstance 
that the gripper releases the hand. Furthermore, the designed 
tribo-skin can differentiate the moisture of the baby’s pants to 
demonstrate the intelligent robots applications in interacting 

Adv. Funct. Mater. 2018, 1806379

Figure 10. Human–machine interaction applications: a) application in smart home for remote wireless controlling and a hands-free typing system; 
Reproduced with permission.[124] Copyright 2017, American Association for the Advancement of Science; b) intelligent keystroke capable of authentica-
tion and identification; Reproduced with permission.[125] Copyright 2018, Elsevier Ltd.; c) actively perceiving and responsive soft robot hand. Repro-
duced with permission.[126] Copyright 2018, Wiley-VCH.
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with human body. Due to the reduction of triboelectric charges 
on the rubber surfaces in the presence of water molecules, a 
lower voltage signal will be detected by the wet pant than that of 
the dry, respectively.

4.2. Applications in Trajectory Tracking

Another significant and typical application lies in the real-time 
tracking of movement of a moving subject, which is the reflex 
of touch or non-touch state and real-time position. With respect 
to this practical application, Yi et al. developed triboelectric sen-
sors to precisely detect the movement of a mobile object, in 
which the trajectory, velocity, and acceleration had been deduced 
according to the measured output signals including the open-
circuit voltage and short-circuit current.[127] Many researches 
about trajectory monitoring have been demonstrated based on 
triboelectric tactile sensor arrays. Herein, several examples have 
been illustrated in line with the development by our group as 
followed. First, motion tracking system is proved to monitor 
moving speed, direction, acceleration, and position location.[128] 
As shown in Figure 11a, the corresponding structure design has 
been illustrated, where a set of triboelectric sensors are com-
posed of fixed friction material Kapton/PMMA in different sizes 
with back copper electrodes and mobile triboelectric material 
aluminum. Due to the different sizes of each stationary Kapton, 
the absolute output signal value will be obtained in proportion 
to the contact area of each triboelectric sensor. According to 
the measured time interval (Δt) between two adjacent peaks, 
the speed can be deduced according to ν = Δd/Δt, where Δd is 
the distance between two adjacent triboelectric sensors, and 
the acceleration can be calculated via the speed as a function 
of time curve. Furthermore, 8 × 8 (x, y) coordinates have been 
created to monitor the moving path by 16 triboelectric sensors 
with two kinds of sensors, which are composed of a long shape 
with high signal and a short shape with low signal, representing 
“1” and “0” in the binary system, respectively. Thus, a trajectory 
tracking of a moving path of an object can be implemented, 
providing potential applications in position locating, motion 
tracking, and even home security monitoring. Another real-
time monitoring movement sensor combined with a robot’s 
finger based on triboelectric effect has been recently demon-
strated by our group,[129] as exhibited in Figure 11b. The basic 
unit combined with the manipulator contains two segments, 
in which one part FEP/Al/PET is adhered to the back of the 
hand acting as a stationary plate and another part Al/PET acts 
as contact material with an arch shape. In order to realize the 
movement monitoring of a finger, the triboelectric sensors with 
different contact areas are prepared to be attached to joints of 
a finger including top, middle, and bottom joint as monitoring 
sensors. Under the bending and unbending movements of a 
joint, the corresponding contact and separation processes will 
be accomplished, yielding different output signals according 
with different joints due to the unlike contact area. Further-
more, the transferred charge quantity is chosen as a charac-
teristic parameter due to the independence on the moving 
operation rate. Thus, the characteristic value of the top, middle, 
top and middle, and bottom are ≈15, 25, 40, and 78 nC, respec-
tively, under the entire bending and unbending operations. 

A real-time monitoring for a complicated and random move-
ment of a finger has been demonstrated. According to the real 
time–transferred charge curve, it can be inferred that the top, 
middle, and bottom joints are bended in sequence according 
to the characteristic parameters and magnitude sequence of 
the various joints. Until to the highest point where the entire 
finger is fully bended, the middle, top, and bottom joints are 
successively unbended in line with the declining curve. Fur-
thermore, on the basis of the large-scale high resolution tactile 
sensor array based on the single-electrode mode, a trajectory 
tracking capable of detecting the motion of a moving object on 
the surface of the matrix has been demonstrated,[73] as shown 
in Figure 11c. Herein, sliding mode has been involved in moni-
toring the path of a moving object based on the tactile sensor 
based on single-electrode mode. The change in effective contact 
area of each unit is dependent on the object’s speed, leading 
to a change in voltage. The amplitude of the output voltage is 
independent on the touch frequency in the contact mode, while 
is significantly enhanced with the sliding speed of the object 
in sliding mode. Experimentally, trajectory imaging of different 
moving speeds of object have been profiled according to their 
output voltages. It can be revealed that a higher speed resulted 
in a higher output voltage, which will provide a better signal-to-
noise ratio (SNR) of tracking mapping. When the moving speed 
is 10 mm s−1, three voltage peaks are collected in each scanning 
cycle when sliding across each pixel, revealing that the change 
in the effective contact area per cycle occupies approximately 
one-third the area of the electrode in each pixel. Finally, the tra-
jectory monitoring process will be achieved via the positive and 
negative voltage signals, and whole voltage signals, respectively.

5. Conclusion and Perspective

Flexible tactile sensors which possess the capability of sensing 
external physical stimuli have been demonstrated in various 
applications via conventional physical transduction mecha-
nisms. However, some challenges remain to be settled, in 
which sensors cannot work independently without extra power 
supplier, largely hindering the practical application in flexible 
wearable electronics, implanted, or embedded devices. Thus, 
the establishment of a self-powered tactile sensor has provided 
an alternative to handle the puzzle, which can actively sense the 
stimulation without any other external power consumption. In 
this review, a development in self-powered tactile sensor array 
system based on triboelectric effect has been systematically pre-
sented from the following aspects: the fundamental mechanism 
of triboelectric effect, device design, development of tactile sen-
sors unit and array, and the systematic applications (Figure 12). 
Various micro-/nanostructures of materials are decorated to 
enhance the performance of a tactile sensor. And, the overall 
trend of device design in self-powered tactile sensors based on 
triboelectric effect presents the combination of functionaliza-
tion and high performance toward stretchable, transparent, 
high sensitivity, wide detect range characteristics, etc. For the 
tactile sensor unit, a development in performance and function 
two aspects is summarized based on the two primary modes 
including vertical contact–separation and single-electrode. 
For the pressure mapping array, the resolution is significantly 
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enhanced by the novel cross-type configuration based on single-
electrode mode, with the corresponding scanning channels 
reduced. Integrated with mechanoluminescence and electrolu-
minescence, the broadening of detect range and visualization 

of pressure imaging are achieved, while the integration with 
transistor will provide a potential approach for implementing 
high performance of self-powered tactile sensor system. Finally 
systematic applications are demonstrated in various aspects, 
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Figure 11. Applications in trajectory monitoring. a) Motion tracking system for monitoring speed, direction, acceleration, and position location. Reproduced 
with permission.[128] Copyright 2014, Wiley-VCH. b) Real-time movement monitoring of a finger based on different area TENG array. Reproduced under 
the terms and conditions of the Creative Commons Attribution 4.0 International License.[129] Copyright 2017, The Authors, published by Springer Nature. 
c) Real-time trajectory imaging of different speeds of moving objects on the 8 × 8 array. Reproduced with permission.[73] Copyright 2016, Wiley-VCH.
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where two main aspects of human–machine interface and 
trajectory monitoring will be systematically summarized.

Despite of significant enhancements in self-powered tac-
tile sensor system based on triboelectric effect have been 
demonstrated, certain challenges remain. 1) A triboelectric 
tactile sensor will be respected to present not only high basic 
performance such as high sensitivity and resolution, wide 
detect range, fast response, and good linearity, but also mul-
tifunction including stretchable, transparent, even compliant 
and self-healing properties, because those properties are 
necessary elements for complicated practical applications in 
robots, human–machine interface, and biomedicine. Thus, the 
micro-/nanostructure of contact surface, hierarchical structure 
of devices, and novel materials and structure design should 
be further developed and integrated to achieve the superior 
comprehensive performance. 2) Apart from the constructing 
of self-powered system, integrated with other transduction 
mechanisms, versatile and heterogeneous sensing capabili-
ties for pressure, strain, touch, temperature, and humidity 
should be embodied in an integrated tactile unit or matrix 
not just a monosensing ability, mimicking the human skin 

for perceiving of multiple stimuli in a complicated environ-
ment. 3) Additionally, when a higher spatial resolution has 
been promoted, the corresponding output electric signals will 
be minimized responsively due to the reduction of effective 
contact area, which will prevent the feasibility of measurement  
process due to the bad SNR resulting from the tiny and weak 
signals. Thus, further improvement on pressure mapping 
resolution may be achieved by integrating with other mecha-
nisms such as transistor or adopting more novel and optimal 
integration methods.
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