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ABSTRACT

With the prospect of a smart society in the foreseeable future, humans are experiencing an increased link to electronics in the digital world,
which can benefit our life and productivity drastically. In recent decades, advances in the Human Machine Interface (HMI) have improved
from tactile sensors, such as touchpads and joysticks, to now include the accurate detection of dexterous body movements in more
diversified and sophisticated devices. Advancements in highly adaptive machine learning techniques, neural interfaces, and neuromorphic
sensing have generated the potential for an economic and feasible solution for next-generation applications such as wearable HMIs with inti-
mate and multi-directional sensing capabilities. This review offers a general knowledge of HMI technologies beginning with tactile sensors
and their piezoresistive, capacitive, piezoelectric, and triboelectric sensing mechanisms. A further discussion is given on how machine learn-
ing, neural interfaces, and neuromorphic electronics can be used to enhance next-generation HMIs in an upcoming 5G infrastructure and
advancements in the internet of things and artificial intelligence of things in the near future. The efficient interactions with kinetic and physi-
ological signals from human body through the fusion of tactile sensor and neural electronics will bring a revolution to both the advanced
manipulation and medical rehabilitation.
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I. INTRODUCTION

Wearable electronics with sensing techniques is a recent rapidly
growing research field, especially concerning smart home and health-
care aspects, with the remarkable progress of 5G communication
and the Artificial Intelligence of Things (AIoT).1,2 Starting with the
virtual reality and augmented reality (VR/AR) concept, the entire
community reveals a new technology demand in terms of massive
data collection using an intelligent Human Machine Interface (HMI)
and further data analysis in the cloud. Specifically, the HMI is an
everlasting target to realize the harmonic co-existing and efficient
collaboration between the human and the digitalized world for mak-
ing our life better (Fig. 1). For decades, human machine interactions
have been inevitably relying on diverse controllers, including touch-
pad, joystick, keyboard, and mouse. As fundamentals, several sensing
mechanisms are explored and investigated thoroughly,3 from the
conventional piezoresistive4,5 and capacitive6 sensors with high sen-
sitivity to those piezoelectric7 and triboelectric8 sensors that are fea-
tured with zero power consumption for sensing. On the basis of
these sensors, various physical parameters are detected for perceiving
external stimuli and achieving instantaneous and continuous manip-
ulations, such as inertia,9 normal and shear forces,10 strain,11 and
vibration,12 in order to obtain the corresponding information or
deliver the controlling command into the machine. However, as the
requirement of conducting the versatile and seamless interactions
rises, the non-wearable HMIs expose several troublesome issues,

such as bulky size, intuitiveness, and controlling precision, especially
for monitoring the human motions or transmitting complex com-
mands. The emergence of vision13 and voice14 control interfaces
boosts the effectiveness of manipulation by addressing some of the
aforementioned problems. Other concerns however, including pri-
vacy, challenge future implementation.

Tremendous advances of wearable technologies are revolution-
izing our life by integrating the aforementioned flexible sensors
onto our body for a more intuitive and accurate projection of our
command related motions.15–17 In addition to the current silicon-
based MEMS sensors embedded in wearable devices,18,19 the bur-
geoning of material sciences paves the way of fabricating the novel
stretchable20,21 and even implantable devices22,23 to sense or stimu-
late the human activities. These sensors possess the irreplaceable
conformability and comfortability on the human body and thus can
perform intimate detection of slight motions, vital signs, and other
physiological signals.24,25 In terms of manipulation, diversified skin
patches were reported with the specific materials and designs, such
as multi-pixel arrays for pressure mapping and trajectory tracing,26

unique patterns for detecting normal and lateral forces,27 ultra-
stretchable substrates for strain sensing,28 and microstructures for
amplifying the sensitivity.29 Noticeably, glove-based HMIs are pop-
ular research directions as human hands usually carry out most of
the dexterous manipulations.30,31 Owing to the mentioned material
breakthrough and the introduction of more sensing mechanisms
including piezoelectric and triboelectric, smart gloves are no longer
limited by inertial sensors.32 Except for the projection of hand and
finger motions, the highly customizable soft sensing units are also
capable of detecting the interactive forces at multiple directions
while implementing the simple readout circuit.33

Nevertheless, to accomplish the multi-dimensional and multi-
modal interactions, the increasing of device numbers seems to be the
frequently applied strategies of the wearable HMIs,34 which will defi-
nitely consume much more power for operation and become a critical
issue for enabling the sustainable function as wearable devices.35 As a
matter of fact, there is massive useful information hidden in the sen-
sory outputs that have been neglected unintentionally due to the
superficial utilization of the sensing data, leading to the inevitable
requirement of a large number of sensors to fulfill the multi-
dimensional and multi-modal human–machine interaction. With a
more advanced and effective data processing technique for analysis, a
minimal number of sensors can provide the same required function
rendering a feasible and promising solution to the current challenges.
Artificial intelligence (AI), more specifically, Machine Learning (ML)
technology, is drawing great attention as it utilizes the corresponding
algorithms, i.e., Support Vector Machine (SVM),36 Convolutional
Neural Network (CNN),37 and K-Nearest Neighbors (KNNs),38 to
extract the minor features for training the dataset and the following
recognition. As a result, numerous relevant research verified the feasi-
bility and significance of ML enhanced HMIs, including recognition of
gesture,39 motion pattern,40 speech,41 object,42 texture,43 and environ-
mental variations,44 while maintaining the minimum amount of sens-
ing units.

The Brain Machine Interface (BMI) has been developed for years
in order to encrypt the neural signals from motor areas of brain so
that the sensory or movement function can be retrieved, and the
sophisticated robots can be purely controlled with intentions.45,46FIG. 1. Overview of various HMI technologies and application fields.
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Moving forward, in addition to the e-skin sensors for robotic percep-
tion, it is also crucial to develop the HMIs to recover or replicate our
somatosensory system for both the disabled patients to regain the nor-
mal activities with proper receptor functions and the future digital
man with enhanced multi-modal perceptive capabilities.47–51 The neu-
ral interface has become an emerging field for neuroscience and neu-
roengineering research, which provides direct contact with biological
tissues by recording or interfering with the neural functionalities elec-
trically or optically. Generally, neural interfaces have transformed
toward better flexibility and stretchability for minimizing the potential
damage to the biological tissues, multi-channels for high-resolution
recording and stimulation, and multiple functions for more compre-
hensive functionalities. In the meantime, the power sources also
evolved from the conventional limited-lifetime battery to wireless
powering and to more recent diversified energy harvesters to enable a
potential self-sustainable implantable system for healthcare monitor-
ing or therapeutic interventions. With the advancement of neurosci-
ence and neuroengineering, researchers are gaining more and more
knowledge of the fundamentals of biological neural systems, which
greatly facilitates the rapid development of electrical devices that emu-
late the functionalities of the biological systems. In particular, neuro-
morphic electronics that emulate the functionalities and information
processing routes of the biological neurons have been proposed as a
solution to the current von Neumann bottleneck. Thus, the neuromor-
phic system is studied by researchers to mimic the neural system via
artificial sensation and stimulation; meanwhile, tactile and other types
of sensors are incorporated with the artificial synapse to develop the
neuromorphic system for reinforcing the computing power, eventually
leading to a new type of HMI with more human-like characteristics.

This review intends to present the overall knowledge about the
advances of the HMI technologies with AI enhanced applications,
emphasizing on the mechanisms of piezoresistive, capacitive, piezo-
electric, and triboelectric effects, with common materials (Table I).
Their significances and evaluations are addressed with the correspond-
ing research studies that are categorized into multi-dimensional con-
trollers, multipixel touchpads, and e-skins, as well as gloves. Next, the
improvement with the aid of ML is investigated with various practical
applications. Finally, the potential development trends of HMI as an
integrated platform with e-skin and the neuromorphic system are
mentioned as a prospect for the future research.

II. WORKING PRINCIPLES OF PHYSICAL TACTILE
SENSORS
A. Piezoresistive mechanism

The piezoresistive effect refers to the transferring of the mechani-
cal force or deformation into the variation of resistance as shown in
Fig. 2(a). In general, there are several specific mechanisms that can be
addressed in this phenomenon.52 First is the variation of the resistivity
of the material itself under the applied force, such as silicon or other
semiconductors, as the stress can modify the bandgap to affect the
mobility of carriers.53 Second, the resistance of the piezoresistive sen-
sor also depends on the geometry; in another word, the shrinkage of
the cross-section area of the conduction path will induce an increase
in the resistance.54 Third, the rearrangement of particles under applied
force can modify the conduction path by either percolation or quan-
tum tunneling, and the resistance varies.55 A general equation to
define the resistance of piezoresistive sensor can be written as

R ¼ qL
wt
;

where R is the resistance, q is the resistivity, and L, w, and t are the
length, width, and thickness of the resistor, respectively. Piezoresistive
sensors are usually featured with high sensitivity,56 wide working
ranges, low cost, and easy fabrication process,57 as well as the relatively
simple readout electronics.58 Several groups of materials are studied as
resistive components,59 such as doped silicon,60–62 carbon based mate-
rials,5,63,64 liquid metals or ionic liquid,65 and conductive poly-
mers.66,67 However, there are also several drawbacks worth to be
further studied, including the hysteresis and temperature sensitivity.33

B. Capacitive mechanism

Capacitive sensors can be defined as the change in capacitance in
response to the mechanical stimulus.68 In Fig. 2(b), a typical capacitive
sensor consists of a dielectric layer sandwiched by two counter electro-
des,69 and the corresponding capacitance can be calculated using the
following equation:

C ¼ e0erA
d

;

where C is the parallel plate capacitance, er is the relative dielectric
constant (permittivity) of the material, e0 is the vacuum dielectric con-
stant (permittivity) of free space, A is the area of the plate, and d is the
distance between the two electrodes, respectively. Once the sensor
experiences the applied force, the area (A) or the distance (d) or both
of them vary due to the deformation,70 and hence, the capacitance
changes accordingly. Capacitive sensors usually have good sensitivity71

and frequency response;72 moreover, they possess good temperature
tolerance compared to resistive sensors.73 In contrast, the poor signal
to noise ratio is the drawback need to be considered. Additionally, in
terms of materials science, the dielectric materials are frequently stud-
ied to optimize the dielectric constant to enable the better sensitivity,
from the commonly used air gap,74 elastomers,75 to SiO2,

76 polyi-
mide,77 ionic solution,78 and 3D fabrics.79 Hence, the sensitivity can
also be tuned by materials engineering for altering er.

C. Piezoelectric mechanism

The piezoelectric effect can be described that a certain material
with an asymmetry crystal structure will experience the electric charge
accumulation and release in response to the applied mechanical forces
due to polarization of its electric dipole moment as illustrated in Fig.
2(c).80 The piezoelectric effect is a reversible process, and hence, piezo-
electricity is a dual-way coupling between the mechanical and electri-
cal behaviors of materials belonging to certain classes, particularly
ceramics, crystals, and some polymers.81,82 For many piezoelectric
materials, the polarization process is necessary to induce their piezo-
electric response by modifying the randomly oriented domains
through applied DC voltage.83,84 As an indicator of the piezoelectric
material performance, d33 and d31 are two most frequently used
parameters based on the charge collection directions. d33 refers to the
force applied along the polarization axis and is impressed on the same
surface on which the charge is collected. d31 indicates that when the
charge is collected on the same surface, the force is applied perpendic-
ular to the polarization axis. Additionally, the piezoelectric constant
can be affected by using crystals approaching phase-transition
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conditions to increase dielectric permittivity and crystal cutting angles
to the polarization direction and enhancement of domain wall mobili-
ties by doping with ion additives or strain engineering.85 The common
applied materials include polyvinylidene fluoride (PVDF),86–88 lead
zirconate titanate (PZT),89 ZnO,90 AlN,91 and BaTiO3.

92

D. Triboelectric mechanism

Similar to the piezoelectric effect, the triboelectric sensor as
another self-powered sensor also converts the mechanical force into
electrical energy. To be more specific, the triboelectric effect refers to
the charge transfer induced by physical surface contact and separation
of two dissimilar materials with different electronegativities via contact

electrification since the opposite electrostatic charges can be formed
on both two materials during contact, and the consequent compensat-
ing charges will be accumulated on the electrodes of the corresponding
materials after separation. The whole process leads to the charges flow-
ing through the external circuit as the electrical signal in response to
the mechanical stimuli. Hence, the triboelectric nanogenerator
(TENG) was first developed as a power supply and then realized the
application on the self-powered sensors.93,94 The primary research also
categorized the triboelectric mechanisms into several basic modes,
known as contact-separation mode [Fig. 2(d)],95–97 contact-sliding
mode,98 single electrode mode,99 and freestanding mode,100 which
mainly refer to two types of motions, vertical or lateral motion, with
two types of connections, single electrode for one triboelectric layer or

FIG. 2. Working principles of tactile sensors. (a) Piezoresistive mechanism: (i) pressure sensor using silicon nanowires62 [Reproduced with permission from Zhang et al., Appl.
Phys. Lett. 100, 023111 (2012). Copyright 2012 American Institute of Physics.], (ii) flexible sensor patch for the blood pressure measurement5 [Reproduced with permission
from Luo et al., Adv. Funct. Mater. 26, 1178 (2016). Copyright 2015 John Wiley and Sons.], and (iii) piezoresistive tactile sensor using carbon fibers64 [Reproduced with permis-
sion from Park et al., Microelectron. Eng. 86, 1250 (2009). Copyright 2019 Elsevier.]. (b) Capacitive mechanism: (i) capacitive tactile sensor with sparse and high-aspect-ratio
microstructures77 [Reproduced with permission from Wan et al., Adv. Electron. Mater. 4, 1700586 (2018). Copyright 2018 John Wiley and Sons.], (ii) epoxy resin based sensor
for the strain measurement70 [Reproduced with permission from Matsuzaki et al., Sens. Actuators, A 140, 32 (2007). Copyright 2007 Elsevier.], and (iii) finger design for three-
axial force measurements145 [Reproduced with permission from Dobrzynska and Gijs, J. Micromech. Microeng. 23, 015009 (2013). Copyright 2013 IOP Publishing, Ltd.]. (c)
Piezoelectric mechanism: (i) screen printed piezoelectric array for touch and force sensing86 [Reproduced with permission from Emamian et al., Sens. Actuators, A 263, 639
(2017). Copyright 2017 Elsevier.], (ii) piezoelectric insole for the pressure mapping system88 [Reproduced with permission from Deng et al., Adv. Funct. Mater. 28, 1801606
(2018). Copyright 2018 John Wiley and Sons.], and (iii) cotton sock using the piezoelectric sensor array for the pressure measurement8 [Reproduced with permission from Zhu
et al., ACS Nano 13, 1940 (2019). Copyright 2019, American Chemical Society.]. (d) Triboelectric mechanism: (i) power-generating shoe insole based on triboelectric nanogen-
erators95 [Reproduced with permission from Zhu et al., Nano Energy 2, 688 (2013). Copyright 2013 Elsevier.], (ii) a static and dynamic motion sensor based on micro-grated tri-
boelectrification98 [Reproduced with permission from Zhou et al., Adv. Mater. 26, 1719 (2014). Copyright 2013 John Wiley and Sons.], and (iii) a transparent flexible graphene
triboelectric nanogenerators104 [Reproduced with permission from Kim et al., Adv. Mater. 26, 3918 (2014). Copyright 2014 John Wiley and Sons.].
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double electrodes bridging two triboelectric layers. The selection of
materials with a greater difference in electronegativity is essential to
attain as larger triboelectric output as possible. Some typical candidates
include polyethylene terephthalate (PET), poly tetra fluoroethylene
(PTFE), fluorinated ethylene propylene (FEP), nitrile, silicone, polydi-
methylsiloxane (PDMS), metals (Cu, Al, Ni, etc.), graphene, glass, fab-
ric, skin, and water.101–104 In addition, surface or interior
microstructure engineering will further enhance the performance via
increasing the effective area for charge preservation.105–107

III. HMIS USING PHYSICAL TACTILE SENSORS
A. Tactile sensor based multi-dimensional controllers

With the mentioned various physical sensing mechanisms,
numerous designs of sensors were fabricated to fully utilize their sens-
ing capabilities and serve better in different scenarios of human
machine interactions. Piezoresistive sensors are frequently adopted in
the MEMS area for detecting the pressure, with the advantages of high
sensitivity and spatial resolution, as well as the matured fabrication
technique. The classic pressure sensor usually has a diaphragm with
the sensors at positions where the maximum strain occurs or possesses
the cantilever structure.140 The designs of realizing the triaxial tactile
sensing were reported frequently.109,141 As illustrated in Fig. 3(a), a
structure of the PDMS cap with specific microstructures, i.e., pyramid,
pillar, and ring, is fabricated to improve the sensitivity. The symmetric
crossing design of four piezoresistive sensors under the PDMS cap
offered the detection of normal and lateral force in multiple direc-
tions.10 Alternatively, the design of top and side wall piezoresistors
shown in Fig. 3(b) can also measure the in-plane and out-of-plane
loads.56 For the idea of crosstalk free, a silicon-based sensor consisting
of three pairs of piezoresistive beams with sidewall doping was
reported by Takahashi et al. One pair of surface doped beams is in
charge of normal stress detection, and two pairs of sidewall doped
beams serve as shear stress sensors for two directions with orthogonal
arrangement [Fig. 3(c)]. The inner sidewall doping strategy for both
beams in a single pair can provide the compensation effect under
external influences using the bridge circuit.53 In Fig. 3(d), Yan et al.
developed the stretchable PDMS with a graphene based piezoresistive
material, which can be utilized as the strain sensor.54 Using the micro-
fluidic channel in Fig. 3(e), the protrusion of conductive liquid such as
eutectic gallium indium (eGaIn) caused by multidirectional forces can
also be applied for making triaxial sensors by measuring resistance
changes by two arc-shaped microfluidic channels and a centered
dome protrusion.27 Meanwhile, the microfluidic channel is developed
to be a strain sensor as depicted in Fig. 3(f) as well.142

Most of the time, piezoresistive sensors experience the tempera-
ture sensitive issues as mentioned before. The capacitive sensor as
another type of conventional physical sensor shows its own advantage
while maintaining high sensitivity. As shown in Fig. 4(a), elastomers
or air gaps are typical dielectric layers to ensure the deformability
under applied forces. Similarly, there are usually four electrodes
designed for measuring both normal and in-plane shear forces. A
bump layer can be added to engage with the lateral interaction effec-
tively.143,144 Additionally, Dobrzynska et al. reported a flat and flexible
triaxial sensor with finger shaped capacitive plate design in Fig. 4(b).
Unlike the asymmetric deformation of dielectric layers mentioned pre-
viously, the shear force causes the finger electrode to slide in parallel to
the bottom electrode, and the overlapping area is, then, varied to

induce the change in capacitance. The orthogonal design of the finger
electrode ensures that there is only one pair of electrodes responding
to the uniaxial shear, and another pair remains unchanged.145

Interestingly, by utilizing the ionic solution, the structure of the micro-
fluidic channel can also be adopted for capacitive sensing. For
instance, Fig. 4(c) shows a triaxial tactile sensor developed by Nie et al.
using the detection of the capacitive changes of an electrical double
layer at an electrolyte–electrode interface, which consists of two paral-
lel plates. The membrane can be deformed under pressure and lead to
the expansion of the conductive electrolyte, which eventually alters the
capacitance as the tactile sensing signal.78 A textile-based pressure sen-
sor made by a thread consists of poly(styrene-block-butadien-styrene)
(SBS) coating on poly(p-phenylene terephthalamide) (Kevlar) fiber
and covered with Ag nanoparticles has also been reported, with a sen-
sitivity of 0.21 kPa�1 and a relaxation time less than 10ms.72

As a well-known transducer, the piezoelectric sensor can directly
convert mechanical force into an electrical signal, which paves the way of
making the facile designed tactile sensor. The simple cantilever or mem-
brane structure for detecting vibration or pressure has been studied for a
long time. Afterwards, diversified motion or tactile sensors were, then,
fabricated. As shown in Fig. 5(a), a tactile sensor for detecting the lateral
motion was presented by Chuang et al. The device consists of a PVDF
film and silicone rubber attached to a flexible printed circuit (FPC) sur-
face and encapsulated by PDMS. Hence, the dynamic lateral movement
can lead to tensile and compressive stress on opposite electrodes.146 In
Fig. 5(b), a tri-axial tactile sensor made of a PVDF film sandwiched by
four upper electrodes and a single lower electrode was reported. The
truncated pyramid PDMS bump delivers the multi-directional force on
piezoelectric elements to create the charge variations on different electro-
des for identifying the tactile information.147 With the same four elec-
trode design, another tactile sensor was proposed by Chen et al. with the
addition of the P(VDF-TrFE) layer. This piezoelectric layer possesses a
micro-pillar structure made of hot pressing and bonded with the top
bump layer.148 Similarly, by using the PVDF film attached on PDMS and
a centered bump, the symmetrically attached PVDF film can generate
different piezoelectric waveforms corresponding to the normal and shear
force due to the variation between tensile and compressive forces.128

Triboelectric based tactile sensors show a dramatic increase in
relevant research due to the extensive options of materials and the cor-
responding customizable design of structures from specific operation
mode.149 The demonstrated applications range from typical sensors of
pressure, strain, and displacement, to accelerometers and gyro-
scopes.103,150–152 Although most of the proposed devices do not have
the comparable sensitivity against those piezoresistive or capacitive
sensors, the self-generated signal and its large output provide great
ease of power management and readout circuit.153 In Fig. 6(a), Wu
et al. realized the quantification of the angle measurement by fabricat-
ing a quasi-static triboelectric sensor. The rotator is featured with sev-
eral layers of rings with equally arrayed sectors on each ring. The
angular information is, then, reflected by the output voltage, which
relies on the design of Cu foil sectors on the rotator.154 A 3D controller
shown in Fig. 6(b) has been developed by Chen et al. with a triaxial tri-
boelectric sensor consists of four quadrants of the PTFE electrification
layer and a suspended touching sphere fabricated by liquid metal and
PDMS. By pushing the sphere, it can contact with the PTFE layer and
generate the triboelectric output, and the directions can be defined via
collected signals from those four quadrants. In addition, the dual sided
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TABLE I. Summary for piezoresistive, capacitive, piezoelectric, and triboelectric sensors in tactile sensing.

Sensor type Materials Ref. Application Sensitivity Sensing range

Piezoresistive Liquid metal (eGaIn,
Galinstan)

108 Tactile sensor (2� 20) � 10�3 kPa�1 2–400 kPa
33 Tactile, bending, and pulse

sensor
0.0835 kPa�1 100 Pa–50 kPa

Metallic nanoparticles
(Au and Ni) 109 Multi-axial sensor 0.037%/mN (normal)

0.036%/mN (shear: x-
axis), 0.048%/mN (shear:

y-axis)

<300 mN
CNTs (coating, dopant,
and liquid crystal)
Graphene
Carbon 110 Tactile sensor array �1.10 kPa�1 <21 kPa

111 Bending-insensitive pressure
sensor array

… <10 kPaConductive polymer
(PEDOT:PSS)

55 Tunable tactile sensing array … 0 to 200 kPa
112 Tactile sensor for texture

sensing
�3.26 kPa�1 <300 kPaSilicon based

113 Pressure sensors 10.3 kPa�1 0.37–5.9 kPa
114 Monitoring human physiologi-

cal signals
1.80 kPa�1 <1.2 kPa

54 Strain sensor 7.1 at 100% strain …

Capacitive 3D fabric 79 Tactile system for robots 0.86–2.50 fF/kPa <160 kPa
Air gap 115 Tactile sensor for a robotic

finger
0.068 fF/mN <1.7 N

116 Pressure sensor array 0.55 kPa�1 <15 kPa
Elastomer (PDMS, Ecoflex) 117 Plantar pressure sensor in

shoes
6.8%/N <945 kPa

118 Normal and shear force sensor 2.5%–3.0%/mN 0–131 kPa
SiO2 74 Pressure sensor array 6.55% kPa�1 Tunable

76 Pressure sensor array 1.78 � 10� 3
�9.65 � 10� 5 kPa�1

0–1.6 MPaFoam
PHB-PHV

119 Pressure sensor array … <1 kPa
Polystyrene 120 E-skin for normal and shear

force sensing
0.04–0.19 kPa�1

(normal) 3.0 Pa�1 (shear)
<100 kPa

Polyimide
121 Tactile sensor for e-skin 0.815 kPa�1 0–50 NIonic solution
77 Tactile Sensor for e-skin 1.2 kPa�1 <10 kPa
71 Pulse signal measurement 0.55–0.58 kPa�1 <5 kPa
78 3D force sensor 29.8 nF/N <4.2 N
75 Static and dynamic strain

mapping
1.45 MPa�1 <110 kPa

Piezoelectric BaTiO3 122 Wearable physiological sensing 1.44 V�N�1 0.15� 25 N
123 Movement monitoring and e-

skin
… 800 Pa–62.5 kPaP(VDF-TrFE)

124 Mimic somatic cutaneous
sensor

0.21 V kPa�1 <1 kPa

PVDF 125 Pulse monitoring 0.018 kPa�1 1–30 kPa
126 Stretchable sensor for angular

velocity, angle, joint motion,
and environmental vibration

… …
PZT
PbI2

127 Strain sensing … 0–0.339%PVDF/ZnO nanofiber
P(VDF-TrFE)/BaTiO3 90 Bending motion sensor for

gesture
4.4 mV deg�1, 0.33 V

kPa�1
44� to 122�, 1–30 kPa
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design of sensors can even achieve the rotation control along 3 axes.99

As the triboelectric output is correlated with the contact force (defor-
mation) and contact speed, different types of force sensors, speed sen-
sors, gyroscopes, and accelerometers were demonstrated with their
own features. A self-powered gyroscope ball was designed as a big
ball-shaped case with four inner PTFE triboelectric layers that con-
tained steel balls, as illustrated in Fig. 6(c). Human motions or other
mechanical stimuli can cause the rolling of steel balls inside the case
and generate the triboelectric output during the contact with PTFE
layers. The rotation direction and motion intensity are, then, deter-
mined through the corresponding activated layer and the output
amplitude.155 Likely, the wrist band was also fabricated using the

motion induced momentum.156 Pu et al. utilized the sliding of the pat-
terned structure to quantify the linear motion. As shown in Fig. 6(d),
the tensile displacement at the finger joint due to bending is able to be
detected by the joint motion triboelectric quantization sensor. With
the gratings and the block coupled freestanding mode, the pro-
posed sensor not only measures the bending degree via counting
the output peaks but also identifies the bending directions using
the same output waveforms, and the real-time robotic hand
manipulation is effectively realized.157 A micromotion sensor inte-
grated glass was also reported [Fig. 6(e)]. By utilizing the skin
motions at the corners of eyes, a facile designed triboelectric
micromotion sensor can successfully obtain the output signals

TABLE I. (Continued.)

Sensor type Materials Ref. Application Sensitivity Sensing range

PMN-PT 84 Self-powered micro-
mechanical elements to self-
balancing robots and sensitive
impact detectors

0.41–1.1 VkPa�1 <2 kPa

ZnO
AlN 89 Measuring radial artery

augmentation index
and pulse pressure
velocity

0.005 Pa <10 Pa

92 Detecting air pressure
and human vital signs

37.1–257.9 mV N�1 5–60 N

128 Human motion sensor 1.5 � 10� 5 V mN�1 8–24 N
129 Digital imaging of mechanical

signals
12.88 GPa�1 …

91 Human motion sensing … …

Triboelectric Elastomer (silicone,
PDMS)

130 E-skin with multidimensional
mechanical sensing, bending,
and touching

34 mV Pa�1 <1.7 kPa

Hydrogel
131 Active tactile sensing array 0.0778–1.029mm�1 …

Graphene
Polymer (PET, PTFE, FEP,
and nitrile)

102 Mapping the touch location
and shape of object

0.08–0.008 kPa�1 2–160 kPa

132 Touchpad 4.4 Pa …
Functionalized fabric
[black phosphorus (BP),
and PEDOT:PSS]

133 Mimic finger skin for texture
sensing

0.04–1.63 kPa�1 <100 kPa

Metal (Ag, Cu, Al, Ni, etc.) 134 Tactile sensor array 2.82 V MPa�1 0.3–612.5 kPa
34 Tactile sensor array 0.06 kPa �1 1–80 kPa
135 Tactile sensor 44 mV–1.1 V Pa�1 <10 kPa

Glass
136 Tactile sensor 0.013 kPa�1 1.3–70 kPa

Liquid (water, ionic solu-
tion, and liquid metal)

137 Textile based sensor … …
138 Smart clothes for healthcare

monitoring
… 10%–160% (strain)

94 Acceleration sensor 0.26 V�s�m�2 0 to 60 m�s�2
139 Flow sensor … …
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triggered by blinking of eyes, which assist the disabled patients in
controlling of appliances.158 In Fig. 6(f), a similar design can also
be applied to insoles for realizing the gait monitoring.159

B. Tactile sensor based multipixel touchpad and e-skin

Except the tactile sensors with specialized designs of structures,
the touchpad or skin patch related research studies have become one

of the major trends for having large area mapping of stimuli or confor-
mal wearable devices to improve the intuitiveness of HMIs.

1. Piezoresistive approach

As one of the basic and conventional transducers for force sensing,
piezoresistive sensors offer high sensitivity, compact size, and good sta-
bility.160,161 Many of the current proposed designs illustrated the

FIG. 3. Piezoresistive-based multi-dimensional tactile sensors for the HMI. (a) Triaxial tactile sensor with elastic microstructures pressing on piezoresistive cantilevers, with the
mechanisms of sensing normal and lateral loads.10 Reproduced with permission from Thanh-Vinh et al., Sens. Actuators, A 215, 167 (2014). Copyright 2014 Elsevier. (b)
Tunable triaxial tactile sensor using the polymer composite membrane, with the red parts indicating the sensing units.56 Reproduced with permission from Wen et al., Sens.
Actuators, A 145–146, 14 (2008). Copyright 2007 Elsevier. (c) Triaxial tactile sensor using beam pairs with sidewall doping for reducing crosstalk and relationship between the
shear stress angle and the sensor response.53 Reproduced with permission from Takahashi et al., Sens. Actuators, A 199, 43 (2013). Copyright 2013 Elsevier. (d)
Piezoresistive graphene–nanocellulose nanopaper for strain sensors.54 Reproduced with permission from Yan et al., Adv. Mater. 26, 2022 (2014). Copyright 2013 John Wiley
and Sons. (e) Tactile sensor with the microfluidic channel and liquid metal for haptic perception.27 Reproduced with permission from Yeo et al., Adv. Mater. Technol. 2,
1700006 (2017). Copyright 2017 John Wiley and Sons. (f) A microtubular epidermal sensor with liquid metal and the monitoring of wrist arterial pulse.142 Reproduced with per-
mission from Xi et al., Adv. Mater. Technol. 2, 1700016 (2017). Copyright 2017 John Wiley and Sons.
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sandwiched structure for piezoresistive materials and conductive elec-
trodes.112,162 As shown in Fig. 7(a), a PDMS/MWCNT-based resistive
tactile sensor array was presented by Wang et al. The piezoresistive
layers are designed with a micro-pyramid structure to improve the sen-
sitivity. The isolation of the adjacent sensing unit also guarantees the
insignificant crosstalk problem for sensor arrays.110 Furthermore, the
research on carbon nanotubes (CNTs) dispersed in nematic liquid crys-
tals (LCs) as piezoresistive materials has been reported by Lai et al., as
their electrical state can be switched between insulating and conducting
states by varying the molecular orientation under the electric field.
Eventually, by filling the PDMS structure with LC-CNT composites and
sandwiched with indium tin oxide (ITO) conductive glass, a tactile array
of tunable sensing ranges is fabricated. The variation of force sensing
ranges is realized by changing the driving frequency of the oscillating
voltage supply, i.e., 1 kHz for 125 to 200 kPa, 3 kHz for 50 to 150kPa,
and 5kHz for 0 to 60kPa.55 Alternatively, the resistance response to

mechanical stimuli can also be achieved via the introduction of internal
microstructures for altering the conductivity under the deformation
resulted from the applied force.113 A bioinspired interlocked microstruc-
ture from epidermal-dermal ridges in human skin reported by Park
et al. is applied to enhance the sensing capability as illustrated in Fig.
7(b). Further analysis of its deformation patterns indicates that the sen-
sor can identify the directional mechanical stimuli applied along differ-
ent axes.163 In Fig. 7(c), a piezoresistive tactile sensor array was
proposed by using piezoelectric rubber and elastomer with the disper-
sion of electric conductive particles. The sensor array shows a smooth
force–resistance characteristic from 10 to 250kPa with little relaxation
and a response time of 1 to 3ms.164 In the meantime, it is noted that
many of these sensors have a relative thicker structure in order to main-
tain their sensitivities and sensing ranges. To the e-skin aspect, the opti-
mization of the dimension and the physical properties gradually
become the critical issues for the next advancement. However, many

FIG. 4. Capacitive-based multi-dimensional tactile sensors for the HMI. (a) A triaxial tactile sensor using a capacitive polymer sensor consists of bump and air gaps, with the
red parts representing electrodes.144 Reproduced with permission from Lee et al., J. Micromech. Microeng. 21, 035010 (2011). Copyright 2011 IOP Publishing Ltd. (b) Finger
design for three-axial force measurements; the finger-like electrodes form capacitors C1–C4 enabling the sensitivity to 3-axial force.145 Reproduced with permission from
Dobrzynska and Gijs, J. Micromech. Microeng. 23, 015009 (2013). Copyright 2013 IOP Publishing, Ltd. (c) A microfluidic capacitive tactile sensors with ionic solution for three-
dimensional contact force measurements.78 Reproduced with permission from Nie et al., Lab Chip 14, 4344 (2014). Copyright 2014 The Royal Society of Chemistry.
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conventional piezoresistive materials suffer from poor resistance stability
when there is a limitation in thickness. As a solution, a tactile sensor
array was prepared by blending a conductive polymer, poly(3,4-ethyle-
nedioxythiophene): polystyrene sulfonate (PEDOT:PSS) with polyacryl-
amide (PAM) hydrogel, which has a thickness of 800lm while
obtaining the sensing resolution of 0.01N.165 In terms of wearable
HMIs, the functionalized fabrics receive increasing attention as the con-
sideration of daily wearing of clothes. Various coatings are utilized for
the treatment, such as CNT, conductive polymer solution, and metals.
For example, as shown in Fig. 7(d), a wearable sensor comprising car-
bon nanotubes (CNTs) and Ni coated fabrics in a hierarchical multi-
layer structure was developed as the wearable tactile sensor and key-
board. This fabric sensor shows a high sensitivity of 26.13kPa�1 within
a wide pressure range of 0.2 to 982kPa.166 On the other hand, instead of
multi-dimensional sensing, there is also a need of conducting the uniax-
ial force measurement without the effect from other directions. Lee et al.
presented the composite nanofibers made from CNTs and graphene
particles dispersed in the fluorinated copolymer for fabricating a trans-
parent and bending insensitive piezoresistive pressure sensor with only
2lm thick as shown in Fig. 7(e). The nano-porous structure ensures the
small sensitivity to the bending strain down to the bending radius of
80lm but still possesses a high sensitivity and conformability.111

In the case of the aforementioned HMI applications, various sur-
face topologies and geometries raise the challenges to the adaptability
and stability of piezoresistive sensors. Microfluidic devices then con-
tribute their own advantages on the diversified designs of wearable
sensors, which mainly consist of flexible or even stretchable microflui-
dic channels and specific functional fluids,167 including liquid metals
and ionic liquids. To obtain a good mechanical response, stable con-
ductivity, and low hysteresis, several properties are crucial to fluidic,
i.e., dynamic viscosity, vapor pressure, and conductivity. For enabling
the large area dynamic pressure mapping, in Fig. 7(f), a transparent
microfluidic resistive sensor was developed using ethylene glycol (EG)
fluid contained in a thin microfluidic film made by the PET substrate
and ITO electrodes. For a thickness of 200lm, the sensor can reach a
sensitivity up to 0.45 kPa�1 with a rapid response time of �ms level.

This so-called Microflotronic demonstrated its application on the
radial artery measurement and touch screen pressure mapping.168

2. Capacitive approach

The capacitive tactile sensor possesses several advantages includ-
ing high sensitivity, temperature independent, transparency,169 and
stretchability.170 It also has relatively low power consumption com-
pared to the resistive sensor. However, many of those reported research
studies are still suffering from the issues of hysteresis, complicated fab-
rication process, high costs, and low yields, which are drawing the
attention to overcome.119 A modular system for large area tactile sen-
sors uses a deformable 3D fabric to enable low hysteresis and high sen-
sitivity.79 As an alternative solution, a wearable and flexible sensor
array was developed for detecting the pressure and strain. By using the
elastomer as the dielectric layer, a PDMS/Ag/Ecoflex/Ag/PDMS sand-
wiched structure was demonstrated by Zhao et al. [Fig. 8(a)] with high
stretchability, owing to the serpentine-shaped interconnection between
each sensing unit. The proposed sensor array offers both static and
dynamic pressure mapping with a detection limit of 6Pa while main-
taining 70% stretchability.75 On the other hand, the air gap is also fre-
quently applied as the dielectric layer for flexible sensors, which is
attributed to their high deformability compared to those of elastomer-
based layers. As a result, it can greatly enhance the sensitivity under
various pressures. Hence, as illustrated in Fig. 8(b), a tactile sensor array
composed of monolayer graphene electrodes separated by spacers of
SU-8 was developed. Together with a polyethylene terephthalate (PET)
substrate and a PDMS insulation layer, the tactile sensor featured with
both mechanical flexibility and optical transparency, and the sensitivity
reaches 6.55% kPa�1.74 Owing to the design individual air gap, the
crosstalk issue can also be minimized, which may facilitate the applica-
tion on pressure mapping and robotic skin.35 The bio-inspired molding
for micro-patterning can further increase the sensitivity.121 In addition,
to fully achieve the capability of measuring and discriminating both
normal and shear forces in real time for mimicking the physical sensa-
tions of skin, the bioinspired design of the microstructure of sensing

FIG. 5. Piezoelectric-based multi-dimensional tactile sensors for the HMI. (a) A flexible tactile sensor with structural electrodes for detecting the incident slippage and friction
coefficient.146 Reproduced with permission from Chuang et al., Sen. Actuators, A 188, 48 (2012). Copyright 2012 Elsevier. (b) A piezoelectric tactile sensor for the dynamic
three-axis force measurement and the working mechanisms.147 Reproduced with permission from Yu et al., Sensors 16, 819 (2016). Copyright 2016 MDPI.
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unity becomes another trend. In Fig. 8(c), as presented by Boutry et al.,
a hierarchically patterned three-dimensional structure that mimics the
interlocked dermis-epidermis interface in human skin was reported.
The device consists of CNT electrodes embedded in a polyurethane
(PU) matrix and a thin film polyhydroxybutyrate-polyhydroxyvalerate
(PHB-PHV) dielectric layer. The sensitivity of shear and normal force

detection was 3.06 0.5 Pa�1 and 0.046 0.001 kPa�1 (10<P < 20
kPa). With further optimization referring to the spatial organization of
sunflower florets for the design of the positioning of the internal pyra-
mids, the signal to noise ratio and sensitivity are improved.120 As a way
to further boost the sensitivity and response time, the organic field-
effect transistors are integrated into the microstructure patterned

FIG. 6. Triboelectric-based multi-dimensional tactile sensors for the HMI. (a) A disk-shaped angle measurement sensor based on the patterned TENG and the outputs from
four triboelectric layers (L1–L4) during rotation.154 Reproduced with permission from Wu et al., Adv. Funct. Mater. 25, 2166 (2015). Copyright 2015 John Wiley and Sons. (b) A
triboelectric 3D-control sensor using quadrant electrodes and elastomer touch point.99 Reproduced with permission from Chen et al., Nano Energy 51, 162 (2018). Copyright
2018 Elsevier. (c) A gyroscope ball with encapsulated multiple steel balls using a triboelectric mechanism and the signals from motions of four directions.155 Reproduced with
permission from Shi et al., Adv. Energy Mater. 7, 1701300 (2017). Copyright 2017 John Wiley and Sons. (d) Rotation sensing and gesture control of a robot joint via a triboelec-
tric quantization sensor and the individual output of the grid part and block part, as well as the combined output.157 Reproduced with permission from Pu et al., Nano Energy
54, 453 (2018). Copyright 2019 Elsevier. (e) Eye motion triggered self-powered mechnosensational communication system using a triboelectric nanogenerator.158 Reproduced
with permission from Pu et al., Sci. Adv. 3, e1700694 (2017). Copyright 2017 American Association for the Advancement of Science. (f) A triboelectric nanogenerator-based
smart insole for multifunctional gait monitoring.159 Reproduced with permission from Lin et al., Adv. Mater. Technol. 4, 1800360 (2019). Copyright 2019 John Wiley and Sons.
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pressure sensor and obtain a sensitivity of 0.55 kPa�1 at a response
time of 10–100 times faster than that of the previously reported
sensor.116

Moreover, the capacitive tactile sensors with multiple functions
also attract more and more attention due to the necessity of acquiring
comprehensive information, as illustrated in Figs. 8(d) and 8(e).

A transparent sensor high resolution sensor array was reported by An
et al. in Fig. 8(d) for multiplexed detection of tactile pressure of finger
print and finger skin temperature. The flexible electrodes utilize ultra-
long silver nanofibers (AgNFs) and fine silver nanowires (AgNWs) to
achieve a resolution of 318 capacitors per inch (CPI) and a transpar-
ency of 89.05%, which is applicable for the security authorization of

FIG. 7. Piezoresistive-based skin patch and multi-pixel tactile sensor array. (a) A PDMS/MWCNT-based tactile sensor array with coplanar electrodes for crosstalk suppression
and the response of the sensor to three continuous droplets.110 Reproduced with permission from Wang et al., Microsyst. Nanoeng. 2, 16065 (2016). Copyright 2016 Springer
Nature. (b) A stretchable electronic skin with interlocked microstructures.163 Reproduced with permission from Park, Lee et al., ACS Nano 8, 12020 (2014). Copyright 2014
American Chemical Society. (c) A flexible tactile sensor using conductive threads and piezoresistive rubber.164 Reproduced with permission from Drimus et al., Rob. Auton.
Syst. 62, 3 (2014). Copyright 2014 Elsevier. (d) A hierarchical fabric-based tactile sensor with the demonstration of wearable touchpad.166 Reproduced with permission from
Pyo et al., Adv. Funct. Mater. 29, 1902484 (2019). Copyright 2019 John Wiley and Sons. (e) A transparent bending-insensitive pressure sensor.111 Reproduced with permission
from Lee et al., Nat. Nanotechnol. 11, 472 (2016). Copyright 2016 Springer Nature. (f) A flexible microfluidic film for pressure sensing.168 Reproduced with permission from Li
et al., Adv. Funct. Mater. 24, 6195 (2014). Copyright 2014 John Wiley and Sons.
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smartphone and door access, as it can differentiate the artificial finger-
print via simultaneous temperature sensing.76 In Fig. 8(e), this multi-
functional e-skin possesses more capabilities, including strain,
pressure, temperature, light, humidity, and magnetic field. With the
aid of the meandered interconnectors, the proposed e-skin can main-
tain its good performance under ultra large stretching.21

3. Piezoelectric approach

A self-powered transducer can directly generate electric signals
from external mechanical forces, such as normal and shear forces, as
well as strain.127,171 The piezoelectric tactile sensor shows great advan-
tage of saving power consumption for wearable applications,83,90

FIG. 8. Capacitive based skin patch and multi-pixel tactile sensor array. (a) A wearable sensor array as e-skin for static and dynamic strain mapping and the response of the
sensor to three continuous droplets and writing trajectory.75 Reproduced with permission from Zhao et al., Adv. Electron. Mater. 1, 1500142 (2015). Copyright 2015 John Wiley
and Sons. (b) A crosstalk-free capacitive tactile sensor using graphene electrodes and air dielectric.74 Reproduced with permission from Pyo et al., Adv. Electron. Mater. 4,
1700427 (2018). Copyright 2017 John Wiley and Sons. (c) A hierarchically patterned e-skin for sensing the direction of applied pressure and the pressure mapping under both
normal and shear forces, as well as the position and measured capacitance of e-skin when entering each hole.120 Reproduced with permission from Boutry et al., Sci. Rob. 3,
eaau6914 (2018). Copyright 2018 American Association for the Advancement of Science. (d) A fingerprint sensor array with the detection of tactile pressure and skin tempera-
ture.76 Reproduced with permission from An et al., Nat. Commun. 9, 2458 (2018). Copyright 2018 Springer Nature. (e) A skin-inspired matrix network for multifunctional sens-
ing with the ultra-stretchable interconnectors.21 Reproduced with permission from Hua et al., Nat. Commun. 9, 244 (2018). Copyright 2018 Springer Nature.
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especially for large areas or multi-pixel arrays.8,87,172 In Fig. 9(a), Park
et al. reported a self-powered flexible piezoelectric pulse sensor made
by PZT using mechanical exfoliation and inorganic-based laser lift-off
processes. This high-quality piezoelectric film together with a plastic
substrate of 4.8lm thick can be conformally attached on human wrist.
The output voltage increases from 0.3 to 1.85V as the applied pressure
varies from 3.75 to 25 kPa. As a pressure sensitivity of 0.018 kPa�1, the
as-fabricated sensors can effectively detect the pulse signals and sound
pressure.125 Additionally, by integrating a SiNM n-channel MOSFET
as shown in Fig. 9(b), Dagdeviren et al. presented a PZT tactile sensor
array with a dramatic amplification of the piezoelectric voltage
response and converted into current output via capacitance cou-
pling. This device shows a sensitivity of 0.005 Pa and a response
time of 0.1ms, and the multiple placement of sensors can realize
the long-term pressure wave monitoring for diagnostics and ther-
apy of cardiovascular diseases.89 An active pulse sensing system

with a FEP/Ecoflex/FEP sandwich-structured piezoelectret is also
demonstrated in Fig. 9(c) as a pulse sensor.173 Due to the consider-
ation of biocompatibility and high fabrication cost, PVDF or
P(VDF-TrFE) is studied extensively for making wearable HMIs.
Unlike the MEMS process for other ceramic piezoelectric materi-
als, spin coating or electrospinning is commonly used to deposit a
thin film on a flexible substrate. A transparent multistage sensor
array with a crossbar design in Fig. 9(d) was reported for detecting
bending strain. Each sensing unit is sandwiched between two gra-
phene electrodes. The compressive and tensile strain can generate
varied output voltages, and subsequent local detaching and releas-
ing of the top electrode can be measured based on the electrostatic
balance. The groove-structure engineering on PDMS also improves
the sensitivity and performs the detection of motions of the human
body via strain, with the highest output voltage of 3 V under a
strain of 0.099% at 6.65 cm2.123 As PVDF also possesses the

FIG. 9. Piezoelectric-based skin patch or multi-pixel based self-powered tactile sensor array. (a) An epidermal piezoelectric sensor for arterial pulse monitoring.125 Reproduced
with permission from Park et al., Adv. Mater. 29, 1702308 (2017). Copyright 2017 John Wiley and Sons. (b) An amplified PZT-based sensor with an enhanced piezoelectric
response via an amplifier for cutaneous pressure monitoring.89 Reproduced with permission from Dagdeviren et al., Nat. Commun. 5, 4496 (2014). Copyright 2014 Springer
Nature. (c) A wearable piezoelectret sensing system for pulse diagnosis.173 Reproduced with permission from Chu et al., Adv. Funct. Mater. 28, 1803413 (2018). Copyright
2018 John Wiley and Sons. (d) A multistage PVDF piezoelectric sensation matrix and the pressure mapping during corner detachment.123 Reproduced with permission from
Zhang et al., ACS Nano 12, 254 (2018). Copyright 2017 American Chemical Society. (e) A PVDF piezoelectric sensor with an ionic channel and fingerprint design for mimick-
ing cutaneous mechanoreceptors with fast and slow adapting functions.124 Reproduced with permission from Chun et al., Adv. Mater. (2018). Copyright 2018 John Wiley and
Sons. (f) A paper-based active tactile sensor array.175 Reproduced with permission from Zhong et al., Adv. Mater. 27, 7130 (2015). Copyright 2015 John Wiley and Sons.
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temperature variation dependency, a single-electrode piezoelectric
sensor array with both pressure and temperature distribution map-
ping was developed by Wang et al. This research offers a better
method of mimicking the function of human skin. However, how
to decouple the signals generated by mechanical and temperature
changes still requires a further study.174 Advanced HMIs usually
need dexterity and fine spatial resolution corresponding to human
cutaneous mechanoreceptors. To duplicate the skin’s physical sen-
sory system, i.e., slow adaption (SA) and fast adaption (FA), these
two key features are realized by a piezoelectric layer and an ion
channel system accordingly. In Fig. 9(e), a structure of Au top elec-
trode þ PVDF film þ carbon coated aluminum (AL/C) bottom
electrode, together with the ion channel system, consists of polya-
niline (PANI) electrolyte þ pore polycarbonate (PCTE) mem-
brane, which was presented by Chun et al. The pulse-like
piezoelectric output corresponds to FA sensing of instantaneous
stimulus and the surface texture through a dynamic response. In
contrast, SA sensing is done by measuring the charge potential
during the changing of the ion concentration in the ion channel
when the stimulus was applied. Hence, SA can be achieved for
sensing the static loading force with the power supplied from the
stacked piezoelectric element. This integrated self-powered
somatic sensor demonstrates wide applications with a high sensi-
tivity of 0.21 V kPa�1, such as radial artery monitoring, detection
of grabbing and slipping, detection of texture, and braille num-
bers.124 Fig. 9(f) shows a paper-based tactile sensor array polypro-
pylene (PP) made of a piezoelectret film and paper substrates that
can be cut into customized sensing electronics.175

4. Triboelectric approach

The triboelectric nanogenerator as another transducer that can
transfer mechanical force into electricity has currently become a hot
topic for self-powered sensors. Specifically, for physical tactile and
strain sensors,176,177 wide choices of materials, low fabrication cost,
and large output signals benefit the design of wearable and large-scale
tactile sensors for HMI applications.135,178–181 As illustrated in Fig.
10(a), a self-powered high-resolution and pressure-sensitive triboelec-
tric tactile sensor array was proposed by Wang et al. for the real-time
visualization of touch actions and tracking of motion trajectories.
PDMS and PET are used as the electrification layer and dielectric layer,
respectively, with sputtered Ag as the pattern electrode arrays along
two axes for creating a sensing matrix. In the single electrode operation
mode, the triboelectric output can be induced by contacting the exter-
nal object or finger on the PDMS layer. By using a multi-switch scan-
ning method, voltage signals from both the corresponding row and
column electrodes can be measured when touching the intersection.
Hence, the cross-locating method can conduct pressure mapping and
trajectory tracing for touch screen, robotic skin, or prosthetics.34

Moving a step forward, the introduction of new materials will defi-
nitely facilitate the research studies on the wearability of sensors.182 To
obtain high stretchability and conformability, applying Ag nanofiber
(Ag NFs) electrodes on an elastomeric substrate via electrospinning
was studied for making an e-skin like triboelectric tactile sensor. In
Fig. 10(b), the multi-orientation of the Ag NFs played a significant role
in great stretchability compared to unidirectional NFs, with a 10%
increase in resistance at 100% strain. A demonstration of playing the

Pac-Man video game by finger touching proves the potential of being
the e-skin based HMI.34 However, the environmental humidity often
affects the triboelectric output due to the degradation of surface charge
so that these devices with single electrode mode may experience the
reliability issue. Therefore, in Fig. 10(c), Jiang et al. demonstrated a
waterproof triboelectric sensor with good encapsulation to solve the
problem.134 Consequently, the structure is designed to use the stan-
dard contact-separation mode with dual electrodes, and a patterned
PDMS film with top and bottom ITO electrodes is sealed by PET
films. The microstructure and the air gap can enhance the sensitivity
and sensing range under applied force, and the open-circuit voltage of
1.6136 0.036 V is obtained for 612.5 kPa loading force at 10mm/s,
which gives a sensitivity of 2.826 0.187 V/MPa.134 On the other hand,
the continuous increase in the sensor resolution, i.e., numbers of sens-
ing units, brings a huge burden to the signal readout and processing
circuit, which will consume more computing power and energy. The
minimalistic design with less electrodes or signal outputs is considered
as a promising method for the applications that do not require high
resolution. As a primary study, Chen et al. designed a 5� 5 silicone
based triboelectric sensor patch with only four electrodes and a grid
structure for trajectory sensing of finger touching and robotic control
as depicted in Fig. 10(d). Every two electrodes formed a pair of counter
electrodes located at the edge of the square patch, and hence, the finger
touching can induce different voltages on the counter electrodes due
to different separation distances from the touching point so that the
location can be defined by the voltage ratios of two pairs of counter
electrodes (X and Y axis), and the extra strip is used for Z axis con-
trol.184 By further optimizing the design of the electrode and the analy-
sis of the corresponding signal patterns, more functions can be
realized even with a single electrode. Several ideas of the electrode lay-
out were presented by Shi et al. in Fig. 10(e), such as the double-side
grid, spider net like, and ring shaped. According to this concept, the
numbers of grating and the width of each grating will generate the cor-
responding triboelectric signal peaks and the amplitude of those peaks,
which can all be collected from a single electrode. According to the
definition of each signal series, the advanced manipulation of machine
or virtual object can be done.185–187 Similar to other sensors, the tribo-
electric sensors are implemented by utilizing fabrics, making wearable
sensors. With the aid of various textile fabrication techniques, i.e.,
weaving, knitting, and single thread with coaxial and spiral structures,
diversified designs of triboelectric sensors can be achieved ranging
from one dimensional to three dimensional textiles.188 In Fig. 10(f), a
wool-based triboelectric fabric touchpad was fabricated by Jeon et al.
The Ni coated fabrics are applied as the electrodes for columns and
rows of sensing arrays. By writing with a PTFE stylus, the trajectory
can be tracked from those electrodes.189 The addition of other func-
tional materials can also bring more properties into the HMIs via the
coupling effect with triboelectric output, such as photonic skin.130,190

Noticeably, Zou et al. reported a bionic stretchable nanogenerator
(BSNG) that was inspired by an electric eel, as depicted in Fig. 10(g).
The PDMS and silicone based device possess a structure with multiple
ion channels connecting to the vacuum chamber, electrification liquid,
and the ionic solution electrodes. The stretching of BSNG opens the
channel and causes electrification liquid flows into the chambers due
to the negative pressure, thus resulting in a triboelectric output as the
liquid flows. Because of its good underwater performance, a self-
powered motion monitoring system for swimming suit was
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FIG. 10. Triboelectric based skin patch or multi-pixel based self-powered tactile sensor array. (a) A high-resolution triboelectric sensor matrix for tactile mapping and the map-
ping of writing trajectory.34 Reproduced with permission from Wang et al., Adv. Mater. 28, 2896 (2016). Copyright 2016 John Wiley and Sons. (b) A stretchable and transparent
triboelectric tactile sensor with metallized nanofibers for wearable electronics and the demonstration of game controlling.132 Reproduced with permission from Wang et al., Adv.
Mater. 30, 1706738 (2018). Copyright 2018 John Wiley and Sons. (c) A waterproof and transparent triboelectric tactile sensing panel.134 Reproduced with permission from
Jiang et al., ACS Nano 10, 7696 (2016). Copyright 2016 American Chemical Society. (d) A triboelectric elastomer wearable flexible patch as the 3D motion control interface
and the outputs of four electrodes during trajectory tracing.184 Reproduced with permission from Chen et al., ACS Nano 12, 11561 (2018). Copyright 2018 American Chemical
Society. (e) A triboelectric single-electrode-output control interface using the patterned grid electrode and the working mechanism.185 Reproduced with permission from Shi
et al., Nano Energy 60, 545 (2019). Copyright 2019 Elsevier. (f) A triboelectric touchpad using commercial fabrics with a crossline array.189 Reproduced with permission from
Jeon et al., Nano Energy 65, 103994 (2019). Copyright 2019 Elsevier. (g) A bionic stretchable nanogenerator for underwater sensing and energy harvesting and the demon-
stration of operation of electrification liquid.191 Reproduced with permission from Zou et al., Nat. Commun. 10, 2695 (2019). Copyright 2019 Springer Nature.
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demonstrated by attaching the devices on each joint of the human
body.191 The integration of the piezoelectric material in addition to the
individual triboelectric sensor was also presented to further improve
the sensitivity of self-arched sensors and enabled the real-time moni-
toring of pulse waveform of radial artery.192

C. Glove-based HMIs using tactile sensors

The technologies are not experiencing tremendous development,
and the conventional HMIs, such as touchpad, keyboard, and joy-
sticks, are eventually approaching their bottlenecks of delivering the
intuitive and effective manipulating experience. As mentioned earlier,
the techniques of voice and vision control have their own advantages
and also possess drawbacks including the privacy and motion control
accuracy. Meanwhile, human hands usually take over the most tasks
in our daily life, and hence, the projection of our hand motions for
robotic or virtual object control becomes a critical strategy to enable
immersive experience in manufacturing, training, entertainment, and
healthcare programs.193,194 As a result, the research studies of diversi-
fied data glove-based HMIs were presented. Specifically, the detection
of motions for distal phalanx, middle phalanx, and proximal phalanx
of each finger should be the priority for most researchers.195–198

Currently, the relative matured technology uses the Inertial
Measurement Unit (IMU) with a set of circuits on the flexible sub-
strate to detect joint movement.199 The precision and accuracy of
detecting the hand motions then highly rely on the number and sensi-
tivity of the integrated IMUs. Therefore, this kind of glove offers excel-
lent accuracy and repeatability of angular motion tracking of fingers
owing to the advanced MEMS technology.200 However, the pure IMU
based data glove also reveals the disadvantage of sensing the applied
forces, especially when we want to have further interaction with
objects. The resistive based sensors become the alternative solution for
implementing the multi-dimensional sensing, especially for using the
strain sensing capability to acquire the data of finger bending.201–204

Using the AgNW thin film embedded within the PDMS substrate, a
highly sensitive and stretchable strain sensor was easily fabricated. The
proposed sensor has tunable gauge factors from 2 to 14 and a stretch-
ability of 70%, and it has a good sensitivity of 0.63 rad�1 for the bend-
ing angle from 0� to 120�.205 Similarly, in Figs. 11(a) and 11(b),
CNTs206 and other carbon nanoparticle based mixtures are frequently
utilized as the materials for making strain sensors for gloves. The opti-
mized design of those conductive paths is introduced using 3D print-
ing,207 such as the S-shape path for improving the sensitivity, which is
also applied on the fingertip as a finger pressure sensor.32 Meanwhile,
Kim et al. reported a stretchable prosthetic skin made using single
crystalline silicon nanoribbons (SiNRs) and featured with highly inte-
grated functions of strain, pressure, and temperature sensor arrays on
the S-shaped interconnectors [Fig. 11(c)]. The variation of resistances
of the corresponding sensors can provide information about deforma-
tion induced by the motions of hand.208 On the other hand, the capa-
bility of detecting both normal and shear forces was also demonstrated
by Charalambides et al., as shown in Fig. 11(d). Each sensor node con-
sists of pillar and pad structures made using CNT and PDMS. The dif-
ferent types of loading forces will, then, cause different contact status
between pillar and pads and hence generate different contact resistan-
ces.209 To further ensure the original functionality under extreme
mechanical strain during the usage of data glove, as illustrated in Fig.
12(a), liquid metals as a novel series of materials show good

conductivity and fluidic reconfigurability during various types of
deformations.210 Furthermore, Hammond et al. reported modular fab-
rication and integration methods for the soft sensor-embedded elasto-
mer glove, which measured both human hand motions and tactile
pressures by serpentine and spiral shaped galinstan path, and the force
sensing range reached to hundreds of Newtons, as shown in Fig.
12(b).211 A eutectic gallium–indium (eGaIn) formed conductive paths
using the direct ink writing-based technique, which has also been
developed by Kim et al. for constructing a thin (�700lm) film glove
and insole [Fig. 12(c)], with a stretchability of 150% strain. A serpen-
tine and a spiral shaped path were designed for measuring the finger
bending strain and the foot pressure, respectively.212 The recent
research studies prove that the optimization of the channel/path struc-
ture can further boost the sensitivity, limit of detection, linearity, and
resolution for using the glove to conduct small force interaction or the
physiological signal measurement. A microfluidic tactile sensor based
on a diaphragm pressure sensor design was, then, reported by Gao
et al. It modifies the standard spiral structure with four primary sets of
sensing grids as depicted in Fig. 12(d). Two tangential sensing grids
and two radial sensing grids are symmetrically located around the dia-
phragm center and diaphragm periphery, respectively, so that an
equivalent Wheatstone bridge circuit is formed, and featured with
temperature self-compensation at 20–50 �C. The applied load leads to
the compression force at radial grids and tension force at tangential
girds and results in the opposite trends of the resistance variation. The
proposed tactile sensor has a sensitivity of 0.0835 kPa�1 and a limit of
detection of 100Pa with sub-50 Pa resolution.33

Nevertheless, self-powered sensors are emerging to be the new
options for designing glove-based HMIs. Although the current
research studies are not able to claim the comparable sensitivity
against the previous mentioned sensors, the zero power consumption
is still a unique strength when the multiple sensors are necessary.213

For instance, the PVDF based flexible sensors were embedded in the
glove [Fig. 13(a)]. The finger bending motion induces the mechanical
deformation that generates piezoelectric output, and the bending angle
is, then, obtained by analyzing the output value.214 Besides, some other
novel piezoelectric materials,215 such as polyacrylonitrile nanofiber
and PZT composite lattice, are also utilized for making smart glove as
shown in Figs. 13(b) and 13(c).122,213 Huo et al. also utilized the piezo-
tronic effect of p-ZnO NW films under strain to detect finger bending
degrees.216 In terms of triboelectric sensor, due to the operation mech-
anism, the appropriate designs of the electrification structure are
important to detect the finger motion, such as arch-shaped or dome-
shaped for contact and separation mode, and grating patterned elec-
trodes for sliding mode.217 By functionalizing the conventional cotton
fabric with conductive PEDOT:PSS solution, as illustrated in Fig.
13(d), a cotton glove HMI with arch shaped triboelectric sensors was
reported by He et al., and the bending angles were defined by the
amplitudes of triboelectric outputs. As a fully cotton based glove, it
can be used as a comfortable HMI for manipulating robotic hand or
operating the computer or drone.218 In the meantime, by using a simi-
lar arch shaped design, Liao et al. proposed a nestable arched triboelec-
tric sensor that can be bent with a large angle for detecting finger and
wrist motions. This silicone based sensor can also be assembled like
matryoshka to enhance the performance.219 Moreover, in Fig. 13(e),
Xie et al. developed a fiber-shaped triboelectric sensor with spiral steel
wire embedded in silicone. This fiber sensor shows a tailorable feature,
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which can be applied on glove for gesture sensing, while generating an
open circuit voltage of 59.7V and an average power of 2.13lW.220

IV. MACHINE LEARNING ENHANCED HMIS

For the decades, many researchers focus on the development of
various sensors with more functions, higher sensitivity, and better
comfortability. Meanwhile, the signal readout and process circuits
tend to become extreme complex and power consuming. Hence,
instead of using the measured raw data, an increasing amount of
research groups start introducing different analysis techniques to
leverage the comprehensive interpretation of sensing data. Among
them, AI technology, more specifically the machine learning approach,
is rapidly drawing the attention from different research fields. Various
algorithms or networks are customized to fit the respective data proc-
essing tasks, such as CNN, KNN, and SVM. Owing to the powerful

training process with enough sample population, enormous unnotice-
able features or patterns can be screened and recognized as useful intel,
i.e., latency, waveform shape, amplitude, peak number, arrangement
of peaks, and frequency., which are usually ignored by us as redundant
information.164

A. Machine learning enhanced analysis of sensory
information

According to the literature, the primary research studies on
machine learning assisted physical sensing data emphasized on the
monitoring systems regarding the equipment, building infrastructure,
pipeline, and environment.221,222 A built-in active sensing system
using a damage detection algorithm is designed for the railroad track
monitoring as illustrated in Fig. 14(a). By placing multiple PZT sensors
on a single railway block, both impedance and guided wave

FIG. 11. Glove based HMI using a piezoresistive sensor. (a) An aligned MWCNT/elastomer composite based sensory glove for motion detection.206 Reproduced with permis-
sion from Suzuki et al., ACS Sens. 1, 817 (2016). Copyright 2016 American Chemical Society. (b) A carbon nanoparticle-based sensor made by embedded 3D printing for
pressure and hand motion sensing.32 Reproduced with permission from Wei et al., Adv. Mater. Technol. 4, 1900315 (2019). Copyright 2019 John Wiley and Sons. (c)
Stretchable silicon nanoribbon electronics with multi-functional sensing for skin prosthesis and the illustration of each sensor.208 Reproduced with permission from Kim et al.,
Nat. Commun. 5, 5747 (2014). Copyright 2019 Springer Nature. (d) A mechanoreceptive skin for contact and slip detection in robotic grasping and the working mechanisms.209

Reproduced with permission from Charalambides et al., Adv. Mater. Technol. 2, 1600188 (2017). Copyright 2019 John Wiley and Sons.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 7, 031305 (2020); doi: 10.1063/5.0016485 7, 031305-18

Published under license by AIP Publishing

https://scitation.org/journal/are


propagation methods are applied to detect the incipient damage. Two
damage-sensitive features were utilized for damage identification using
a two-step SVM classifier, namely, impedance signatures and the sum
of square of wavelet coefficients for maximum energy mode of the
guided waves. The automated on line health monitoring system for
the critical part of railway can be realized.223 Similarly, with the piezo-
electric transducer and frequency scanning method in Fig. 14(b), the
ice and water status on the road can be identified and categorized via
the characteristic frequencies and the amplitude frequency response.

The thickness of the ice or water loading on the sensor is determined
using a SVM and neural network (NN) within the range of 0 to
10mm.44 For wearable devices, the resistive tension sensor embedded
in a wristband was fabricated to monitor the blood pressure. In
Fig. 14(c), there are 11 characteristic features retrieved from the blood
pulse-wave signal, including systolic/dicrotic peak, systolic/diastolic
amplitude, and time-interval, and the SVM algorithm is also employed
for estimating the systolic blood pressure (SBP) and diastolic blood
pressure (DBP), and 99% and 100% of the respective records are

FIG. 12. Glove based HMI using a liquid piezoresistive sensor. (a) A liquid metal–elastomer soft composites for piezoresistive motion sensing.210 Reproduced with permission
from Tutika et al., ACS Appl. Mater. Interfaces 11, 17873 (2019). Copyright 2019 American Chemical Society. (b) A modular soft sensor-embedded glove for hand motion and
tactile detection with a spiral pressure sensor and a meandered strain sensor.211 Reproduced with permission from Hammond et al., IEEE International Conference on
Intelligent Robots and Systems (2014), p. 4000. Copyright 2014 IEEE. (c) A piezoresistive soft sensor system using direct wiring of eutectic gallium–indium to a metal elec-
trode.212 Reproduced with permission from Kim et al., ACS Appl. Mater. Interfaces 11, 20557 (2019). Copyright 2019 American Chemical Society. (d) A wearable microfluidic
diaphragm pressure sensor for tactile sensing, including the pressure sensor with tangential and radial sensing grids and the strain sensor with S-shaped design.33

Reproduced with permission from Gao et al., Adv. Mater. 29, 1701985 (2017). Copyright 2017 John Wiley and Sons.
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within a 15mm Hg error margin.224 Moreover, the tactile percep-
tion is also able to be performed with these simply designed
sensors.225,226 A piezoelectric sensor array made by PVDF was pre-
sented by Gastaldo et al. to conduct the touch modality

classification for finger, brush, and screwdriver. As a 3-class classifi-
cation problem, the characterization of tactile interactions resulted
from various objects is done by exploiting the tensor morphology
with 2D spatial geometry, which relies on the pattern-recognition

FIG. 13. Glove based HMI using piezoelectric and triboelectric sensors. (a) A pneumatic actuator and a flexible piezoelectric sensor for soft glove in VR application.214 Reproduced
with permission from Song et al., Sci. Rep. 9, 8988 (2019).Copyright 2019 Springer Nature. (b) A piezoelectric polyacrylonitrile nanofiber film-based flexible sensor.122 Reproduced
with permission from Zhao et al., ACS Appl. Mater. Interfaces 10, 15855 (2018). Copyright 2018 American Chemical Society. (c) A wearable and tunable 3D printed nanocomposite
for piezoelectric sensing.213 Reproduced with permission from Yao et al., Adv. Funct. Mater. 29, 1903866 (2019). Copyright 2019 John Wiley and Sons. (d) A motion sensing glove
using PEDOT:PSS coated triboelectric fabric strip.218 Reproduced with permission from He et al., Nano Energy 58, 641 (2019). Copyright 2019 Elsevier. (e) Spiral steel wire based
fiber-shaped stretchable and tailorable sensor.220 Reproduced with permission from Xie et al., Nano-Micro Lett. 11, 39 (2019). Copyright 2019 Springer Nature.
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via SVM that is designed for processing tensor signals. The classifi-
cation accuracy reaches 82.4%.227 As demonstrated in Fig. 14(d),
with the integration of Bayesian nonparametric modeling in the
SVM classifier to improve the capability of adaptation through the
probability distributions over infinite dimensional spaces of parame-
ters, the surface texture classification via the tactile probe measure-
ment is also demonstrated by extracting the features in the time and
frequency domains. The success rate of classification eventually
reaches 90.43% among 28 samples.228

B. Machine learning enhanced human machine
interface

Apparently, the machine learning technique will also be brought
into the tactile sensor based HMIs to strengthen their functionalities in
controlling and monitorting.37,229,230 For facilitating the precise con-
trol of advanced robots by replicating the dexterity of human hand,
recording the hand motions during the interaction via the signal pat-
terns from distributed tactile sensors is crucial for understanding the

FIG. 14. Machine learning enhanced analysis of sensing information. (a) Piezoelectric sensor for monitoring the tracks using a two-step support vector machine classifier for
damage identification, and the signals from guided wave propagation were recorded.223 Reproduced with permission from Park et al., J. Infrastruct. Syst. 14, 80 (2008).
Copyright 2008 Elsevier. (b) A piezoelectric road status monitoring system with the machine learning assisted frequency scanning method to analyze the thickness of ice and
water covered on the sensor.44 Reproduced with permission from Gui et al., Sens. Actuators, A 287, 8 (2019). Copyright 2019 Elsevier. (c) A blood pressure monitoring device
with tactile and tension sensors; the systolic blood pressure (SBP) and diastolic blood pressure (DBP) were estimated by the selected features from pulse wave signals.224

Reproduced with permission from Huang et al., 20th International Conference on Solid-State Sensors, Actuators Microsystems Eurosensors XXXIII (IEEE, 2019), pp. 558–561.
Copyright 2019 IEEE. (d) A tactile perception using an accelerometer and the Bayesian nonparametric approach for sensing the surface textures.228 Reproduced with permis-
sion from Dallaire et al., Rob. Auton. Syst. 62, 422 (2014). Copyright 2013 Elsevier.
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gestures or identifying the objects.42,231–235 In Fig. 15(a), Sundaram
et al. reported a deep convolutional neural network and a scalable tac-
tile glove with 548 uniformly distributed resistive sensors designed to
analyze the tactile patterns of grasping, which were correlated with the
class and weight of objects. The glove reveals that the same object
might possess different accuracies of classification when grasping it
with different poses, as indicated by sample tactile frames along with
their output classification vectors because the unique grasping pose of
a specific object usually offers a distinct activated region, including the
bending joints. The intentional selection of distinct frames as
clustering-based inputs slightly improves the accuracy of classification
against the random inputs when the input frames were small, but they
eventually converge as the number of input frames increased for better
coverage of patterns. To the aspect of predicting the weight, a single
frame is used as an input to the CNN after picked up. Furthermore, by
subtracting the empty hand pose frames from the grasping hand pose
frames, the signal patterns illustrated the relative correspondences
between different parts of the hand during grasping of various objects
and claimed that the distal phalanges of other fingers had strong con-
currence with thumb while exerting force to grasp the object.236 The
gesture or sign language can, thus, be recognized via data glove as
well.237 For many state-of-the-art prosthetics, the tactile sensors are
also important for those amputees or disables to regain their percep-
tion functions for a feedback control, which is very necessary for pro-
tecting the human body from the potential hazardous. Hence, in Fig.
15(b), tactile information collected from the tactile sensor was demon-
strated by Osborn et al. for replicating the pain sensation obtained
using the mechano- receptor and nociceptor. This sensor is made by
piezoresistive and conductive fabrics encapsulated in a rubber layer to
form finger cases. Additionally, the proposed system can induce vari-
ous perceptions of painful sensations in the phantom hand by chang-
ing both the stimulation frequency and pulse width through the
transcutaneous electrical nerve stimulation (TENS). In order to classify
the objects being touched via piezoresistive sensors, i.e., shape, round,
or moderate tips, the Linear Discriminant Analysis (LDA) algorithm is
applied to identify the independent classes. Hence, the user with pros-
thesis can perceive the sharpness and the painful tactile stimuli using a
pain reflex feedback control system.48 To mimic the neuron architec-
ture, Lee et al. developed an Asynchronously Coded Electronic Skin
(ACES) for detecting thermal and tactile information simultaneously
with low readout latencies as shown in Fig. 15(c).238 This bioinspired
e-skin consists of 240 artificial mechanoreceptors that can deliver the
stimuli at a constant latency of 1ms and an ultra-high temporal preci-
sion of<60ns. The fine spatiotemporal features can, thus, be obtained
for rapid tactile perception. To mimic biological neural sensation, a
spiking neural network is adopted to define the magnitude and direc-
tion of slippage. In addition to the object recognition similar to Fig.
8(b), the proposed e-skin utilizes the neural network to extract fre-
quency component information for recognizing the grating pitch dur-
ing sliding. To fully incorporate the recognition and manipulation
tasks, a smart glove was reported by Zhu et al. with the integration of
self-powered triboelectric finger bending sensors, palm shear sensors,
and piezoelectric haptic stimulators [Fig. 15(d)]. By considering the
motion degree of freedoms (DOFs) of human fingers, the minimized
number of eight elastomer sensors can capture both up-down bending
and left-right swinging of the corresponding phalanx. Besides, the
interaction with the external objects can be detected by palm sensors,

which can differentiate the normal and shear forces. In terms of
HMI, other than the advanced control of virtual hand via those
sensors, the CNN and SVM algorithms are applied to further study
the generated signals during interaction events, and the object and
gesture recognition are, then, realized without any modification of
sensor design. Moreover, the virtual impacts can also be delivered
back to the human hand via piezoelectric stimulators.239

Meanwhile, attributing to the options of textile based triboelectric
materials, Wen et al. presented the fully fabric triboelectric glove
made of thermoplastic elastomer/carbon nanotube mixture coated
textile as shown in Fig. 15(e). The major sensing units are the arch
shaped superhydrophobic strip attached on the fingers. This super-
hydrophobic coating relieves the drawback of the humidity effect
on the degradation of the triboelectric signal, especially for the case
when the sweat is absorbed by the glove during usage. With fewer
sensors, the ML algorithm helps on identifying the hand gesture
reading to achieve the VR interactions.240

Moving forward, the great compatibility of the machine learning
technique is, then, proved to be able to benefit the other diversified
sensors by improving the information interpretation.241,242 Wu et al.
developed a facile designed triboelectric keystroke device showing the
capability of enabling the dynamics-based security system for authen-
tication, as shown in Fig. 16(a). The elastomer based triboelectric key-
board converts the pressing force into analog electric signals, which
contains information regarding the user habits, such as pressing force,
holding time, pressing speed. The SVM algorithm is, then, applied to
extract the signal features including latency, amplitude, and holding
time for establishing the personnel identification.243 In Fig. 16(b), a tri-
boelectric electronic made by porous PDMS and weaving copper
mesh was fabricated to achieve the ML enhanced recognition of writ-
ing fingerprint of letters.244 To mimic the sensations of human finger
skin when engaging with vibration and pressure, Chun et al. presented
a self-powered flexible neural tactile sensor (NTS) with lamination of
two sensors as shown in Fig. 16(c). A 20� 20 pixels high-density pres-
sure sensor array at the bottom with interlocked percolative graphene
film is in charge of mimicking the slow adaption (SA) receptor,
and a triboelectric sensor on the top is applied as a fast adaption
(FA) receptor for sensing high frequency vibration. The
fingerprint-like microline patterns on the surface can enhance the
vibration during the mechanical interaction with the external
objects, such as sliding across different textiles. The obtained tri-
boelectric output voltage waveforms after deep learning analysis
illustrated the classification accuracy of 92.3% using SA sensors
and 95.1% using FA sensors among 12 fabrics. The combined data
analysis can even reach 99.1%.133 Meanwhile, this kind of
machine learning enhanced recognition system can also be done
with acoustic information. As an example, in Fig. 16(d), the flexi-
ble piezoelectric acoustic sensor with multi-channels replicates
the function of the basilar membrane in the human cochlear and
generates abundant voice information, which is converted to fre-
quency domain signals by using a Fast Fourier Transform (FFT).
A Gaussian Mixture Model (GMM) learning algorithm is used for
recognizing 20 men and 20 women speakers and achieves an accu-
racy of 75%.41 Meanwhile, this ML assisted data interpretation is
also commonly adopted for electromyography (EMG) or electro-
encephalography (EEG) based manipulation, such as shown
in Fig. 16(e).
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FIG. 15. Machine learning enhanced human machine interface. (a) A scalable tactile piezoresistive glove for learning the signatures of the human grasping with the
CNN.236 Reproduced with permission from Sundaram et al., Nature 569, 698 (2019). Copyright 2019 Springer Nature. (b) A neuromorphic multilayered e-dermis
perceives touch and pain via a piezoresistive sensor.48 Reproduced with permission from Osborn et al., Sci. Rob. 3, eaat3818 (2018). Copyright 2018 American
Association for the Advancement of Science. (c) An artificial peripheral nervous system for scalable electronic skins with both pressure and temperature detection;
the middle graph shows the features extracted from a receptor array moved over a grating pattern, and the right plot indicates the classification accuracy at differ-
ent rates.238 Reproduced with permission from Lee et al., Sci. Rob. 4, eaax2198 (2019). Copyright 2019 American Association for the Advancement of Science.
(d) A haptic-feedback glove with the recognition function for VR/AR applications; the signal waveforms of multi-channel inputs were used for the object recogni-
tion.239 Reproduced with permission from Zhu et al., Sci. Adv. 6, eaaz8693 (2020). Copyright 2020 American Association for the Advancement of Science. (e)
Machine learning glove using superhydrophobic triboelectric textile for gesture recognition.240 Reproduced with permission from Wen et al., Adv. Sci. 7, 2000261
(2020). Copyright 2020 John Wiley and Sons.
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FIG. 16. Machine learning enhanced human machine interface. (a) A keystroke dynamic enabled identification using the TENG array; the confusion maps show the variation
of accuracy under different numbers of extracted features.243 Reproduced with permission from Wu et al., Mater. Today 21, 216 (2018). Copyright 2018 Elsevier. (b) A TENG
fabric for writing pattern recognition.244 Reproduced with permission from Ji et al., Adv. Mater. Technol. 5, 1900921 (2020). Copyright 2020 John Wiley and Sons. (c) A pres-
sure and vibration sensitive tactile sensors for texture sensing; the multi-channel design assists the recognition of the voice pattern.133 Reproduced with permission from Chun
et al., Nano Lett. 19, 3305 (2019). Copyright 2019 American Chemical Society. (d) A piezoelectric acoustic sensor for speaker recognition.41 Reproduced with permission from
Han et al., Nano Energy 53, 658 (2018). Copyright 2018 Elsevier. (e) A wireless and skin-mountable EMG sensor with machine learning assisted controlling.39 Reproduced
with permission from Song et al., Micromachines 10, 879 (2019). Copyright 2019 MDPI.
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V. NEURAL AND NEUROMORPHIC HMIS: A PROSPECT

As a prospect for the future trend of development, hybridized
HMIs with both physical tactile sensors and neural electronics show a
great potential for establishing a system with intelligent and dexterous
control and feedback function, which can be the fundamentals of
seamless human machine collaboration. Eventually, the fusion of
diversified HMIs paves the way of performing intuitive manipulation,
as well as assisting in the restoration of sensing and motions of those
disabilities via sensory and stimulation systems.

A. Neural interfaces for sensing and stimulation

Nervous systems in the human body transfer biological signals to
control our actions, and the bio-potentials can reveal much informa-
tion, including several diseases, such as epilepsy and Parkinson’s dis-
ease. In terms of neural interfaces, these bioelectronics usually monitor
and modulate biological signals that can be used for determining the
intention of actions, activating the corresponding muscles and medical
treatment, and evaluating the pathological problems. A vast number
of research studies have been conducted with primary experiments on
the application of healthcare fields.245–251 In Fig. 17(a), Tian et al.
reported ultra-large-area and multifunctional epidermal electrical
interfaces using Au/Cr based electrodes and S shaped connectors for
recoding both electroencephalography (EEG) and electromyography
(EMG) signals and the microporous silicone adhesive offered non-
irritating interface.20 A highly integrated epidermal electronic system
was fabricated with Au-based filamentary serpentine electrophysiolog-
ical electrodes, an Au temperature detector, an Au impedance sensor,
and Al-based planar stretchable coil, as depicted in Fig. 17(b). The
as-fabricated devices can monitor skin temperature, skin hydration,
respiratory rate, and joint bending.252 To further improve the comfort-
ability, a graphene-based epidermal sensor [Fig. 17(c)] with a thickness
of 500nm has been developed as an imperceptible device.253

Additionally, a soft and self-adhesive epidermal electrode made of con-
ductive elastomer with a grasshopper feet inspired microstructure
shown in Fig. 17(d) was presented by Stauffer et al., which illustrated
the advantages of attachment on dry and hairy skin without pre-
treatment, while maintaining good biopotential signal detection.254

Importantly, the data processing using the ML technique also assists
the interpretation of electrophysiological signals. Some tattoo-like epi-
dermal patches are introduced for mechano-acoustic recording by
EMG signals. The attachment on face or throat can monitor and rec-
ognize the human speech via the aid of ML, even for the patient with
loss of voice.25,255 On the other hand, neural stimulation as a feedback
solution is also critical regarding not only the healthcare but also the
immersive interaction. For instance, Lee et al. developed a selective sci-
atic nerve recording and stimulation with flexible split ring electrodes.
In Fig. 17(e), the proposed electrode can selectively activate
Gastrocnemius (GM) and Tibialis Anterior (TA) muscles via the cor-
responding pairs.256 Moreover, with the integration of TENG as power
supply, a battery free neural interface illustrated in Fig. 17(f) using flex-
ible sling is demonstrated to stimulate the common peroneal nerve
and peripheral nerve.257,258

B. Neuromorphic electronics

With the rapid development of artificial intelligence and internet
of things, the number of processable datasets has exploded to a

quantity as never before. The currently used computing system is
mainly based on the classical von Neumann architecture, where the
computing relies on centralized and sequential operations determined
by a clock, facing limitations dealing with vast numbers of datasets.259

As opposed to the classical computing systems, biological nervous sys-
tems process information on the basis of parallel, distributed, and
event-driven operations with high energy efficiency.260 Taking the
inspiration from the biological nervous system, neuromorphic elec-
tronics that emulate the functionalities and information processing
routes of the biological neurons have emerged as a solution to the von
Neumann bottleneck for efficient processing of complex and large-
quantity data.261–264

The biological nervous system of humans can be divided into
two categories: the central nervous system (CNS) where the comput-
ing, learning, and memorizing activities are performed and the periph-
eral nervous system (PNS) that perceives and responds to stimuli such
as pressure, temperature, light, and sound.263,265 Emulating functions
of the PNS and CNS, neuromorphic electronics have shed light on
computing, robotics, HMIs, and neuroprosthetics.47,266–270 Figure
18(a) shows the schematic of the function of the biological sensory
neurons, which represents the typical structure of sensory neurons in
the PNS containing the receptor, the axon, and the synapse.271

Synaptic devices that mimic the synaptic behaviors of the biological
synapses are the vital parts for the construction of both artificial PNS
and artificial CNS.49,272 Biological synapses include electrical synapses
that transmit signals bidirectionally and chemical synapses that trans-
mit signals solely from the presynaptic neuron to the postsynaptic
neuron.263 The chemical synapses are mainly attributed to the memo-
rizing and learning capabilities of the CNS and PNS because their syn-
aptic weights are exquisitely controlled by the input information
importance.273 Synaptic plasticity, which is the change in the synaptic
weight regarding the action potentials, hence, is an essential property
of neurons to enable memory and learning.274

Artificial synapses have been vastly developed based on various
materials, structures, and mechanisms to emulate the synaptic plastic-
ity of biological synapses, in which the conductance of the device can
be modulated by the input signals.50,275–278 The broad spectrum of the
developed artificial synapses includes resistive switching devices, phase
change memory, Mott insulator, ferroelectric device, transistors, and
electrochemical devices. The conductance of these devices is generally
measured between two electrodes of the two-terminal devices or
between the source and drain electrodes of the three-terminal devices,
which is usually analogous to the synaptic weight that can be modu-
lated by the stimuli pulses. With this unique characteristic that is dif-
ferent from the conventional electronic devices, artificial synapses can
perform synaptic plasticity behaviors such as memory, computation,
and even learning.261,264,279,280

Resistive switching (RS) memory with a two-terminal sandwich
structure is reported to be one of the most promising memory technol-
ogies for neuromorphic electronics, which is characterized by fast
operation speed, large scalability, and low power consumption.281–288

Xu et al. recently developed a flexible and biodegradable resistive
switching memory with low operating voltages, fast switching speed,
long retention time (>104 s), and multilevel resistive switching behav-
iors.286 Figure 18(b) shows the structure of the Ag/pectin/ITO sand-
wiched memory device, in which the pectin is extracted from natural
orange peel. An interesting characteristic of this switching memory is
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that the multilevel resistive switching can be modulated through
varying the compliance current from 500lA to 5mA as shown in
Fig. 18(b). Compared with the reported RS memories where there are
generally two states: low resistance state (LRS) and high resistance
state (HRS), the Ag/pectin/ITO memory cell exhibits three distin-
guishable LRSs, which is controllable by the compliance current level.

Besides, the device can be fully dissolved in deionized (DI) water after
10min, demonstrating its great prospect in the transient electronics.
Recently, a resistive switching memory integrated with nanogenerators
has been reported by Zhou et al., and the device structure of the Ag/a-
carbon/Ag memory is shown in Fig. 18(c).281 Similar to the general RS
memories, the conductance between the two electrodes can be

FIG. 17. Neural interfaces. (a) An epidermal electronic interface for prosthetic control and cognitive monitoring.20 Reproduced with permission from Tian et al., Nat. Biomed.
Eng. 3, 194 (2019). Copyright 2019 Springer Nature. (b) A multiparametric epidermal sensor system consists of three electrophysiological electrodes, a resistive temperature
sensor, two dot-ring impedance sensors, and a wireless strain sensing coil.252 Reproduced with permission from Yang et al., Adv. Mater. 27, 6423 (2015). Copyright 2015 John
Wiley and Sons. (c) A thin transparent epidermal sensor system based on graphene.253 Reproduced with permission from Ameri et al., IEEE International Electron Devices
Meeting (IEDM) (IEEE, 2017), pp. 18.4.1–18.4.4. Copyright 2016 IEEE. (d) A skin conformal polymer electrode for clinical ECG and EEG recordings.254 Reproduced with per-
mission from Stauffer et al., Adv. Healthcare Mater. 7, e1700994 (2018). Copyright 2018 John Wiley and Sons. (e) Selective stimulation and neural recording on peripheral
nerves using flexible split ring electrodes.256 Reproduced with permission from Lee et al., Sens. Actuators, B 242, 1165 (2017). Copyright 2017 Elsevier. (f) A neuromodulator
for peripheral nerve direct stimulation using the TENG.258 Reproduced with permission from Lee et al., Nano Energy 50, 148 (2018). Copyright 2018 Elsevier. A neural inter-
face and modulated control of tibialis anterior muscle via common peroneal nerve and TENGs.257 Reproduced with permission from Lee et al., Nano Energy 33, 1 (2017).
Copyright 2017 Elsevier.
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controlled by the applied voltage; hence, the LRS and HRS can be
achieved. To build up a self-powered system, a carbon nanogenerator
that converts the water steam into electricity is fabricated as well, and
an open-circuit voltage of �1V is generated when one of the

electrodes of the nanogenerator is inserted into the de-ionized water
with an air velocity of �1 m s�1. The switching from the HRS to the
LRS and from the LRS to the HRS is successfully achieved with the
voltage generated from three carbon nanogenerators connected in

FIG. 18. Neuromorphic electronics. (a) Schematic of a biological afferent nerve, which is stimulated by pressure.271 Reproduced with permission from Kim et al., Science 360, 998
(2018). Copyright 2018 American Association for the Advancement Science. (b) A resistive switching memory device with the Ag/pectin/ITO sandwiched structure and the retention
characteristics of multilevel resistances.286 Reproduced with permission from Xu et al., Small 15, 1803970 (2019). Copyright 2019 John Wiley and Sons. (c) A resistive switching mem-
ory integrated with a carbon-based nanogenerator for a self-powered system; the carbon-based nanogenerator is triggered by water evaporation at room temperature.281 Reproduced
with permission from Zhou et al., Nano Energy 63, 103793 (2019). Copyright 2019 Elsevier. (d) An electrolyte-gated synaptic transistor based on the SrCoOx film; the reversible modu-
lation of the SrCoOx (SCO) phase is demonstrated by controlling the electrolyte gating.295 Reproduced with permission from Huang et al., Adv. Funct. Mater. 29, 1902702 (2019).
Copyright 2019 John Wiley and Sons. (e) An inkjet-printed stretchable synaptic transistor array for wearable applications; the double-layer capacitive dielectric enables it to mimic synap-
tic behaviors.291 Reproduced with permission from Molina-Lopez et al., Nat. Commun. 10, 2676 (2019). Copyright 2019 Springer Nature. (f) An artificial neural network (ANN) con-
structed with artificial synapses, and the schematic illustration of parallel read and modulate conductance using the simulated device array.304 Reproduced with permission from Wang
et al., ACS Appl. Mater. Interfaces 10, 37345 (2018). Copyright 2018 American Chemical Society. (g) A three-layer ANN consisting of electrolyte-gated synaptic transistors for handwrit-
ten digit recognition.305 Reproduced with permission from Ge et al., Nano Energy 67, 104268 (2020). Copyright 2020 Elsevier.
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series, where the polarity of the applied voltage on RS memory is con-
trolled through the reversible Ag electrode inserted in the de-ionized
water.

Although the two-terminal RS memories have simple structures
and can be easily scaled up to crossbar arrays, the general filament for-
mation working mechanism has limited their performances in terms
of write noise, non-linear switching, and high conductance.289 To
address these limitations, three-terminal transistors have been pro-
posed as an alternative choice for neuromorphic electronics.266,290–295

An electrolyte-gated synaptic transistor based on the SrCoOx film was
reported to simulate the biological synapses with its schematic illustra-
tion shown in Fig. 18(d).295 The ionic liquid N, N-diethyl-N-(2-
methoxyethyl)-N-methyl ammonium bis-(trifluoromethylsulfonyl)-
imide (DEME-TFSI) dropped on the device surface functions as the
medium between the channel and the gate electrodes. The transfer
curve is measured by controlling the gate voltages from 0 to �2V,
�2V-to 2 V, and 2V to 0V, and a clear hysteresis loop can be
observed in Fig. 18(d), which indicates that the channel conductance
can be effectively modulated from low resistance states to high resis-
tance states. Lately, an inkjet-printed stretchable synaptic transistor
array was developed, providing a simple, low-cost, and scalable fabri-
cation route for stacking and patterning various functional materials
over a large area.291 As shown in Fig. 18(e), the conductive poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) is used
as the electrode for all three terminals and the interconnects, and the
single-walled carbon nanotubes (SWCNTs) function as the semicon-
ducting channel, with a solid-state ionic poly(vinylidene fluorideco-
hexafluoropropylene) (PVDF-HFP) layer as the gate dielectric. The
inkjet-printed transistor array presents a good flexibility, which can be
attached to the bended hand conformally, while maintaining excellent
electrical performances with an average mobility of 276 5 cm2 V�1

s�1, Ion/Ioff > 104, and a maximum transconductance of 476 9 lS.
The synaptic behavior (short-term plasticity, STP) of the inkjet-
printed transistor has been confirmed and characterized with a small
input voltage of 40mV. Besides, this device may potentially function
as a neural interface as well since PEDOT:PSS has been reported to
have a low contact resistance with neurons, enabling new advances in
neuromorphic electronics.296–298

With the advancement of the synaptic devices, artificial neural
networks (ANNs) have emerged as a new computation architecture to
lower the power consumption, improve efficiency, and emulate the
cognitive process as human brains.299–303 A neuromorphic network (a
three-layer ANN) is fabricated with the flexible artificial two-terminal
synapse array for face recognition as show in Fig. 18(f).304 The 1024
input neurons represent the pixels of one image, and the 14 output
neurons correspond to the 14 distinguishable faces. The supervised
learning is performed with 112 images (32 � 32 pixels and gray scale)
from the Yale Face Database. The synaptic weights are updated in the
learning process based on the characterizations of the synaptic devices.
The physical circuit contains 1024� 256 synaptic devices, and the two
electrodes of them can be connected to the bit line and word line simu-
lating the pre-synapses and post-synapses. The weight update is per-
formed by applying multilevel pulses to the presynaptic end to
modulate device conductance. After 600 epochs of training, a final rec-
ognition accuracy of 95.2% is achieved. Similarly, a three-layer ANN
consisting of electrolyte-gated synaptic transistors was reported. It is
trained with supervised learning for handwritten digit recognition as

shown in Fig. 18(g).305 Each crossbar represents an artificial synaptic
transistor for vector–matrix multiplication and outer-product update.
The classification accuracy of the ANN can reach 91% in identifying
handwritten digits in the 28� 28 pixels images, which is slightly lower
than the numerical results from the floating-point-based neural net-
work. Further improvement in the device performance is needed for
the ANN to reach high accuracy as the numerical results.

1. Emulation of synaptic properties

Since the synapse is considered as the origin point for learning
and memory in the consensus, synaptic plasticity that underlies the
ability to memorize becomes an essential property for the development
of the artificial synapses.306,307 A typical biological synapse between
neurons is presented in Fig. 19(a), which consists of a presynaptic neu-
ron and a postsynaptic neuron.308 In biology, the synapses can be
excitatory or inhibitory depending on the change in probability of an
action potential occurring in a postsynaptic cell as the action potential
in the presynaptic neuron increases. Besides, the generated action
potentials are, then, called the excitatory postsynaptic potential (EPSP)
and inhibitory postsynaptic potential (IPSP). Analogously, the con-
ductance of an artificial synapse can be increased or reduced regarding
the applied voltage pulses to the device input, which are termed as
potentiation and depression of synaptic weight/strength. As demon-
strated in Fig. 19(a), the synaptic memristor possesses both potentia-
tion and depression characteristics by varying the polarity of the input
pulses. It can be observed that the increasing pulse number with posi-
tive voltages leads to a larger current (i.e., conductance), and the cur-
rent amplitude gradually drops when negative pulses are applied. The
controllable synaptic weight variation suggests the basic synaptic and
memory behavior even at a stretched state. In particular, short-term
plasticity (STP) and long-term plasticity (LTP) are two basic plasticity
properties of synapses. As indicated by their names, the changed syn-
aptic weight only lasts a short time (e.g., few seconds) in the STP, while
the variation can last for a longer duration in the LTP. With repetitive
stimulations from the same events, the STP can be transformed to the
LTP. Figure 19(b) shows the variation of the normalized synaptic
weight of a memristor after different numbers of applied pulses.308

From the results, it can be observed that both synaptic weight and
relaxation time constant increase with the growing pulse number, indi-
cating the transforming trend from short term memory (STM) to long
term memory (LTM). Recently, a novel self-powered intelligent tactile
sensor with the learning and memory capabilities is reported.309 The
device configuration is ultrasimple, consisting of a single-electrode tri-
boelectric nanogenerator with a specially designed negative triboelec-
tric friction layer (PI:rGO) to elongate the time interval to reach the
saturation state. The press-release cycle generates a voltage signal with
a positive peak followed by a negative peak, which is similar to the bio-
logical action potential as shown in Fig. 19(c). The unique characteris-
tic of the TENG sensor is that its output increases with the number of
presses, which is analogous to the biological EPSP where the postsyn-
aptic neuron is more likely to fire an action potential. Assembling the
TENG sensors on the fingertips, the tactile motions of the finger can
be recorded as shown in Fig. 19(c). By frequently touching an object,
the output voltages of the sensors will be increased and labeled as “1”
once they exceed a certain threshold value. The output voltage will
spontaneously decay to a value lower than the threshold with no
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motion for some time, leading to the label of “0.” The temporal rela-
tionship between presynaptic and postsynaptic spikes can also modu-
late the synaptic weight, which is reported as the Spike timing-
dependent plasticity (STDP).293,310,311 In particular, the STDP

describes a phenomenon where the time interval between the spikes
and their temporal order synergistically modify the synaptic weight,
which refines the traditional Hebbian synaptic plasticity. Based on the
distinctive relationship between the time interval of presynaptic spike

FIG. 19. Emulation of synaptic properties. [(a) and (b)] A typical biological synapse between neurons, and the synaptic weight of the memristor after different numbers of
applied pulses.308 Reproduced with permission from Yang et al., Nanoscale 10, 18135 (2018). Copyright 2018 The Royal Society of Chemistry. (c) A self-powered intelligent
tactile sensor with the learning and memory capabilities; the output voltage waveform resembles the biological action potential, and the signal amplitude can be modulated by
the pressure stimuli.309 Reproduced with permission from Wu et al., ACS Nano (2019). Copyright 2019 American Chemical Society. (d) The schematic showing the typical
response of the Hebbian STDP and a successful emulation of it with an organic thin-film memristor.312 Reproduced with permission from Zhong et al., Adv. Funct. Mater. 28,
1800854 (2018). Copyright 2018 John Wiley and Sons. (e) Emulation of the nerve injuries by mild stimuli with a memristor; the transient injury of the artificial nerve stimulated
by a series of mild pulses and its self-recovery process (in 3 min) are demonstrated.313 Reproduced with permission from Lu et al., npj Flexible Electron. 4, 3 (2020). Copyright
2020 Springer Nature. (f) Pavlov’s dog experiment mimicked by the artificial synapses.314 Reproduced with permission from Liu et al., Small 10, 1907472 (2020). Copyright
2020 John Wiley and Sons.
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and postsynaptic spike and the synaptic weight, there are generally
four types of STDP widely emulated by artificial synaptic devices: the
Hebbian STDP, anti-Hebbian STDP, symmetrical STDP, and visual
STDP.263 For example, the common Hebbian STDP characteristic is
sketched in Fig. 19(d).312 An organic thin filmmemristor was reported
to emulate the essential synaptic functions such as the potentiation
and depression as shown in Fig. 19(d). Besides, this memristor is also
successfully emulated the Hebbian STDP where the positive weight
change is observed when the presynaptic pulse is prior to the postsyn-
aptic one and the negative changes are achieved as the presynaptic
pulse followed by the postsynaptic pulse. Figure 19(e) demonstrates
the emulation of the nerve injuries by mild stimuli with a synaptic
memristor.313 Initially, the proper function of the artificial synapse is
observed when the applied pulses are low. After applying the 3V volt-
age over 10ms, the current increases sharply exceeding the threshold
value, which returns to its original value in 3min. This process resem-
bles a transient injury that can be self-recovered in a short time. The
famous classical conditioning experiment, Pavlov’s dog, can also be
mimicked by the artificial synapses. As shown in Fig. 19(f), two synap-
tic transistors were connected in parallel as the training system, where
input 1 is applied to the gate electrodes and the first drain electrode as
the food stimulus and input 2 is applied to another drain electrode as
ring bell stimulus.314 The postsynaptic current is considered as the
“salivation” response, which cannot be triggered by the ring bell alone.
In comparison, the consecutive food stimulus increases the postsynap-
tic current gradually exceeding the threshold value, suggesting the trig-
gering of salivation. After training with both stimuli applied to the
device, the postsynaptic current increases to 1.2lA, indicating the
association of the two events. Hence, the individual input 2 can result
in a high current value, resembling the triggering of the conditioning
response. The regression of the conditioning response is also observed
after 20 times of ring bell solely. As such, the classical conditioning
response is achieved with artificial synapses.

2. Artificial sensory neurons

In biology, the sensory neuron, also known as afferent neurons,
can be considered as the first stage of data access in the brain neural
network. With the integration of various receptors, the sensory neu-
rons collect and integrate massive sensory information timely to train
the neural network, which effectively shapes human’s cognition and
awareness.315–318 Artificial sensory neurons that convert external stim-
ulation into physiological signals have shed light on a broad spectrum
of applications such as HMIs, robotics, and prosthetics.319–321 The key
components of the artificial sensory neuron are considered as the
receptors and the memory, i.e., synapses. With the recent progress in
both bioinspired sensors and artificial synapses, various kinds of artifi-
cial sensory neurons have emerged, which can perceive and interact
with the environment similar to the biological somatosensory sys-
tems.315,322–325 Here, a few distinctive works of sensory neurons with
different properties and functionalities are introduced.

Perceptual learning that is prevalent and occurs continuously in
our daily life is vital to shape our interactions with the external envi-
ronment. An artificial sensory neuron with tactile perceptual learning
was developed as shown in Fig. 20(a).326 The neuromorphic tactile
processing system (NeuTap) contains three parts: a resistive pressure
sensor, an ionic cable, and a synaptic transistor. For the proof-of-

concept, two tactile patterns in a row are implemented for recognition,
where the convex pattern is defined as 1 and the flat pattern is defined
as 0. The NeuTap is attached to the finger that is controlled to touch
the patterns and move from left to right as demonstrated in Fig. 20(a).
The typical responses of the NeuTap can be observed in the conduc-
tance variations over three pattern pairs. The supervised learning
approach is applied to mimic the perceptual learning process with the
k-nearest neighbors (KNNs) algorithm for calculation, and the error
rate dramatically drops from 44% to 0.4% after six times of learning.
Hence, the recognition capability of the NeuTap can be strengthened
by the repetitive learning processes, which is analogous to the percep-
tual learning process of humans. Similarly, an artificial haptic neuron
system was reported, which integrated a piezoresistive sensor and a
Nafion-based memristor as shown in Fig. 20(b).327 To demonstrate
the possible applications such as motion detection and gesture control,
this artificial sensory neuron is attached to the tip of a pen for English
character identification. With the aid of the integrated artificial syn-
apse, different output current shapes are generated even when the
strokes taken for the character writing are the same, e.g., “A” and “F.”
For a normal pressure sensor, it will be hard to distinguish the charac-
ters with the same strokes for the major feature, which is only the
number of peaks. Here, the supervised learning method is also applied
to mimic the perceptual learning process of the sensory system as
shown in Fig. 20(c). Analogously, the recognition accuracy increases
with the number of training processes. Recently, a novel bionic
artificial nerve based on an electrical double-layer structure was
reported with the capability of perception, recognition, and trans-
mission.328 When there is no pressure applied, the top and bottom
electrodes are separated; hence, no current would flow through the
device. Once there is a pressure loaded on a certain point, the top and
bottom electrodes will be connected, in which case the resistance of
the device is dependent on the position of the loaded pressure. Unlike
the previous artificial nervous system with an array of functional
bringing intricate interconnections, this artificial sensory nerve fea-
tures with a simple and all-in-one structure, while providing a spatio-
temporal tactile perception capability and transmission functionality.
As a demonstration of the perceptual learning process, different touch-
ing patterns are applied to the nerve strip, and then, three key features
are extracted from the response voltages, i.e., the touching location (L),
holding time (H), and latency interval (I). Finally, the k-nearest neigh-
bor’s algorithm is implemented for the classification, which can suc-
cessfully identify the touching patterns from different users.

A nociceptor, also known as the pain receptor, is a sensory neu-
ron that detects damaging or potentially damaging stimuli and pro-
vides a rapid warning to the spinal cord and the brain. It is different
from the common sensory receptors regarding the distinctive features,
including the “no adaptation” and “sensitization” phenomena. Simply
speaking, when a noxious stimulus is received from a free nerve end,
an electrical signal will be sent to the nociceptor, and it will further
send an action potential to the central nervous system if the amplitude
of the received signal exceeds the threshold value. Figure 20(d) repre-
sents a thermal nociceptor system that consists of a thermoelectric
module to transmit heat into voltage and a diffusive memristor that
responds differently to the input voltages.329 When the thermoelectric
module is heated, a voltage will be generated and functions as the stim-
ulus signal of the memristor. Current flow will be generated if the
stimulus voltage exceeds the threshold value, which is analogous to the
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features of the biological nociceptor. It can be observed that the rela-
tively low temperature (40 �C) does not trigger the memristor to gen-
erate an alarm signal, while substantial output voltages are measured
as the temperature was 50 �C and above.

Connecting the artificial sensory nerve directly to the biological
nerves, the biological muscles can be controlled with the artificial ner-
vous system. Recently, Kim et al. reported a bioinspired artificial affer-
ent nerve with organic electronics, and it collects pressure information

FIG. 20. Artificial sensory neurons. (a) An artificial sensory neuron with tactile perceptual learning; three types of pattern pairs are recognized through the machine learning
method.326 Reproduced with permission from Wan et al., Adv. Mater. 30, 1801291 (2018). Copyright 2018 John Wiley and Sons. (b) An artificial haptic neuron system consisting of a
piezoresistive sensor and a memristor for handwritten English character identification; the current responses of different characters are processed by the KNN algorithm for recogni-
tion.327 Reproduced with permission from Zhang et al., Adv. Funct. Mater. 29, 1808783 (2019). Copyright 2019 John Wiley and Sons. (c) A novel bionic artificial nerve based on an
electrical double-layer structure for perceptual learning; the bottom panel shows the machine learning with the artificial nerve from mechanical stimulation to the decision of the neural
network.328 Reproduced with permission from Liao et al., Nat. Commun. 11, 268 (2020). Copyright 2020 Springer Nature. (d) A thermal nociceptor system emulating the detection of
noxious stimulus and providing a rapid warning; the bottom panel depicts the on-switching and off-switching of the threshold switch under different temperature stimuli.329

Reproduced with permission from Yoon et al., Nat. Commun. 9, 417 (2018). Copyright 2020 Springer Nature. (e) A hybrid reflex constructed with an artificial afferent nerve connected
directly to the biological nerve.271 Reproduced with permission from Kim et al., Science 360, 998 (2018). Copyright 2018 American Association for the Advancement Science. (f) An
organic optoelectronic sensorimotor synapse system made of an artificial sensory receptor and an artificial motor and the output voltage, displacement, and digital images of the poly-
mer actuator with different spikes.330 Reproduced with permission from Lee et al., Sci. Adv. 4, eaat7387 (2018). Copyright 2018 American Association for the Advancement Science.
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from a cluster of pressure sensors, which will, then, be converted to
action potentials with ring oscillators.271 The action potentials are fur-
ther connected to a synaptic transistor to generate a postsynaptic cur-
rent. As shown in Fig. 20(e), the artificial afferent nerve is connected
to the afferent nerves of a discoid cockroach, in which case the post-
synaptic current will lead to the actuation of the leg tibial muscle,
resulting in the extension of the leg. By placing a force gauge next to
the leg, the extension force is measured. It increases with the pressure
amplitude and amplitude, which successfully emulates a biological
reflex arc. This result demonstrates that the reported afferent nerve
can have great potential in neurorobotics and neuroprosthetics in the
near future. Moving forward, the artificial afferent nerves can be inte-
grated with artificial muscle actuators to emulate the biological muscle
contraction, which will open a new era of neuromorphic electronics
for the next generation neurorobotics and neuroprosthetics.330

Figure 20(f) shows an artificial optoelectronic sensorimotor, which
consists of a photodetector, a synaptic transistor, and a polymer
actuator. The photodetector converts light sources into voltages
spikes, which will, then, stimulate the stretchable synaptic transistor
to generate postsynaptic current. Connecting the synaptic transistor
to the actuator, an artificial neuromuscular system is completed. As
the stimulation light spikes increase from 30 to 100, it can be
observed that the contraction of the artificial muscle becomes
stronger due to the increased postsynaptic currents. The artificial
sensorimotor can still function normally when the synaptic transis-
tor is stretched to 100% strain, indicating a good stretchability of it.
The combination of the synaptic transistor and the actuator renders
a promising future for the development of soft robotics, HMIs,
neurorobotics, and prostheses.

VI. CONCLUDING REMARKS AND OUTLOOK

In this review, we briefly investigate and offer a glance at the
research status of HMIs coming from the recent technology boom.
Four major sensing mechanisms based on diverse operation mecha-
nisms, including piezoresistive, capacitive, piezoelectric, and triboelec-
tric, are introduced along with the respective representative works in
human machine interaction. The majority possess triaxial tactile sens-
ing according to their own design strategies and indicate several bene-
fits including crosstalk free, immune to external fluctuations, simple
readout circuit, high linearity, and robustness. The others are in charge
of the measurements of more diversified physical parameters, i.e., iner-
tial, strain, sliding, rotation, and vibration. Moving forward, the multi-
pixel pad and e-skin patch based devices as one of the most attractive
topics are emphasized by criticizing their own pros and cons.
Specifically, the sensitivity, stretchability, transparency, resolution,
sensing dimensions, material and signal stability, and biocompatibility
are the key indicators that are frequently compared in terms of favor-
able HMI. With further narrowing down to the human hand, the
most important part that is responsible for countless tasks, the glove-
based HMIs using physical sensors are thoroughly discussed. Many of
them show similar design logics, such as serpentine or spiral shaped
resistive sensor, but with different novel functional materials and sub-
strates, while the others have unique structures including arch-shaped
or dome-shaped sensors. In general, the soft materials, pre-treatment,
and multi-layered structures can improve the sensing range and line-
arity, and the micro-/nanostructure can further amplify the sensitiv-
ity. Self-powered sensor design is a major trend to save power. By

considering a development path of sensor design, the new trend
will switch from a pure physical sensor of pressure and strain to
multi-dimensional sensing including temperature and humidity to
enable better mimetic human sensation. To completely explore the
potentials of these HMIs, ML techniques are adopted vastly and
proved to be a promising solution of improving the capabilities of
sensors without the significant update of hardware, including
object and gesture recognition, vital signs identification, security,
and damage inspection.

As a future prospect, the deep and seamless integration
between the above wearable devices and neural interfaces shows a
great possibility as the next level of digital men. To address the
advances of the current neural electronics, a comprehensive evalua-
tion is given on several relevant research directions, including
EMG, EEG, neural stimulation, and neuromorphic electronics. We
first introduced the concept of neuromorphic electronics and the
corresponding biological nervous systems such as PNS and CNS,
followed by the introduction of the general structure of the sensory
neuron. We have described the basic background of the artificial
synapses including the device structure and working mechanism.
In particular, the recent progress in the widely developed resistive
switching devices and the synaptic transistors is reviewed. The arti-
ficial neural networks based on the artificial synapses are intro-
duced regarding the computation architectures. The detailed
emulation of the synaptic properties has been reviewed and sum-
marized, illustrating the essential concepts corresponding to biolog-
ical tissues such as EPSP, IPSP, LTP, and STP. On top of that, the
artificial sensory neurons with distinctive functions that integrate
sensors, conductors, and synaptic memories are introduced. With
the advancement of the aforementioned neuromorphic technolo-
gies, the perceptual learning, responding to threatening damages,
and direct muscle controlling have been successfully demonstrated,
proving their potential use in the advanced HMIs, robotics, and
prosthetics. Moving forward, with the rapid development of the
ultra-sensitive mechanoreceptors and the synaptic devices with the
desirable mechanical properties such as flexibility or even stretch-
ability, the flexible and wearable neuromorphic electronics with
multiple functions become a feasible vision in the near future.

Under the burgeoning of 5 G and AIoT technologies with
massive deployment of sensor node, the virtual space and real
space will have seamless interaction using not only the vision and
voice control but also the diverse wearable HMIs with big data
analysis. The possible revolutionization in the field of computing,
robotics, neuroscience, and HMIs can be foreseen to further
improve the life quality to a much higher level that has never been
achieved before, ranging from the sensing of our motion, physio-
logical signals, and intentions to the feedback, replication, and
recovery of our neuron functions via the artificial neural electrode
and synapse with ML assisted actuation. Generally speaking,
except the continuous efforts on the improvement of mentioned
key indicators of those sensors, the processing and transmission
circuits, power management, and the ML algorithm optimizations
are also essential for the ultimate wearable HMIs. Additionally,
there should also be enough research on synergizing wearable tac-
tile sensors and neural electronics. Thus, humans can eventually
achieve comprehensive HMIs for efficient manipulation, training,
gaming, social network, and healthcare.
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