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The sensory nervous system serves as the window for human beings to perceive the
outside world by converting external stimuli into distinctive spiking trains. The sensory
neurons in this system can process multimodal sensory signals with extremely low power
consumption. Therefore, new-concept devices inspired by the sensory neuron are
promising candidates to address energy issues in nowadays’ robotics, prosthetics and
even computing systems. Recent years have witnessed rapid development in transistor-
based bionic perceptual devices, and it is urgent to summarize the research and
development of these devices. In this review, the latest progress of transistor-based
bionic perceptual devices for artificial sense is reviewed and summarized in five aspects,
i.e., vision, touch, hearing, smell, and pain. Finally, the opportunities and challenges related
to these areas are also discussed. It would have bright prospects in the fields of artificial
intelligence, prosthetics, brain-computer interface, robotics, and medical testing.

Keywords: transistor-based bionic perceptual devices, visual perception, tactile perception, auditory perception,
olfactory perception, nociceptor perception

INTRODUCTION

With the spread of the Internet of Things (IoT) and artificial intelligence (AI), dataset sizes of images,
documents, speeches, and videos have exploded, becoming a heavy burden on transmission networks and
processing units. Classical von Neumann-based computing systems depend on centralized and sequential
operations with a clock cycle (Hu et al., 2018; Park et al., 2020), so the information processing of the von
Neumann computer requires a large amount of data transmission between processors and memory units,
which will inevitably limit the computational efficiency and the scalability of the architecture. In addition,
von Neumann computers face a dramatic increase in energy consumption while increasing their
computing speed (Dai et al., 2019). Biological nervous systems are based on distributed, parallel, and
event-driven operations (Park et al, 2020), these characteristics allow us to perceive and react
appropriately when confronting the events of the real world in a more robust, plastic, fault-tolerant,
and energy-efficient manners than current digital systems (Merolla et al., 2014; Xia and Yang, 2019; Wan
et al,, 2020b). The human brain is a neuronal network connected by synapses (Yu et al., 2021). Synaptic
responses to inputs can change; this adaptability is the basis of learning. Synapses also perform computing
and memory concurrently; this ability has the advantages of faster data processing and lower power
consumption than traditional von Neumann machines, which perform these functions in separate areas.
The development of brain-like computers requires artificial synapses that have the adaptability of real
synapses. The development of artificial synapses would also lead to artificial systems that perform sensory
functions (perception, hearing, vision, and motion) and thereby open a new era of bioinspired electronics
for next-generation prosthetics and neurorobotics.
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The nervous system of vertebrates can be divided into the
central nervous system (CNS, the brain and spinal cord) and the
peripheral nervous system (PNS, the sensory and motor organs
and nerves). The CNS and PNS work together to recognize
external information, make appropriate decisions, and control
the mechanics of the body (Lee and Lee, 2019). Humans can
recognize information from external stimuli (e.g., light, pressure,
sound, gas, and flavor) through a biological sensory system
consisting of the sensory part of the PNS and the
computational part of the CNS. The sensory part of the PNS
(sensory organs and nerves) detects external stimuli (e.g., light,
pressure, sound, gas, and flavor), and the computing part of the
CNS recognizes stimuli information and makes appropriate
decisions (Cai et al., 2021; Cho et al, 2021). In the biological
sensory system, there are corresponding receptors that initiate a
sensation in response to physical stimulus. Sensory receptors are
the interface between the external environment and biological
nervous system. Receptor categories in humans include
chemoreceptors, photoreceptors, mechanoreceptors, and
thermoreceptors. Chemoreceptors are mainly found in the
nose and tongue, which receive chemical stimuli and provide
olfactory or gustatory information. Photoreceptors lie inside the
subretinal space of the retina and receive visual information
through the corneal lens of the eye. Mechanoreceptors are
randomly distributed in human skin and respond to
mechanical stimuli, such as pressure, distortion, and vibration.
Temperature receptors are distributed throughout the dermis and
in certain organs, such as the liver and muscles, which detect cold
and warmth, respectively. Nociceptors respond to damaging
stimuli and are also known as pain receptors (Jung et al., 2019).

The circuitry of the human brain is composed of a trillion
(10'?) neurons and a quadrillion (10") synapses, whose
connectivity underlies all human perception, emotion, thought,
and behavior (Ho et al., 2011; Xu et al., 2016; Yu et al., 2021). The
power consumption of the brain is only on the order of f]/spike
(Sun et al, 2021) and the power consumption of parallel
processing is 20 W (Zhu et al, 2022). Action potentials
generated in a presynaptic neuron propagate through the axon
and arrive at synapses, where they transfer important information
to postsynaptic neuron. Synaptic weight is the strength of the link
between presynaptic neurons and postsynaptic neurons. Synaptic
plasticity is a biological process in which specific patterns of
synaptic activity result in changes in synaptic weight, and it is
regarded as the basic mechanism of learning and memory in the
brain, allowing it to learn from experience (Han et al,, 2019). A
number of bionic perceptual devices that imitate the human brain
have been developed, inspired by the human nervous system.
Professor Chua conceptualized the memristor idea in 1971
(Chua, 1971). Until 2008, Hewlett-Packard (HP) linked its
theoretical and physical models to develop a memristor with
adjustable resistance and memory (Strukov et al., 2008). Synaptic
devices of various materials, architectures, and mechanisms have
since been proposed to simulate synaptic plasticity. Bionic
perceptual devices can be classified into three types based on
their operation: ion migration, phase transition, and electron
migration (Zhu et al., 2020). Two-terminal memristors and three-
terminal synaptic transistors are two types of synaptic devices

Transistor-Based Bionic Perceptual Devices

that have received intensive attention. A two-terminal memristor
has a simple structure with only three layers: two electrodes for
sending and receiving electrical impulses, and a “storage” layer in
between. It is not the same as static resistor, which can be utilized
to store, process, and store data (Zidan et al., 2018). There have
been proposed two-terminal memristor devices based on
electrochemical metallization mechanism (ECM), valence
change mechanism (VCM), phase-change mechanism (PCM),
and ferroelectric mechanism (FeM). The memory layer of
memristor with a high density is suited for high-density
electronic  devices. However, performing both signal
transmission and self-learning activities at the same time is
difficult for such devices (Nishitani et al., 2012). The three-
terminal synaptic transistors could potentially address this
disadvantage of the two-terminal memristor. Floating gate
transistors, electrochemical transistors, ferroelectric field effect
transistors, and photo-synaptic transistors have all been
developed and successfully mimicked essential synaptic
plasticity including inhibitory postsynaptic currents (IPSC),
excitatory postsynaptic currents (EPSC), long-term plasticity
(LTP), short-term plasticity (STP), paired-pulse facilitation
(PPE), spike-timing-dependent plasticity (STDP), and spike-
rate-dependent plasticity (SRDP). For example, the electric-
double-layer (EDL) transistors can achieve high current output
with low gate voltage. The larger the EDL capacitance, the lower
the gate voltage, the higher the output current, so it has great
promise for low-power electronic devices. Jiang et al. (2009)
fabricated ultralow-voltage InGaZnO, TFTs gated with
mesoporous SiO, dielectric grown by plasma-enhanced
chemical vapor deposition PECVD at room temperature.
Subsequently, Zhou et al. (2013) reported the fabrication of
flexible indium-zinc-oxide (IZO) EDL transistors on PET
plastic substrates by a simple self-assembly method. Such
flexible EDL transistors exhibit an excitatory postsynaptic
current (EPSC), Simultaneously, paired-pulse facilitation (PPF)
and long-term memory are also successfully mimicked in flexible
artificial synapses. Sensory neuron incorporates receptors for
detecting the external stimulations, afferent nerve fiber for
information transmitting, and synapses for communicating
with other Synapse is also regarded as the
information preprocessing element in a sensory neuron. In
parallel, a bionic perceptual device might have sensors, ionic
cable or signal convertor, an artificial synapse. The artificial
synapse in a bionic perceptual device is also response for
preprocessing of sensory information, e.g., signal refining,
integration, or memory. So, artificial synapse is also an
important component for a bionic perceptual device. Bionic
perceptual device with sensing and processing capabilities like
as light, sound, electricity, chemicals, and pressure, have been
developed over the last 10 years (Park et al., 2020; Zeng et al,,
2021). More recently, synaptic devices integrated with multiple
sensory modalities (Wan et al., 2020a; Taunyazov et al., 2020)
were also developed, which are able to fuse multiple sensory
stimulations in the manner of sensory neurons (Zeng et al., 2021).
This has paved the way for next-generation bionic perceptual
computing devices to be developed (Zhu et al., 2022). In this
review, recent progress in transistor-based bionic perceptual

neurons.
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FIGURE 1 | (A) Visual perception (adapted from Gao et al., 2019). (B) Tactile perception (adapted from Wan et al., 2018). (C) Auditory perception (adapted from
Seo et al., 2019). (D) Olfactory perception (adapted from Song et al., 2019). (E) Nociceptor Perception (adapted from Feng et al., 2021).

devices with respect to device structure, operating principle, and
realization function will be discussed firstly. The advancement of
research in visual perception, tactile perception, auditory
perception, olfactory perception, and pain perception will also
be reviewed (Figure 1). Finally, the opportunities and challenges
of transistor-based bionic perceptual devices will also be
provided. We positively believe that the development of
transistor-based bionic perceptual devices will bring a bright
future for the development of various intelligent applications
in the era of big data.

VISUAL PERCEPTION

One of the most important organs of the human body is the eye,
which can perform neural information processing and feature
detection with direct optical inputs (Kumar et al., 2019b). It
provides crucial visual information to distinguish the size, shape,
color, volume, outline, material, and brightness of objects,
distance, location sensation, smoothness, and roughness of the
object’s surface, etc., (Quiroga et al., 2005; Sligte et al., 2010).
Human visual memory is formed by receiving image information
from the retina and allows individuals to remember the
impressions of images our eyes observed (Gkoupidenis et al,
2016; Chen et al., 2018; Xie et al., 2018) (Figure 2A). Agnus et al.
(2010) demonstrated that light-controlled single-walled carbon

nanotubes (SWNTs) as programmable resistors can be used to
store synaptic weights in adaptive nanoarchitectures, where
synapses will be constructed at the nanoscale. Qu et al. (2020)
demonstrated a monolithic integrated circuit with dual functions
of sensing and storage with an active channel composed of carbon
nanotubes. Li et al. (2016) demonstrated a synaptic transistor
based on an indium gallium zinc oxide (IGZO) -aluminum oxide
(AL O3) thin-film structure. The device stimulated with UV light
as the input, simulated synaptic plasticity. However they may
require more complex structural systems. Lee et al. (2017)
reported photonic bionic perceptual devices based on
amorphous oxide semiconductors (AOSs) to mimic important
synaptic functions. Lei et al. (2022) demonstrate a memristor
based on 2D bismuth oxyiodide (BiOI) nanosheets. The
memristor demonstrates not only electrical voltage-driven
long-term potentiation, depression plasticity, and paired-pulse
facilitation, but also light-induced short- and long-term plasticity.
Moreover, the photonic synapse can be used to simulate the
“learning experience” behaviors of human brain.

Seo et al. (2018) fabricated an optic-neural synaptic (ONS)
device by integrating a synaptic device with an optical-sensing
device on a van der Waals (vdW) heterostructure (h-BN/WSe,)
(Figure 2B). The h-BN flake was then transferred onto the
control electrode, which was patterned on the 90 nm-thick
SiO, oxide layer on heavily boron-doped Si substrate. The
WSe, flake was transferred to the h-BN/SiO,/Si substrate by
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mages, respectively (adapted from Seo et al., 2018).

the residue-free transfer method. The electrodes were patterned
on the h-BN/WSe, sample by an optical lithography process
which were connected to the presynaptic terminal of the vdW
synaptic device, followed by 10 nm thick Pt and 50 nm thick Au
via an e-beam evaporator. This device mimics the colored and
color-mixed pattern recognition capabilities of the human vision
system. The synaptic connections of traditional neural networks
do not have optical sensing capabilities to distinguish colors.
Optical sensing in optic-neural network (ONN) is added to
synaptic connections, so the device can distinguish colors like
the human eye (Figure 2C) and recognize target digits from
mixed color patterns (Figure 2D).

Chen et al. (2018) designed a bioinspired flexible visual
memory system by the rational integration of UV image
sensors and resistive switching memristors. 30nm gold
patterned film was prepared on a substrate deposited with
semiconductor micrometer-sized wires (SMWs) by thermal
evaporation and photolithography as the bottom electrode and
a 23 nm gold film was prepared by photolithography and atomic
layer deposition. Al,O3 memory layer and 70 nm Ni top electrode
were prepared by photolithography and thermal evaporation.
Resistive switching of the memristor from the OFF state to the
ON state when the photo response reaches a critical value. Visual
memory can realize “write” and “erase” operations, so it has
proved that bistable memory switching is fully reversible and
repeatable. A 10 x 10 pixel flexible visual memory array was
fabricated to record patterned light information. The memristor
and image sensor were connected in series as a visual memory
unit (Figure 3A). Butterfly-shaped pattern photo produced by

UV irradiation through a diffraction optical element (DOE)
image. Only the device exposed to the patterned light has a
photo response (Figure 3B). After the light was removed, each
pixel unit was recorded in the memory array. It was left at room
temperature for a week, the memory array still had a butterfly
pattern with little attenuation (Figure 3C).

Although researchers have successfully developed artificial
visual perception devices, implementing an adaptive visual
perception system that changes with ambient light is a great
challenge for transistor-based bionic perceptual visual
perception. Kwon et al. (2019) took advantage of a simply
designed light-adjustable optoelectronic transistor-based bionic
perceptual circuit array consisting of a photovoltaic divider and
an ionotronic synaptic transistor to emulate the biological visual
functionalities, ~demonstrating the environment-adaptable
artificial visual perception system (Figure 4A). Various
synaptic functions such as short-term plasticity, long-term
plasticity, and neural facilitation were achieved. The ability of
the artificial retina to automatically adjust light according to the
external environment was simulated (Figure 4B).

Woang S. et al. (2021) fabricate the retinomorphic sensor based
on WSe,/h-BN/Al,O3; vdW heterostructure to emulate the retinal
function of simultaneously sensing and processing an image. By
assembling nine vdW heterostructure devices into an array to
process the visual information on the pixel level (Figure 4C).
Photolithography was utilized to develop Ti/Au as the bottom
electrode on the silicon wafer, and atomic layer deposition was
used to grow Al,O; on the bottom electrode. To manufacture
vdW heterostructures, WSe, and h-BN flakes were mechanically
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exfoliated and transported to the Al,O; layer, and Pd/Au was
deposited on the heterostructures as source and drain to fabricate
van der Waals heterostructures based on WSe,/h-BN/AlL,Os.
They linked retinal morphometric sensors with large-scale
memory crossbars to simulate picture recognition and object
tracking. Zhang et al. (2021) constructed an optoelectronic
synapse based on a large-scale wafer-scale (6 cm x 6 cm) GDY
(Graphdiyne)/Gr (graphene) vertical heterostructure array device
(Figure 4D). The synaptic functions such as EPSC, IPSC, SRDP,
and PPF were realized, and the logic functions of “NAND” and
“NOR” were demonstrated. Images were acquired, memorized
and differentiated in real time using a 7 x 6 GDY/Gr panel array.
When the letter “G" was input into the system, there was a
significant difference in conductance between the array
transistors with and without illumination, proving the real-
time image acquisition and in-situ memory functions.

The future of transistor-based bionic perceptual visual
perception technologies is bright. The majority of current
researches are centered on mimicking a single human visual
neuron. It is planned to develop a more complicated, high-
integration, low-power, parallel-processing, high-efficiency
visual system in the future. It has significant application
potential in wearable gadgets, electronic eyes, robots, and
assistive technologies for visually impaired people.

TACTILE PERCEPTION

Skin, the largest sensory organ with a surface area of between 1.5
and 2.0 m? in the human body, serves as a barrier between our
internal and external environments, protects the former from
diverse unfavorable factors of the latter, thus allowing us to
maintain homeostasis (Romanovsky, 2014; Zimmerman et al,,
2014; Aghaei et al., 2016; Soni and Dahiya, 2020). It houses a huge
nerve network comprising a variety of sensory receptors that are
responsible for detecting various internal and external
disturbances, such as pressure, strain, vibration, temperature,
pain, and chemical species, allowing humans to interact with
the environment and perform daily tasks (Parvizi-Fard et al,
2021; Wang M. et al, 2021). The organ conveys sensory
information to the brain through afferent neurons to form
haptic memory, allowing humans to remember the
impressions of the stimuli applied to the skin (Dahiya et al,
2010; Zhu et al.,, 2016). For the past few decades, tremendous
efforts have been made in the development of tactile perception
devices from innovation to structural design. Tee et al. (2015)
proposed a tactile receptor system consisting of a voltage-
controlled oscillator with skin mechanoreceptors, a sensitive
resistive pressure sensor, and a channel rhodopsin engineered
specifically to enable optical neuron stimulation above 100 Hz,
which successfully mimicked the response of tactile receptors. It
has great application potential in the fields of nerve repair,
electronic skin, prosthesis, and so on. Sun et al. (2022) firstly
proposed a full reflex arc with multiple sensory-modality coding
that senses visual and tactile information. It processes the
information using the photoelectric synapse unit, and then
sends efferent orders to control the actions of artificial muscle.

Transistor-Based Bionic Perceptual Devices

Zang et al. (2017) demonstrated a dual organic transistor
tactile element (DOT-TPE) that integrates synaptic OFETs and
pressure sensors of OFETs (Figure 5A). The organic synaptic
transistor was fabricated by growing Au on the substrate as the
source-drain electrode, PDPP3T was spin-coated on the substrate
as the active layer, chitosan was used as the dielectric material,
and A was deposited on the dielectric layer as the gate electrode.
DOT-TPE can generate stress-triggered electrical signals and
transduce and process the signals. The DOT-TPE prototype
was constructed with floating gate OFET and OFET synapses
as pressure sensing and processing elements, respectively
(Figure 5B). Four frequency-increasing holding pressure bias
cycles were applied to pixels 1 to 9 to simulate the tactile sensation
of dynamic contact (Figure 5C). The first pressing action A,
corresponded to the EPSC gradually decreasing from pixel 1 to
pixel 9, while the gain A4/A, gradually increases, reflecting the
dynamic filtering function of the system as shown in Figure 5D.

The devices with tactile memory retain tactile information
after the stimulus is removed, but they cannot distinguish tactile
patterns, while the devices that have been proposed to distinguish
tactile patterns lack the learning ability in recognition. Therefore,
it is very important to have the human knowledge learning ability
to recognize and distinguish patterns (Langley, 2011; Jordan and
Mitchell, 2015). A tactile sensing device for imitating sensory
neurons was demonstrated (Wan et al., 2018). The device was
composed of a resistive pressure sensor, a soft ion cable, and a
synaptic transistor, corresponding to the sensory receptors,
axons, and synapses in the sensory neurons, respectively
(Figure 6A). The resistance pressure sensor converted the
pressure stimuli into an electrical signal, which was
transmitted to the synapse via a soft ion cable. The device
realized tactile pattern recognition. Two patterns in one row
were used as the objects for recognition (Figure 6B), in which the
convex pattern is defined as “1” and the flat pattern is defined as
“0”. Each mode pair was marked with a binary coded code: “00”,
“017, “10”, “11”. In the experiment, the channel conductance of
the transistor was used as the output. Only the mode “1” caused
pressure changes. The “11” mode has two convex modes, so the
maximum change in conductance is shown in Figure 6C.
Figure 6D shows that the error rate decreased as the number
of learnings increased, and the error rate of 6 learning was
approximately 0.4%.

Zhang et al. (2019) designed an artificial sensory neuron using
nafion-based memristor as synapses and piezoresistive sensors as
sensory receptors. The pyramid-structured sensor had good
sensitivity (Figure 7A). Under a certain pressure, the contact
between the top of the pyramid and the bottom electrode led to an
increase in current. The jump in current required 22 ms
(Figure 7B) for the pressure from 2 to 5kPa, and the
corresponding current increased from 2.9 to 49mA
(Figure 7C). Figure 7D shows that the device was connected
to a finger joint to recognize the English letters: “L”, “A”, “B”, “S”,
“F”, “N”. The overall recognition accuracy rate was 91.7%.

Although various types of integrated artificial tactile
perception systems have been realized, how to develop devices
with a simple structure, low power consumption, and high
performance is still a problem. Piezoelectric potentiometric
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sensing can replace traditional perception devices that require =~ based on bisensory presynaptic components was achieved
power by self-powering. Chen et al. (2019) proposed an  (Figure 7E). This work may pave the way for self-powered
integrated  piezoelectric  nanogenerator  (PENG) for  artificial intelligence, bionic perceptual mechanosensory
piezoelectric graphene artificial sensory synapses with iongel-  systems/interfaces, and neurorobotics. Wu et al. (2020)
gated transistors. Various synaptic behaviors, such as EPSC,  demonstrated a self-powered tactile sensor based on a well-
IPSC, PPF, response to multiple strain spikes, and dynamic  designed single-electrode-based triboelectric nanogenerator
modulation behavior were simulated. Dynamic modulation (SE-TENG) (Figure 7F), which possesses learning ability and
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FIGURE 7 | (A) lllustration of the sensor at zero, low, and high pressure. (B) Response and relaxation time of the sensor operating at 1v.(C) Current responses of
pressure sensor under pressure pulses from 2 to 5 kPa. (D) Recognition accuracy of each character after 10 times training (adapted from Zhang et al., 2019). (E)
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variable memory. This shows that the device can fully conform to
the ability of the finger to act as a self-powered mechanical sensor
with intelligence and touch, which is capable of stimulating a
large amount of information related to history.

Wang D. et al. (2020) proposed a double-ended
piezoresistive synaptic device with synapse and pressure-
sensitive resistance based on ZnO/PVA heterostructure,
which could simultaneously exhibit volatile resistance
switching and pressure-adjustable synaptic behavior. The
device had the functions of directly responding to pressure
stimulation, temporary memory, and real-time processing of
tactile information and sensory data. This improved the
accuracy and efficiency of tactile information processing by
increasing the pressure duration compared to traditional

tactile sensors. It has great application prospects in
electronic prosthetics, neurorobotics and bionic flexible
electronics, etc., Chen et al. (2021) used triboelectric

nanogenerator technology to realize an artificial slowly
adapting type I tactile peripheral nervous system (SA-I
TPNS), which improved the fidelity of tactile information.
The resolvable dimension is 2 times smaller than the smallest
inter-receiver distance. It breaks through the spatial resolution
of tactile stimulus information, enabling human fingertips to
identify fine textures. Parvizi-Fard et al. (2021) and his
colleagues achieved the inclusion of SA-I/RA-I afferents and
nociceptors, which enabled a high-resolution tactile sensor for
the first time on an FPGA to implement the nociceptor

concept. It opens a new window in the analysis of digital
afferents and nociceptors from a neuroscience perspective,
which holds promise for biorobotics and prosthetic
applications.

AUDITORY PERCEPTION

The sound wave vibrates the eardrums with a specific frequency
and amplitude. The mechanical vibrations are transmitted via
ossicles to the cochlear hair cells and converted into electrical
signals (Hudspeth, 2014). The amazingly complex structure of the
cochlear system, can amplify the vibration signals up to several
hundredfold, so that even the minutest sound is selectively
recognized (Jung et al, 2019). The functional goal of the
auditory system is to detect and extract wave information in
the medium. Creatures can know what is happening in the
environment  through  sound. Sound waves have
spatiotemporal coding and additive properties, and the
auditory system is more complicated to process than the visual
system. The sound received by the ear has wave components of
different frequencies. In order to isolate the different frequency
components, the ear must have excellent sensitivity and
frequency selectivity. In addition, sound changes over time, so
it is also time-dependent. Therefore, while considering the
different frequency characteristics of information carried by
sound, the dependence of sound over time must also be

Frontiers in Nanotechnology | www.frontiersin.org

July 2022 | Volume 4 | Article 954165


https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles

Yu et al.

considered (Ji et al,, 2020). In addition to basic hearing, our
auditory system also has higher-level perceptions such as tone
recognition (Agus et al., 2012), pitch perception (Grahn, 2012),
rhythm perception (Grahn, 2012) and sound localization (Grothe
et al., 2010).

Most of the previous research has focused on the realization
of basic hearing, so various materials and structures have been
used to realize the cochlear implant. Lyon and Mead proposed
an auditory sensor in 1988 that uses micro-power technology
to simulate the human cochlea in CMOS VLSI. This is a low-
power real-time model that uses a sub-threshold to simulate
the cascade of the second-order filter part in the VLSI to
achieve early auditory processing. Watts et al. (1992)
further improved these devices in 1992 to solve the
problems of dynamic range, stability, device mismatch, and
compactness of the devices, so that their performance,
robustness, and efficiency have been significantly improved.
Sarpeshkar and Lyon (1998) described an electronic cochlea in
1998, which can process sound with an intensity of more than 6
orders of magnitude and dissipate 0.5 mW. These early studies
laid the foundation for further research on the silicon cochlea.
After the emergence of 3D printing, 3D printing technology,
and artificial bionic auditory system were gradually used to
construct artificial ears (Mannoor et al., 2013; Kong et al., 2016;
Kuru et al., 20165 Liu et al., 2016). It accepts electromagnetic
signals of a wide range of frequencies to enhance auditory
perception, which expands opportunities for biomimetic
tissues and organs. In order to absorb noise, the emergence
of nanogenerators made of various materials and methods for
energy harvesting is very important for the development of
green technologies needed for portable wearable devices and
energy harvesting (Wang et al., 2007a; Wang et al., 2007b).
Triboelectric nanogenerators can be used for self-powered
systems for recording and sound source localization. They
have the characteristics of strong adaptability and low
performance (Yang et al., 2014). Performance optimization
of triboelectric nanogenerators to make them more suitable for
humid and dusty environments (Gu et al., 2015). The design of
flexible triboelectric nanogenerators lays the foundation for
the further development of wearable electronic devices and
cochlear implants (Fan et al, 2015). Triboelectric
nanogenerators enable binary digital communication
transmission (Yu et al., 2016). Ultrasoft, cuttable, and low-
cost paper-based triboelectric nanogenerators can convert
various mechanical energies in the environment into
electricity. This is an advance in the development of green
energy technology (Wu et al.,, 2018).

The human brain can quickly convert hearing sound
information into electrical signals and can realize sound
localization (Wang et al., 2018). Sound localization plays an
important role in the biological nervous systems. Inspired by
the human brain, a large number of researchers are working
hard to develop morphological-based auditory perception
devices. Sun et al. (2018) reported the artificial synaptic
computation of STP-based monolayer MoS, devices,
achieving tunable synaptic plasticity through Joule heating
of the device channels. Figures 8A,B show the current

Transistor-Based Bionic Perceptual Devices

changes with and without heating, respectively, higher
transmission  post-excitation currents are shown in
Figure 8B. The I-V curve hysteresis has a memory effect
(Figure 8C). Two main sound localization mechanisms,
interaural time difference (ITD) and interaural level
difference (ILD), are shown in Figure 8D. This synaptic
device encodes only transition segment information over a
wide range of sound intensities and frequencies by suppressing
ILD interference, That is, the interaural time difference is
detected by suppressing sound intensity or frequency-
dependent synaptic connections. Thus, sound localization is
achieved (Figure 8E). In synaptic MoS, devices, the resistive
heating of MoS, monolayer modulates the conductance of
MoS,, and the characteristic time is controlled
between seconds and minutes to realize the plastic function
of synapses.

Seo et al. (2019) used an ion-gel gated organic synaptic
transistor (IGOST) with tunable synaptic properties based on
a single semiconductor polymer to mimic the general synaptic
behavior of the brain and peripheral nervous system. IGOST was
prepared using polythiophene isoblue naphthalene (PTIIG-Np)
film as the active layer and 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide ([EMIM][TFSI]) is an ion-gel
dielectric. Olythiophene isoindigonaphthalene thin films were
spin-coated on Si/SiO, (100 nm) substrates, and annealed at 80,
150, 200, 250, and 310°C for 10 min, respectively. Au source-drain
electrodes were prepared by thermal evaporation, ion gel was
drop-cast on the top of the channel region, and vacuum annealed
at room temperature for 24 h. Artificial auditory synapses of
triboelectric sensors and IGOST were demonstrated (Figure 9A).
The triboelectric device was powered by a square acoustic wave at
5Hz to IGOST, and the postsynaptic currents of IGOST were
measured on membranes prepared at 80 and 310°C, respectively
(Figure 9B). The membrane prepared at 80°C was suitable for
simulating artificial sensory synapses.

Wang et al. (2018) proposed a transistor-based bionic
perceptual method that uses resistive switch synapses to
perform brain-like space-time calculations. In this work, the
device was based on HfOx 1 transistor-1 resistance synapse
designed to connect to a spike neural network. The positioning
function of sound was simulated using this device. The
network is similar to a biological neural network in that it
can detect the precise time interval of the pulse time interval.
He et al. (2019) proposed to build an artificial neural network
that simulates the sound localization function of the human
brain based on capacitively coupled multi-port oxide bionic
perceptual transistors (Figure 9C). Sound localization is
achieved by detecting the time difference between the two
ears. There are two pairs of source/drain terminals as pren
(PREN1 and PREN2) and postn (POSTNI and POSTN2).
PREN1 and PREN?2 are left and right ear acoustic neurons,
respectively, which are fully connected to POSTNI and
POSTN2 through the strong capacitive coupling effect of
the proton-conducting electrolyte (Figure 9D). The
connection strength between PREN1, PREN2, and the two
POSTNs is in a diagonal relationship. It shows that the order of
the two POSTN processing synaptic spikes is reversed. When
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currents of IGOST (adapted from Seo et al., 2019). (C) Schematic diagram of binaural effect localizing sound in the human brain. (D) Schematic diagram of the sound
localization of the prepared artificial neural network. (E) Postsynaptic currents of POSTN1 and POSTN2 when sound comes in the correct direction. (F) Change of

the sound comes from different directions, the post-synaptic
current amplitudes of POSTN1 and POSTN2 are different
(Figures 9E,F) Therefore, sound localization can be achieved
by detecting the time difference between the two ears.
Flexible biomimetic devices are extensively employed in
current research for sound localization and acoustic
information collecting processing. Furthermore, the achieved
function is a single and preliminary function. This is a great
far from the performance of an actual human neural system. To
create transistor-based bionic perceptual auditory perception
devices in the future, it will be important to develop new

materials and device structure integration based on these
foundations.

OLFACTORY PERCEPTION

The olfactory system plays an important role in reproductive and
maternal function, neuroendocrine regulation, emotional
responses, allograft aggression, predator and prey recognition,
mate recognition, navigation, threat detection, and early disease
diagnosis (Shipley and Ennis, 1996). The role of the olfactory
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FIGURE 10 | (A) Principal component analysis diagrams of 8 kinds of normal temperature saturated explosive vapors. (B) The time-dependent photo response of

the Schottky sensor in different concentrations of BP gas was measured (adapted from Guo et al., 2017). (C) Schematic diagram of the operation model of the artificial
organ injury memory system of a single PCDTPT OFET. (D) The effect of NO, concentration from 5 to 30ppm on Ips. Azr = 120s. (E) Influence of 20ppm NO. pulse width
from 30 to 120s on Ips. (F) Gain An/A; as a function of pulse number N at different pulse intervals (adapted from Song et al., 2019).

system is to decode the complex eddies of molecules in the (Persaud and Dodd, 1982). Since then, researchers have focused
environment and shape them into pieces of relevant  on system simplification and performance improvements. The
information that will allow the animal to make decisions and  electronic nose is not sensitive enough to distinguish an odor from
engage in adapted behaviors (Sandoz, 2011). The olfactory system  the odor mixture. It cannot fundamentally imitate the biological smell
of vertebrates and invertebrates consists of three main parts: the  because there are no olfactory receptors. The bioelectronic nose has
odor delivery system that transports odor molecules to sensory  olfactory receptor cells on its surface, which can well mimic the animal
neurons; the large sensor array that converts chemical olfactory system (Zhang et al, 2018). Rakow and Suslick (2000)
information into electrical signals; neural circuits that process  pioneered a metalloporphyrin-dye colorimetric nose in 2000, using

sensory input to meet various analytical challenges (Raman etal,,  intermolecular forces to achieve high-sensitivity discrimination (Li
2011). Since the first attempts to mimic the human nose with et al, 2017). Since the material is disposable, it will cause
artificial devices, a variety of sensors have been developed.  environmental pollution and waste of resources (Wang G. et al,
However, two issues remain to be addressed in order to create 2020).

a device capable of mimicking the human nose: the complexity of Guo et al. (2017) demonstrated the fabrication of silicon
olfactory coding and the extreme sensitivity of biological systems ~ nanowire (SiNWs) arrays/TiO,/reduced graphene oxide (rGO)
(Pelosi et al., 2018). Schottky sensors in the dark. In the principal component analysis

In 1961, artificial olfactory devices were used for the measurement ~ (PCA) plot, different explosive vapors can be distinguished and
and determination of odor (Moncrieff, 1961). A lot of work has been ~ the approximate concentration of a certain explosive can be
devoted to developing bionic perceptual devices with high sensitivity ~ initially estimated (Figure 10A). Sensing array functionality
and high selectivity like biological systems. Three types of bionic ~ can be implemented on a single sensor by simply changing the
perceptual olfactory systems, electronic nose, bioelectronic nose, and ~ light intensity periodically (Figure 10B). The device has fairly
colorimetric nose, have been developed one after another  high sensitivity, fast response, recovery characteristics, and good
(Giannoukos et al., 2016; Kida et al, 2018; Wang G. et al, 2020).  reproducibility when detecting gases. The SiNWs/ZnO/rGO
The first bionic perceptual olfactory system was proposed in 1982,and ~ Schottky sensor is very suitable for the detection of explosive
the device could repeatedly distinguish between multiple odors  vapors. Almost all electronic devices exposed to harmful gases are
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FIGURE 11 | (A) Overall comparison of the biological and artificial olfactory system. (B)Selectivity of gas sensor to various testing gases at concentrations of
100 ppm. (C) Time-domain responses of the olfactory memory device to the HRS and LRS of 5000 ppm NHz. (D) Memory persistence of olfactory memory devices. (E)
A photo of the bionic nose, a picture of its printed circuit board (PCB) and a picture of the main part and the diameter of the bionic nose (adapted from Gao et al., 2021).

designed to simulate human olfactory receptors. Although
traditional sensors can quickly respond and recover, they
cannot fully remember the perception process like humans.
Therefore, the application of bionics in analog devices is limited.

So Song et al. (2019) used an effective and simple method to
construct a sensory memory system for detecting harmful gas
leakage with only one organic transistor at room temperature.
The device used poly [4-(4,4-dihexadecyl-4H-cyclopenta [1,2-b:
5,4-b’]dithiophen-2-yl)alt [1,2,5]thiadiazolo [3,4¢]
pyridine](PCDTPT) dissolved in chlorobenzene, and it was
coated on a Si/SiO, substrate. Au is grown by thermal
evaporation as the source and drain electrodes to construct a
bottom gate field effect transistor. The geometry of this simple
device well simulates the inhalation, metabolism, and cumulative
organ damage of noxious gases. NO, was used as the input pulse,
and the current was used as the output (Figure 10C). The longer
the device was exposed to NO, (Figure 10D), the higher the NO,
concentration (Figure 10E), the higher the exposure frequency
(Figure 10F), the greater the current, the more obvious the pain,
and the greater the harm. The flexible PCDTPT OFET
biomimetic device was integrated. This device provides a great
opportunity to simulate organ damage and wearable health
equipment in the future.

Gao etal. (2021) developed a flexible artificial olfactory system
integrating Sr-ZnO-based gas sensors, HfOx-based memristors,
and electrochemical actuators (Figure 11A). HfOx-based
memristor is not only a memory device but also a threshold
controlling unit. The Sr-ZnO-based gas sensor serves as the basic
unit of the gas-perception element, which is analogous to human
odor receptors, generating a corresponding output voltage upon
combining with gas molecules. The Sr-ZnO-based gas sensor has
a single selectivity for NH; and no response to other gases

(Figure 11B). NH; was transmitted to the memristor to
switch the resistance state to store ammonia information
(Figures 11C,D), which triggered the movement of the
electrochemical actuator to block the airflow. A bionic nose
was made as shown in Figure 11E to simulate the reaction of
covering the nose after smelling ammonia gas. When the
ammonia concentration is higher than the threshold, the
memristor opens, triggering the actuator to bend inward and
then close. This artificial olfactory system provides a strategy for
future bionic electronics research.

According to current research, traditional bionic perceptual
olfactory sensors struggle to distinguish and classify numerous
gases (Karakaya et al, 2020). Spike coding and temporal
information processing in a traditional artificial neural
network makes it more like the human brain (Guo et al,
2019; Yao et al, 2020). But the system’s response time is
short, the power consumption is large, and it is unstable
(Zhang et al., 2020). Reservoir computing artificial perceptual
neural networks with memory elements are booming and are
considered attractive candidates for artificial synapses (Du et al.,
2017). Wang T. et al. (2021) realized an artificial olfactory
inference system consisting of a reserve computing (RC)
system and a classifier, which consisted of a W/WO;/PEDOT:
PSS/Pt volatile memory device. A classification of 10 different
concentrations of ethanol, methane, ethylene, and carbon
monoxide was achieved. The accuracy rate is as high as 95%.

NOCICEPTOR PERCEPTION

Pain has been defined as a complex constellation of unpleasant
sensory, emotional, and cognitive experiences caused by real or
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FIGURE 12| (A) Nerve endings receive noxious stimuli, and pain receptors decide whether to transmit the stimuli to the brain. (B) Schematic diagram of artificial
thermal nociceptor circuit composed of thermoelectric module and diffusion memristor. (C) The voltage generated by the thermoelectric module (top) and the ON-
switching and OFF-switching of the threshold switches monitored by the oscilloscope (bottom) (adapted from Yoon et al., 2018). (D) Ch1 (top panel) monitors the input
voltage applied by the pulse generator, and Ch2 (bottom panel) monitors the output current. (E) The signal relaxation properties of the device are shown. The input
voltage stimulus is shown above and the output current response is shown below. (F) Schematic comparison of nociceptor response signals in normal and impaired
states. (G) Output currents as a function of the identical voltages at the threshold switching (TS) and resistance switching (RS) modes. (H) Simple circuit configuration to

perceived tissue damage. It is manifested by certain autonomic,
psychological, and behavioral reactions (Dubin and Patapoutian,
2010). Pain is caused only when the pressure and temperature are
extreme enough to damage tissues, toxic molecules, and
inflammatory mediators. It contrasts with the high sensitivity
of vision, touch, hearing, smell, taste, and somatosensory organs
to their uncomfortable stimuli. Therefore, the sensory neurons of
the pain receptors protect the organism from danger by causing
pain and driving avoidance (Price and Dubner, 1977). Pain
receptors exist in different subgroups, which can respond to
sound, light, heat, force, electricity, mechanical, chemical, or
noxious stimuli (Pinho-Ribeiro et al., 2017).

Achieving pain-sensing-responsive behavior in electronic devices
remains a central issue for researchers designing transistor-based
bionic perceptual devices. Yoon et al. (2018) realized a nociceptor
based on diffusion memristors with no adaptation, relaxation, and
sensitization properties. The working principle of the device is
shown in Figure 12A. The nerve endings receive noxious
stimulation, and the pain receptors decide whether to send
signals to the brain. The nociceptor is only excited when the
values of electric pulses generated by noxious stimuli (e.g., heat
and stabbing) exceed a certain threshold level. Once the nociceptor is
triggered, pain information is received, integrated, and conveyed to
the central nervous system, which exhibits long-lasting plastic

changes. It can enable us to react appropriately and perceive
precisely when facing unusual dangerous conditions in the real
world. So, its essence is a threshold switching device. The electrical
pulse applied to the device is higher than the threshold voltage of the
memristor, the memristor enters a low resistance state, and the
output terminal detects the current pulse, which is the process of
pain. The electrical pulse is not strong enough, the memristor
remains in a high resistance state, no current flows to the output,
and external stimulation is harmless. A thermal nociceptor was
constructed with this device (Figure 12B), and a large output signal
was observed above 50°C (Figure 12C), which was triggered.

A nociceptive device based on a Pt/HfO,/TiN (PHT)
memristor structure was fabricated by Kim et al. (2018). Due
to the electron capture/release of traps in the HfO, layer, the
energy level depth of the traps is about 0.7 eV. Four nociceptive
behaviors of threshold (Figure 12D), relaxation (Figure 12E),
ectopic pain (Figure 12F), and hyperalgesia (Figure Figurel2G)
are shown. A simple circuit was fabricated to simulate the
reflection effect (Figure 12H), its working period time is short
and its good relaxation time is conducive to bionic devices.
Kumar et al. (2019a) demonstrated a highly transparent UV-
triggered nociceptor based on ZnO/ATO/FTO heterostructure
peroxidation. The use of threshold illumination to determine the
output of the response enables nociceptive behavior under light
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FIGURE 13| (A) Threshold-intensity-dependent photo response of the photodetector (adapted from Kumar et al., 2019a). (B) 3D schematic diagram of a transistor
under laser irradiation. (C) To simulate the allodynia characteristic of sensitization function, EPSC weights for a series of innocuous stimuli were obtained in both uninjured
and injured states (adapted from Li et al., 2021). (D) The structure illustration of the transistor. (E) The intensity-dependent threshold characteristic (F) Threshold
characteristic and no-adaptation characteristic. (G) Schematic diagram of allodynia and hyperalgesia (adapted from Ke et al., 2021)

Stimulus Intensity

stimulation. Five features of pain sensation could be achieved
under the modulation of intensity, duration, and repetition rate of
light input. It has been shown that the device is similar to human
eye pain receptors (Figure 13A), replacing complex circuits with
simple structures to achieve high integration.

Researchers have made multiple attempts to increase the
adaptability of pain receptors based on most mechanoreceptor
prototypes, such as the usage of PdSe, bipolar transistors with
light-induced plasticity, in response to varied real-world dangers.
Li et al. (2021) developed an artificial mode-regulable nociceptor
(MR-nociceptor) based on the reversible photo-induced doping effect
of bipolar palladium diselenide (PdSe,) Figure 13B is a schematic
diagram of its transistor structure. The nociceptors represent the
detected external environmental signals as light stimulus input, and
the PCS weights of PdSe, channels serve as system action potentials.
The threshold warning level of injured nociceptors was lower than
that of uninjured nociceptors (Figure 13C). The light-induced
doping level determined by the frequency and intensity of light
stimulation determines the adaptation rate and sensitization
properties of nociceptors, which is beneficial to the ability to
perceive and adapt to complex work environments.

Keetal. (2021) fabricated a-IGZO-based optoelectronic bionic
perceptual transistors on chitosan/graphene oxide (CS/GO)
nanocomposite electrolyte membranes. The CS/GO solution
was coated on the glass substrate to form a dielectric film, the
a-IGZO channel was prepared on the composite film exfoliated
from the glass substrate by magnetron sputtering, and the gate-
source-drain electrodes were prepared by thermally evaporating

Ag (Figure 13D). The functions of threshold, relaxation, no-
adaptation, allodynia, and hyperalgesia of PCN were simulated. A
single pulse below the threshold voltage fails to activate the
transistor, and multiple such pulses in succession will push the
EPSC beyond the threshold line (Figure 13E). As the optical
power increased, the time to reach the threshold line became
shorter and shorter (Figure 13F). The relaxation properties of
PCN were simulated. After the noxious stimuli were removed, it
slowly returned to a relaxed state. Before the previous stimuli
completely disappeared, even a slight stimulation would produce
more pain (Figure 13G). In addition to the above, allodynia and
hyperalgesia were also simulated.

Nociceptors have achieved the basic properties of threshold,
relaxation, ectopic pain, and hyperalgesia (Feng et al., 2020; Deng
et al., 2021; Ke et al., 2021; Wei et al., 2021). Most studies have
focused on mimicking the behavior of pain receptors using
electrical and optical stimulation. Stable and high-performance
nociceptors that are flexible and integrated with vision (Feng
et al., 2021; Wei et al,, 2021), touch, hearing, smell (Gao et al.,
2021) and other functions are also being widely developed. This
provides a basis for the research and development of smart
wearable transistor-based bionic perceptual devices in the future.

SUMMARY AND PERSPECTIVES

In this review, a critical review has been presented on the current
state-of-art in transistor-based bionic perceptual devices. Several
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aspects have been covered: vision, touch, hearing, smell, and pain.
The device structures, characterization parameters, working
mechanism, and the performance requirements of transistor-
based bionic perceptual devices and systems are presented. Great
progress and knowledge generation have been made in each of these
domains, such as wearable electronics, artificial nervous systems,
bionics, prosthetics, and robotics. Although transistor-based bionic
perceptual systems based on synaptic devices have been implicated
in a broad range of applications, the techniques are still at an early
stage and far from practical applications. Transistor-based bionic
Perceptual systems still have a long way to go before practical
applications are possible. Several key problems and challenges
related to transistor-based bionic perceptual systems remain to be
addressed and are discussed below.

1) Perceptional synaptic devices can only simulate a small part
of biological synaptic behaviors, and the functions that have been
simulated remain at a simple level, such as only realizing one or
two functions such as sensing light, pressure, sound location, and
distinguishing certain gases. 2) Most previous studies have
focused on basic synaptic functions and ignored performance
indicators such as device size, read/write speed, power
consumption, dynamic range, state hold time, switching noise,
and endurance. 3) The human brain is comprehensive and
powerful. It can take in information from the outside world
and process multiple spatiotemporal information at the same
time. It can learn from it, think about it, and react quickly.
However, the limited understanding of brain functions and
mechanisms by devices currently implemented has limited the
development of “brain-like computing”. 4) The detection of
subtle sensory information is still challenged by issues with
regard to resolution, sensitivity, and selectivity.

In contrast to the two terminal neuromorphic devices,
signal transmission and self-learning can be performed
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