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An Artificial Spiking Afferent Nerve Based on
Synaptic Transistor for Thermal Perception
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Abstract— The emulation of biological perception sys-
tem enhances electronics via superior environmental inter-
pretation accuracy. This research presents an artificial
thermosensitive afferent nerve replicating key biological
functions associated with cutaneous thermal perception,
information processing, and reflex responses. The neuro-
morphic device integrates a thermosensitive sensor, a spik-
ing encoder module, an ion gel-gated artificial synapse,
and a spiking convolutional neural network (SCNN). This
device allows precise temperature detection and initiates
reflex-like responses to noxious thermal stimuli. It demon-
strates high accuracy in regional temperature recognition
and identification of handwritten digits (98.7%). The fund-
ings indicate a viable strategy for paving the way toward
future advancements in artificial nerves, neural prosthetics,
and humanoid robotics.

Index Terms— Artificial nerve, synaptic transistor, ther-
mal perception, ion gel-gated, SCNN.

I. INTRODUCTION

HUMANS possess complex sensorimotor systems to inter-
action with the world. Such interaction encompass

sensing, transmitting, integrating, and processing, enabling
accurate perception and timely response to stimuli [1].
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Biomimetic nerves, inspired by biological perception systems,
facilitate data-parallel, energy-efficient, and fault-tolerant oper-
ations in artificial systems [2], [3]. These biomimetic nerves
introduce a unique computing paradigm that merges per-
ception, storage, and computation. Moreover, these artificial
systems encompass multiple human-like perception functions
including vision [4], [5], [6], [7], hearing [8], [9], [10], touch
[11], [12], [13], [14], and even taste [15]. They have the
potential to circumvent the von Neumann bottleneck, paving
the way for significant advancements in humanoid robotics,
neural prosthetics, and human-machine interfaces [16], [17].

Biological peripheral nerves perceive external information
using multimodal receptors. Assisted by synapses, the spinal
cord, and the brain, temporal data are efficiently synthe-
sized and interpreted as spike sequences. Thermal sensation,
a fundamental human sensory, transduces ambient temperature
information via peripheral nerves [18]. As shown in Fig. 1(a),
thermosensitive afferents respond to thermal stimuli; their
discharge frequency increases with rising temperatures [19].
Thermoception is generated after being transmitted to the
somatosensory cortex through billions of synapses. When
exposed to painful heat (above 55 ◦C), the spinal cord initiates
a rapid reflex action. This protective mechanism is further
modulated by the brain [20], [21], [22]. To replicate this per-
ception mechanism, biomimetic sensory systems are typically
developed by integrating neuromorphic devices with sensors
[23], [24], [25], [26].

In this letter, we introduce an artificial thermosensitive
afferent nerve that is capable of temperature sensing, spike
encoding, and neuromorphic computing. This device can accu-
rately detect ambient thermal values within a specified range
for a single hotspot and can initiate a reflex-like response when
exposed to noxious heat. Additionally, it successfully identifies
thermal stimulation areas and recognize digit patterns.

II. EXPERIMENT DETAILS

Fabrication of the Thermal Receptor: Silver ink (75 wt%)
was screen printed and annealed at 65 ◦C on a PET substrate
to form electrodes. A precursor solution was prepared by
mixing PEDOT:PSS (1.3 wt%) with CNTs (231:1 wt ratio)
and was ultrasonically spray coated to form the sensitive layer.
A parylene C layer was then deposited as a package layer.

Fabrication of the Synaptic Transistor: The IGZO chan-
nel (30 nm) and ITO electrodes (100 nm) were deposited
on a transparent glass substrate using magnetron sputter-
ing. The precursor for the ionic gel was prepared by
mixing polyethylene glycol diacrylate (PEGDA) monomer,
2-hydroxy-2- methylpropiophenone (HOMPP) photoinitiator,
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Fig. 1. (a) Schematic of the biological thermosensitive afferents.
(b) Schematic diagram of the artificial thermosensitive afferents.

and [EMIM][TFSI] ionic liquid (6:3:11 wt ratio). This mixture
was then drop casted and UV polymerized to form a dielectric
layer.

Fabrication of the Spiking Encoder Module: This cus-
tomized module primarily consists of an integrator, a hysteresis
comparator, and a zero- crossing comparator. It was realized
on a circuit board.

Electrical properties are acquired on Keithley 4200A-SCS.

III. RESULTS AND DISCUSSION

This artificial afferent nerve incorporates a temperature
sensor, a spiking encoder module and a synaptic transistor
(Fig. 1(b)). The temperature sensor acts as a thermoreceptor,
with the spiking encoder functioning as a nerve fiber to
translate thermal stimuli into voltage spikes. These signals
are then converted into postsynaptic currents by the synaptic
transistor and further processed by the SCNN. The temperature
sensor in composed of silver electrodes, a PEDOT:PSS/CNTs
thermo-sensitivity layer, and a parylene encapsulation layer.
The temperature-sensitive characteristics primarily arise from
the core-shell microstructure of PEDOT:PSS, where a PEDOT
nanocrystal forms the core, encased by a PSS shell [27].
The bulk resistivity is largely influenced by the insulating
PSS boundaries. As thermal stimuli increase, the bound-
ary between the polymer particles contracts, resulting in
a decrease in resistance. Conversely, at lower temperature,
there’s insufficient thermal energy for electrons to traverse
the PSS boundary, leading to a rise in overall resistance.
CNTs, another intrinsically temperature-sensitive material with
outstanding electrical conductivity, further boosts electron
hopping at the interface [28]. Human typically feel warmth
when temperatures exceed 33◦C [22]. As such, our sensor was
tested in the range of 33 to 88 ◦C. Linear I-V characteristics
is observed (Fig. 2(a)). Fig. 2(b) showcases the normalized
resistance change (1R/R0) with increasing temperature. The
calculated sensitivity is approximately 0.87 %/◦C, which is
superior to sensors utilizing solely PEDOT:PSS (0.4 %/◦C) or
CNTs (0.29 %/◦C) [29], [30].

The neural spiking encode module translates external stim-
uli into artificial neural spikes. The circuit diagram of this
module is shown in Fig. 2(e), comprising an integrator (U1),
a hysteresis comparator (U2), and a zero- crossing comparator
(U3). An increase in input voltage leads to a higher frequency
of output spikes without significantly changing the amplitude.

Fig. 2. (a) I-V characteristics of the temperature sensor. (b) Normalized
resistance changes as a function of temperature. (c) A typical encoded
spiking sequence. (d) The frequency of encoded spikes as a function of
temperature. (e) The circuit diagram of the spiking encoder module.

This frequency range is consistent with biological receptors,
ranging from zero to several dozens of Hz [21]. Fig. 2(c)
displays typical encoded spikes with a frequency of 23.6 Hz
and a consistent amplitude of 5 V. To mimic a biological warm
fiber, a temperature sensor and encoder are interconnected.
The firing rate surges within 30-55 ◦C, and begins to stabilize
beyond 55 ◦C (Fig. 2(d)). This behavior aligns with biological
thermosensitive afferents, which perceive stimuli at 55 ◦C as
painful and subsequently inhibit further nerve excitation [31].

An ion gel-gated synaptic transistor is designed to emulate
the biological synapse (Fig. 3(a)). A gate (G) and source/drain
(S/D) electrodes functions as pre-synaptic and postsynaptic
output terminals. A modulatory gate (Gm) regulates the over-
all behavior, resembling the descending pathway [32], [33].
Fig. 3(b) shows the transfer curves at VDS = 0.2 V. A high
on/off ratio of ∼ 3 × 104 is exhibited. An obvious hysteresis
loop is due to the slow drift process of ions [34]. This device
emulates the paired-pulse facilitation (PPF) under two pulses
with the same amplitude (VG = 5 V) at VDS = 0.2 V
(Fig. 3(c)). Fig. 3(d) presents the PPF index (100% × A2/A1))

as a function of spike interval (1t). A typical PPF index of
≈ 200% is obtained at 1t = 90 ms and this ratio declines
gradually as 1t rises. Dynamic high-pass temporal filtering is
also emulated by this device, as shown in Fig. 3(e). The spike
sequences applied on the gate consist of 10 spikes with a
fixed amplitude of 5 V with various frequencies, at VDS =

0.2 V.VGm regulates the synaptic plasticity, and excitatory
postsynaptic currents (EPSCs) is potentiated under a positive
bias, while depressed under a negative bias, at VDS = 0.2 V
and VG = 5 V (Fig. 3(f)). The synaptic weight change (1W)
is calculated by 1W = (A2-A1)/A1, where A1 and A2 are the
initial and final amplitude of EPSC. At VGm = 0.5 V, 1W
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Fig. 3. (a) Schematic diagram of the synaptic transistor. (b) Transfer
characteristic. (c) Typical PPF phenomenon. (d) PPF index as a function
of spike time interval. EPSCs under spikes with various frequency (e)
and VGm (f).

Fig. 4. (a) EPSCs generated at 40 and 80 ◦C. (b) The saturation EPSC
under various temperatures. (c) Spikes generated from the encoder
from 35 to 55 ◦C. (d) EPSCs under dynamic thermal stimuli by applying
various VGm. (e) Working mechanism of an implanted artificial nerve.

enhances significantly to ∼ 90 %, while at VGm = − 0.8 V,
the synaptic plasticity is repressed obviously.

Our artificial afferent device is sensitive to both steady-state
or transient thermal stimuli, analogous to human afferents [18].
Fig. 4(a) illustrates two series of EPSCs at 40 ◦C and 80 ◦C.
Thermal stimuli initiate consecutive impulses and activate the
transistor subsequently. According to the characteristics of
the spiking encoder, the spikes are generated with a fixed

Fig. 5. (a) Schematic of the SCNN for pattern recognition. (b) The
recognition rate versus the number of epochs. (c) Confusion matrix of
the test results.

amplitude of 5 V and various frequency. Under a VDS of 0.2 V,
EPSCs escalates from 6 µA to saturation values of 14 and
25 µA, and the saturation value is highly responsive to the
ambient temperature from 30 to 80 ◦C (Fig. 4(b)). Biological
nerve also responses rapidly to dynamic thermal stimuli [35].
Our device is integrated into a hexapod robot (Fig. 4(e)).
A comparator compares EPSCs with a preset threshold, and an
analog switch serves as a biological spine, transmitting motion
signals generated from CPU. Upon encountering noxious heat,
rapidly increasing EPSCs activate the switch to execute pre-
stored reflex. This process can also be adjusted through VGm
from CPU. As ambient temperature rises from 35 to 55 ◦C,
the frequency of spiking impulses increases from 8 to 20 Hz
(Fig. 4(c)), following an increase in EPSCs (Fig. 4(d)). It takes
about 20 seconds to exceed the threshold (17.5 µA), activating
a reflex. The device also exhibits an inhibition function under
negative VGm. Heat is tolerated, and reflex action is inhibited.
The results confirm that this artificial nerve, once integrated
into robotics, can successfully realize biomimic ambient ther-
mal perception and unconditional reflex.

Human skin is able to detect thermal information from
specific areas, enabling individuals to roughly discern pat-
terns, contours, or objects [22]. We designed a SCNN to
recognize handwritten digits, leveraging the MNIST dataset.
The architecture of the SCNN is illustrated in Fig. 5(a),
where digit-pattern recognition based on thermal perception is
achieved. The SCNN training starts from the experimentally
measured electrical characteristics shown in Fig. 2(d), and
additional data is generated via interpolation. Fig. 5(b) charts
the progression of the recognition rate across training epochs.
Classification accuracy peaks at 98.7% after 100 training
epochs. Fig. 5c showcases a normalized confusion matrix,
where a pronounced diagonal pattern indicates accurate recog-
nition of the handwritten digits.

IV. CONCLUSION

We introduced an artificial thermosensitive afferent nerve
that excels in precise thermal detection for both individual
hotspots and lager stimulation areas. This innovation achieves
high accuracy in digit-pattern recognition. Furthermore, our
work holds significant potential to drive advancements in
neural prosthetics, implantable electronics, and humanoid
robotics.
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