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Due to the well-known von Neumann bottleneck, there is an urgent need for a sensing-computing-integrated architec-
ture with low power consumption and low latency to handle data in real time. Inspired by brain information processing, a
stretchable bionic motion sensory neuron is proposed by integrating solution-processed chitosan-gated oxide neuromorphic
transistors and a stretchable resistive sensor (SRS). The SRS is fabricated using Ecoflex silicone as a substrate, doped with
carbon black and multi-walled carbon nanotubes. It demonstrates high sensitivity with a gauge factor of up to 32, offering
a wide detection range with mechanical tensile strain of up to 200%. Notably, it has a response time of only 173 ms and
outstanding durability over 3000 stretch-release cycles. The bionic motion sensory neuron can accurately sense external
strain and exhibit typical synaptic responses with strain applied to the SRS. Since strain can carry information, it demon-
strates signal encryption and decoding capabilities. Moreover, it can monitor joint bending activities in real time. Thus, the
sensory neuron holds potential for wearable electronics, neural prosthetics, and intelligent human-machine interfaces.
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1. Introduction
The rapid advancements in artificial intelligence, the In-

ternet of Things, and wearable technology have imposed strin-
gent demands on information processing platforms.[1,2] How-
ever, conventional von Neumann architecture, which has dom-
inated the computing landscape for decades, necessitates fre-
quent data transfers due to the physical separation of comput-
ing units and storage units.[3] This not only results in substan-
tial energy consumption but also significantly increases data
processing delays. The bottleneck is particularly pronounced
in edge computing scenarios that require real-time perception,
learning, and decision-making.[4,5] Brain-inspired computing
can emulate the architecture of biological nervous systems,
offering advantages including integrated storage and comput-
ing, low power consumption, and parallel processing.[6,7] It
is considered a pivotal approach to overcoming the von Neu-
mann bottleneck. Since neurons and synapses are the basic
functional units of brain computing, hardware-based neuro-
morphic devices have been proposed, including two-terminal
memristor- based ones[8–10] and three-terminal transistor-
based ones.[11–14] Moreover, optoelectronic devices[15,16] and
spintronic devices[17,18] have also been proposed for neuro-
morphic applications. Basic synaptic responses, advanced
neuromorphic functions, and neuromorphic computing have
been demonstrated, showing significant potential for advanced

energy-efficient computing.
Meanwhile, our nervous system is a complicated and

collaborative perceptual processing system. Our special-
ized receptors in sensory organs can detect diverse envi-
ronmental stimuli. They transduce these signals into inter-
pretable sensory information. Such information is then sent
to the brain for cognitive processing. Thus, sensory cog-
nitive activities are realized.[19] Inspired by the brain’s cog-
nitive perceptual system, bionic perceptual platforms have
been proposed by integrating neuromorphic devices with
sensors, including mechanical sensors, chemical sensors,
and optosensors, to establish tactile, visual, auditory, ol-
factory, and gustatory perceptual systems.[8,13,20–22] More-
over, multi-modal neuromorphic perceptual platforms have
been proposed, including bionic auditory-tactile bimodal per-
ceptual platforms,[23] bionic visual-tactile bimodal percep-
tual platforms,[24,25] bionic visual-thermal bimodal perceptual
platforms,[26,27] etc. In these bionic perceptual platforms, the
sensors can transduce external signals into electrical signals.
The artificial synapses can process these signals in a manner
similar to that of biological neural systems. Thus, high-speed,
efficient, and low-energy parallel processing can be achieved
across multiple spatiotemporal scales, which is meaningful for
cognitive interactive platforms.

Strain sensors play a significant role in wearable
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technology,[28] human-computer interaction,[29] and physio-
logical signal monitoring.[30] It should be noted here that most
strain sensors are made of metal and semiconductor mate-
rials, possessing inherent limitations in tensile strength and
durability.[31–33] Thus, it is difficult to adapt to the develop-
ment of flexible intelligent electronic devices under stretch-
ing, twisting, and folding. In contrast, stretchable strain sen-
sors made of advanced flexible materials have advantages,
including a wide tensile strain range, high sensitivity, fast
response speed, high stability, and high durability. They
have received attention in fields including medical health,[34]

sports monitoring,[35] intelligent robots,[36] electronic bionic
skin,[37] and human-computer interaction.[38] However, exist-
ing stretchable sensor-based neuromorphic systems still face
some limitations. Most stretchable strain sensors involve a
trade-off between sensitivity and stretchability. And most re-
ported systems focus on basic sensing or single-function imi-
tation, seldom demonstrating complex biomimetic behaviors.
Thus, building “sensing-computing” systems capable of si-
multaneously achieving signal sensing, amplification, and pro-
cessing represents a crucial research branch in neuromorphic
electronics. Additionally, electrolyte-gated transistors possess
unique interfacial ionic coupling effects, demonstrating great
potential in neuromorphic electronics, including low opera-
tion voltage, abilities to mimic short-term/long-term synaptic
plasticity, and advanced learning activities.[11] Thus, electri-
cal outputs from stretchable strain sensors could act as inputs
for the electrolyte-gated transistors, demonstrating potential in
bionic sensory platforms.

Thus, the present work proposes a stretchable bionic mo-
tion sensory neuron with the following distinct achievements.
(i) In terms of material synergy, the fabricated stretchable re-
sistive sensor (SRS) simultaneously achieves a high gauge fac-
tor of ∼ 32 and a wide strain range of up to 200% by com-
bining carbon black (CB) and multiwalled carbon nanotubes

(MWCNTs) in an Ecoflex matrix. (ii) In terms of passive in-
tegration scheme, the SRS and the chitosan gated indium tin
oxide (ITO) neuromorphic transistor are coupled via a simple
voltage divider circuit without any active signal conditioning,
enabling direct conversion of mechanical strain into synaptic
responses. (iii) In terms of advanced bionic functions, the
system demonstrates intelligent motion classification using a
ResNet 1D model with high accuracy. A series of sophisti-
cated, brain inspired behaviors have been demonstrated on a
single stretchable neuromorphic platform, including Morse-
code encoding/decoding, electronic emulation of nociceptive
behavior, and “learning-forgetting-relearning” functionalities.
Table S1 shows a comparison of reported stretchable sensors
and bionic perceptual platforms. The present sensor shows
comparable properties and multiple bionic functions. There-
fore, the bionic system demonstrates potential in fields of
wearable electronic devices, neural prostheses, and intelligent
human-machine interfaces.

2. Experimental details
2.1. Fabrication of stretchable resistive sensory platform

An ITO ionotronic neuromorphic transistor was obtained
using a low-cost process. Figure 1(a) schematically illus-
trates the fabrication process. First, 2 wt% chitosan (Degree
of deacetylation: ∼ 86%, Tokyo Chemical Industry Co.) and
2 wt% acetic acid (Ourchem) were dissolved in 96 wt% deion-
ized water to obtain a chitosan solution. After standing for
24 hours, the solution was drop-cast onto an ITO glass sub-
strate and dried in an oven at 45 ◦C for 7 hours to form a
solid-state chitosan-based electrolyte film. Next, patterned
ITO electrodes were obtained by sputtering an ITO target
(In2O3:SnO2 = 90:10 wt%). Due to the reflection of sputtered
ITO nanoparticles at the mask edge, a thin ITO channel layer
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Fig. 1. (a) Flowchart of the fabrication of ITO ionotronic neuromorphic transistors. Right inset: CCD image of an ITO neuromorphic transistor.
(b) Flowchart of the fabrication of Ecoflex/CB/MWCNTs-based SRS.
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can be formed between two patterned ITO electrodes, i.e.,
source (S) and drain (D) electrodes. The sputtering pressure,
DC sputtering power, and argon flow rate were set at 0.8 Pa,
80 W, and 40 sccm, respectively. The charge-coupled device
(CCD) image of the ITO ionotronic neuromorphic transistor is
shown in the right inset of Fig. 1(a). The channel width and
length are ∼ 1000 µm and ∼ 80 µm, respectively.

Ecoflex/CB/MWCNTs-based stretchable resistive sensor
(SRS) was obtained using a solution-based process. Fig-
ure 1(b) schematically illustrates the fabrication process.
First, Ecoflex 00-30 silicone rubber solution (Smooth-On)
Part A (Platinum Catalyst) and Part B (Vinyl-terminated
PDMS/Hydrosilylation Agent) were mixed at a mass ratio of
1:1 and stirred for 5 minutes to ensure uniform mixing. Then,
nanogranular CB was added to the mixture at a mass ratio of
1:20, followed by the addition of MWCNTs at a mass ratio
of 1:100. The mixture was stirred for 10 minutes to form a
uniform solution. Next, the prepared solution was degassed
using a vacuum pump. Then, it was blade-coated onto a sili-
cone mold with a size of 5 cm×5 cm. After being left at room
temperature for 24 hours, the cured membrane was peeled off
from the silicone mold. It was cut into strips with a size of
5 cm × 1 cm. Copper tape was then attached to both ends
and connected to wires to create an SRS. At last, a sensory
platform was obtained by integrating the SRS and the ITO
ionotronic neuromorphic transistor together.

2.2. Characterization and measurements

The thickness of the chitosan film was characterized using
scanning electron microscopy (SEM: SU-70). The frequency-
dependent capacitance of the chitosan-based electrolyte film
was characterized using an impedance analyzer (IM3533).
A linear motor (LPS1.2) was used to apply tensile force to
the SRS. Bionic synaptic responses and advanced neuromor-
phic functions of the stretchable bionic motion sensory neuron
were characterized using a semiconductor parameter analyzer
(Keithley 4200A SCS). The partial voltage of the SRS was
measured using an oscilloscope. All the electrical measure-
ments were carried out under air with a relative humidity of
∼ 50%.

2.3. Results and discussion

In recent years, stretchable mechanical sensors have been
widely adopted in wearable technologies. Excellent mechan-
ical properties and conductivity are important for sensitive
strain sensors. Figure 2(a) shows a schematic diagram of
the sensing mechanism for the present SRS. The conductive
components within the flexible Ecoflex matrix are formed
by the combination of CB particles and MWCNTs, creat-
ing a highly conductive network. This network enables con-
duction between CB and CB, MWCNTs and MWCNTs, as

well as CB and MWCNTs. From a microscopic perspec-
tive, the changes in the conductivity of the conductive net-
work are mainly related to the separation of CB nanoparticles
and MWCNTs.[39–41] When the sensor is not stretched, adja-
cent CB particles or adjacent MWCNTs are in close contact
with each other, resulting in high conductivity. As the tensile
strain gradually increases, adjacent CB particles begin to sep-
arate, while adjacent MWCNTs slide and separate from each
other, ultimately leading to a break in the conductive network.
The center distance (d) between two adjacent CB particles can
be classified into three types,[42–44] i.e., (i) adjacent CB parti-
cles in complete contact, (ii) adjacent CB particles not in con-
tact but within a certain cutoff distance (C), and (iii) adjacent
CB particles completely disconnected. When d is compara-
ble to the diameter (D) of a CB particle of ∼ 50 nm, the CB
particles exhibit complete contact. When d is larger than D
but smaller than the C value, tunneling current still exists be-
tween the conductive particles due to the electron tunneling
effect. Finally, when d is greater than C, CB particles are com-
pletely disconnected, resulting in an extremely low current.
In addition, when the flexible Ecoflex matrix is stretched, the
columnar MWCNTs in the conductive network slide against
each other, gradually reducing the overlapping area until they
are completely separated. Therefore, the conductive layer of
the sensor exhibits the highest conductivity when there is no
stretching. As the strain increases, the distance between ad-
jacent CB particles gradually increases. In addition, the over-
lapping area between adjacent columnar MWCNTs decreases
with strain. All these effects result in increased resistance.
Once the strain reaches a certain threshold, the CB particles
and columnar MWCNTs are completely separated, resulting
in the loss of sensing ability. After the stretching is released,
the Ecoflex matrix reconstructs a well-connected conductive
network, transforming from a completely separated state to a
fully connected state and restoring good conductivity.

Here, mechanical tensile strain (ε) is defined as

ε = (L−L0)/L0, (1)

where L and L0 represent the length of the sensor with and
without strain, respectively. Figure 2(b) shows the current–
voltage (I–V ) curves under different ε values. It is obvious
that ohmic contact is observed, demonstrating decreased con-
ductivity at increased ε values. The resistance (R) is ∼ 13 kΩ

at ε = 0. While it increases to ∼ 536 kΩ at ε = 200%. The
change (η) in resistance is defined as

η = (R−R0)/R0 ×100%, (2)

where R and R0 represent the resistance with and without
strain, respectively. Figure 2(c) shows the relationship be-
tween the η values and the ε values. It can be seen that the
η value increases from ∼ 0% to ∼ 3982% with the increased
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ε value from 0 to 200%. The sensitivity, i.e., gauge factor
(GF), is defined below:[45]

GF = ∆η/∆ε. (3)

Thus, two sensing ranges are exhibited. For the strain below
100%, the GF value is ∼ 6.4. While for the strain ranging
between 100% and 200%, the GF value is ∼ 32.2. At low
strain below 100%, the conductive mechanism is associated
with the slight displacement of the CB particles. At this stage,
the MWCNTs network is quite stable. Thus, the changes in re-
sistance remain small. While at higher strain above 100%, the

conductive mechanism is associated with the slipping of the
columnar MWCNTs. At this stage, the columnar MWCNTs
begin to separate, causing severe damage to the conductive
network. Thus, the changes in resistance become significant.
This enables the sensor to have a relatively high sensitivity.
Figure 2(d) shows dynamic η values at different ε values. The
η value increases with increased ε and then returns to the ini-
tial value upon releasing. The behavior exhibits clear repeata-
bility across different cycles, indicating excellent sensing per-
formance.
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Fig. 2. (a) Schematic diagram of the sensing mechanism of the SRS. (b) Current–voltage (I–V ) curves under different tensile strains (ε). (c) η

values as a function of ε . (d) Dynamic η values at different ε values ranging between 2% and 100%.

In addition to high sensitivity and a wide strain sensing
range, other properties should also be considered, including
environmental adaptability, durability, and response time. Fig-
ure 3(a) shows a photograph of the SRS at the original state
and under stretching. Figure 3(b) shows I–V characteristics
of the SRS under strain with ε values of 20% and 40% af-
ter washing and sunlight exposure. Under the same ε value,
the I–V curves approach each other very well, indicating sta-
ble performance. This also suggests the suitability for outdoor

wearable applications. Figure 3(c) shows the dynamic η re-
sponse at an ε value of 2%. At the rising stage, the response
time is as short as ∼ 173 ms. Due to the viscoelastic hys-
teresis of the membrane, i.e., the delayed reconstruction of the
conductive network, the response time is prolonged to ∼ 1.4 s
upon the unloading of the stretching. To test the durability of
the SRS, more than 3000 stretching and releasing cycles were
carried out under strain with an ε value of 15%, as shown in
Fig. 3(d). The peak η values remain at ∼ 30% with a negligi-
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ble drift of less than 3%. The baseline resistance recovered to
its initial value after each cycle, indicating excellent repeata-
bility and minimal hysteresis. Under continuous stretching,
CB and MWCNTs underwent minor slip, while the Ecoflex
matrix exhibited slow creep. The conductive network contin-
ued to undergo slight optimization, resulting in a gradual and
stable decline in resistance without significant abrupt changes.
At higher cycle numbers, the conductive filler achieved dy-
namic mechanical equilibrium within the Ecoflex soft matrix.
The filler’s dispersion, interlayer stacking, and densification
reached saturation states, while residual stresses in the Ecoflex

matrix were fully released. Creep and stress relaxation pro-
cesses ceased, and the conductive network structure stabilized.
Each tensile-recovery cycle demonstrated reversible deforma-
tion. The resistance baseline maintained stability, and drift
phenomena were virtually eliminated. Figure 3(e) shows con-
tinuous cycling tests of the SRS under strain with an ε value
of 50% at different stretching-releasing frequencies. When the
frequency increases from 0.2 Hz to 1.0 Hz, the peak η values
are always ∼ 170%. Additionally, the η values return to the
same level when the strain is released, independent of the fre-
quency. This indicates the good stability of the present SRS.
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Fig. 3. (a) A photograph of the SRS in the original state and under stretching. (b) I–V curves of the SRS under strain with ε values of 20% and
40% after washing and sunlight exposure for 4 h. (c) Dynamic η response at an ε value of 2%. (d) Dynamic η response at an ε value of 15%
under 3000 stretching-releasing cycles. (e) Dynamic η response at an ε value of 50% at different stretching-releasing frequencies. (f) Simplified
schematic diagram of the 1D Residual Net for the recognition of movement instructions. (g) Average accuracy for the 5 movement instructions.
(h) Confusion matrix of the training results for the 5 movement instructions.

Interestingly, the SRS is attached to the knees to detect
different types of movements. With varied stretching lengths
and frequencies at different movement states, resistance re-
sponse characteristics can be recorded. A machine learn-
ing model can thus accurately distinguish these movement
states.[46,47] Figure 3(f) shows the schematic diagram of the
1D Residual Net for the recognition of movement instructions.
First, current responses under 5 different knee flexion move-
ments from two volunteers were recorded, i.e., seated leg ex-
tension, small-step run, small-step walk, squat, and high-knee
run. Figures S1 and S2 in Supporting Information show the

corresponding dynamic η responses. After that, the data were
sliced and normalized with a slice window length of 5000 and
a step size of 75, obtaining 4315 slice samples. After prepro-
cessing, these data were randomly divided into training and
testing sets at a ratio of 8:2. Here, five-fold cross-validation
was performed to reduce experimental randomness. During
the training and evaluation stages, a cross-entropy loss func-
tion and a stochastic gradient descent optimizer were used.
After each training epoch, the classification accuracy was eval-
uated on an independent test set. To comprehensively analyze
the performance of the model, accuracy curves were recorded
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to monitor the training process, as shown in Fig. 3(g). After 30
training epochs, the training accuracy exceeded 90%. At the
same time, the testing accuracy was similar to the training ac-
curacy, indicating good classification performance. Addition-
ally, a confusion matrix was generated to intuitively show its
classification performance for each instruction category. Fig-
ure 3(h) shows the confusion matrix for the 5 movement in-
structions. The overall recognition accuracy was ∼ 92%, indi-
cating that the SRS has strong prospects in the field of intelli-
gent sensing.

Figure 4(a) shows the frequency-dependent specific ca-
pacitance of the chitosan-based electrolyte film. A high spe-
cific capacitance of ∼ 4.3 µF/cm2 is obtained at 1 Hz. Such a
high capacitance is related to the electric double layer (EDL)
formed at the chitosan/ITO interface. Figure 4(b) shows the
output characteristics of the ITO ionotronic neuromorphic
transistor with Vgs increased from −0.6 V to 1.2 V in steps of
0.2 V. At low Vds, good linearity is observed, indicating good
ohmic contact. Good current saturation behavior is also ob-
served at higher Vds. All these results indicate good transistor
performance. Figure 4(c) shows five repeated transfer curves
measured at a fixed Vds of 1.5 V. There is an anticlockwise hys-
teresis window of ∼ 0.2 V. The behavior is attributed to proton
migration within the chitosan-based electrolyte. The on/off ra-
tio, subthreshold swing, threshold voltage, and mobility are ∼
4.9×106, ∼ 80 mV/dec, ∼−0.39 V, and ∼ 5.8 cm2 ·V−1 ·s−1,
respectively. The proton-related interfacial EDL coupling en-
dows the chitosan-gated ITO ionotronic neuromorphic tran-
sistors with the ability to mimic synaptic plasticity, including
short-term synaptic plasticity (STP) and long-term synaptic
plasticity (LTP).[48,49] Figure 4(d) demonstrates a typical ex-
citatory postsynaptic current (EPSC) response triggered by a
single gate spike (1 V, 10 ms). Figure 4(e) presents an EPSC

response triggered by paired gate spikes (1 V, 10 ms) with
an interval time (∆T ) of 10 ms. The second absolute EPSC
value (A2) is higher than the first one (A1), i.e., ∼ 3.35 µA
vs. ∼ 1.86 µA, well mimicking the paired-pulse facilitation
(PPF) effects in biological nerve systems. Thus, the PPF in-
dex, defined as A2/A1 × 100%, is ∼ 180%. Figure 4(f) il-
lustrates the PPF index as a function of ∆T . The behavior
is highly similar to that of biological synapses[50] and the re-
ported neuromorphic devices.[51,52] Figures S3(a) and S3(b)
also show transfer curves and EPSC responses on five differ-
ent transistors. The slight shifts are due to slight differences in
the channel thickness. Figure S3(c) shows 40 EPSC responses
obtained on a single device, exhibiting excellent stability. Fig-
ures S4(a) and S4(b) show spike number-dependent EPSC
responses and spike amplitude-dependent EPSC responses,
respectively. These results well mimic the transition from
short-term memory (STM) to long-term memory (LTM). Fig-
ure S4(c) shows a typical EPSC response triggered by a presy-
naptic spike (10 mV, 10 ms) at Vds of 0.01 V. The peak EPSC
value is ∼ 2.5 nA. The energy consumption (P) is ∼ 250 fJ.

Left panel of Fig. 5(a) schematically shows the human
motion-sensing neuron. First, primary sensory neurons lo-
cated at the sensory organs specifically detect mechanical
stimuli and convert them into electrical signals. These sig-
nals are then transmitted to the spinal cord or brainstem for
real-time integration and processing. Finally, precise motor
commands are issued by the spinal cord, transmitted through
the neuromuscular junction to skeletal muscle fibers, and drive
muscle contraction. This completes a closed-loop system
from sensory input to motor output.[53] Here, a stretchable
bionic motion sensory neuron is established by connect-
ing the SRS with the ITO ionotronic neuromorphic transis-
tor, as schematically shown in the right panel of Fig. 5(a).
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Fig. 5. (a) Schematic diagram of the human motion-sensing neuron and the stretchable bionic motion sensory neuron. (b) Dynamic divided
voltage (VSRS) on the SRS under repeated stretching. (c) Strain number-dependent EPSC responses under ε of 60%. (d) EPSC responses under
ε of 20% and 40%, decoding Morse code “SOS”. (e) EPSC responses triggered by applying a single “non-injury” stretching strain (90%) after
experiencing “non-injury” strain (90%). (f) EPSC responses triggered by applying a single “non-injury” stretching strain (90%) after experiencing
“injury” strain (120%). (g) Electronic emulation of “learningforgettingrelearning” dynamics based on proton cumulative modulation.

Under Vbias of 8 V, the divided voltage (VSRS) across the SRS
is loaded on the gate of the transistor, controlling the channel
conductivity. When an external stretching force is applied to
the SRS, changes in the resistance of the SRS trigger a voltage
pulse on the gate, achieving dynamic field-effect modulation.
Figure 5(b) shows the dynamic VSRS under stretching. It is sta-
ble at ε values of 20% and 40%, with VSRS values of ∼ 3.4 V
and ∼ 4.5 V, respectively. Figure S5 shows the dynamic VSRS

under stretching with ε ranging from 60% to 120%, showing
increased VSRS values with increasing ε . The increased VSRS

value under strain is consistent with the increased resistance of
the SRS under stretching. Rationally speaking, the VSRS can
also be modulated by Vbias. The corresponding VSRS can trig-
ger the migration of protons and the EPSC responses in the
channel due to the EDL effects. This indicates that the SRS
is feasible for regulating the neuromorphic device. Under dy-
namic stretching, a postsynaptic current (PSC) response can
be generated. When the stretching force is released, the VSRS

returns to the resting level. Thus, the PSC also returns to the
resting level. This is the main mechanism for the integrated
system. Figure S6 shows the ε -dependent EPSC responses at
Vbias of 6 V. As ε increases from 10% to 100%, the peak EPSC
value increases from ∼ 0.175 µA to ∼ 69.05 µA. Figure 5(c)
shows strain number-dependent EPSC responses at the same ε

value of 60%. The frequency of the dynamic strain is 2 Hz. As
the number of stretching cycles increases from 1 to 9, the peak
EPSC value rises from ∼ 9.6 µA to ∼ 18.6 µA. This is due
to the proton accumulation at the chitosan/channel interface.
Morse code is an internationally recognized communication
language that uses dots and dashes to represent various char-
acters. Interestingly, the present artificial neuron possesses po-
tential for encoding and decoding information. Here, signals,
i.e., dots and dashes, are represented by tensile strains with ε

values of 20% and 40%, respectively. By stretching the sensor
regularly, signals can be recognized by the EPSC value. EPSC
values below 3 µA and above 3 µA are associated with dots
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and dashes, respectively. Figure 5(d) shows EPSC responses
under strains. These EPSC responses can be decoded as the
word “SOS”.

The present bionic motion sensory neuron can also emu-
late certain features of nociceptive behavior in an electronic
analogue scheme.[54,55] Stretching strains with ε values of
90% and 120% are defined as “non-injury” and “injury” stim-
uli for the emulation. Figures 5(e) and 5(f) show the typical
EPSC responses triggered by a single “non-injury” stretching
strain after experiencing the “non-injury” and “injury” strains,
respectively. Here, a current threshold of 50 µA is set for the
analogue of a pain threshold. Under the first “non-injury” and
“injury” strains, the peak EPSC values are ∼ 43.8 µA and
∼ 78.3 µA, respectively. At the second “non-injury” strain,
the peak EPSC values are ∼ 45.7 µA and ∼ 56.4 µA after ex-
periencing the “non-injury” and “injury” strains, respectively.
The increased response to the same “non-injury” stimulus after
a prior “injury” stimulus demonstrates a thresholdbased sensi-
tization effect, which is conceptually analogous to hyperalge-
sia in biological systems. It should be noted here that this is
a simplified electrical emulation and does not capture the full

complexity of biological pain pathways. A learninglike be-
havior can also be mimicked by the present sensory neuron,
as shown in Fig. 5(g). The peak EPSC value of 156 µA is set
as a learning threshold. During the first training stage, con-
tinuous stretching with ε of 120% and frequency of 2 Hz for
8 times results in an EPSC value of 157 µA. After releasing
for 30 s, the EPSC drops to ∼ 19 µA. At the second train-
ing stage, continuous stretching for 8 times results in an EPSC
value of ∼ 166 µA, much higher than the threshold. How-
ever, continuous stretching for 4 times is enough to reach the
threshold. After releasing for 30 s, the EPSC value drops to
∼ 24 µA. At the third training stage, continuous stretching for
8 times results in the EPSC value of ∼ 168 µA, mimicking a
progressively enhanced response with repeated training. After
releasing for 30 s, the EPSC value drops to ∼ 21.6 µA. These
results show an analogue electronic emulation of “learning-
forgetting-relearning” dynamics based on cumulative proton
effects. However, it should be noted here that the present activ-
ities have not replicated the molecular or circuit mechanisms
of biological learning.
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Fig. 6. (a) Schematic diagram of human body movement states. (b) EPSC responses at different flexion angles of the finger joints. (c) EPSC
responses at different flexion angles of the neck joints. (d) EPSC responses at different elbow flexion angles. (e) EPSC responses at different
knee flexion angles.

These results indicate that the present bionic motion sen-
sory neuron can efficiently perceive and record mechanical ac-
tivities such as body joint bending and mechanical motion, as
schematically shown in Fig. 6(a). Since the strain range of
human motion is below 75%, the present sensory neuron has
great potential for monitoring human movements. Figure 6(b)
demonstrates the ability to track bending movements of hu-
man finger joints. As the bending angle of the finger joints in-
creases from 30◦ to 90◦, the η value increases. Thus, the VSRS

value increases accordingly, inducing an increase in the peak
EPSC value from ∼ 115 nA to ∼ 345 nA. Figure 6(c) illus-
trates the EPSC response used to monitor neck bending when
a volunteer looks down. The peak EPSC values are ∼ 1.2 µA
and ∼ 2.5 µA for angles of 15◦ and 45◦, respectively. Simi-

larly, the present sensory neuron can also accurately monitor
strain signals generated during elbow and knee bending, as
shown in Figs. 6(d) and 6(e), respectively. This highlights the
potential of the present bionic sensory neuron in fields such
as human health monitoring, neural prosthetics, and human-
machine interfacing.

3. Conclusion

In summary, a stretchable bionic motion sensory neuron
is proposed by integrating an ITO neuromorphic transistor and
a stretchable resistive sensor. The sensor is fabricated using
Ecoflex silicone as the substrate, doped with carbon black and
multi-walled carbon nanotubes. It demonstrates high sensi-
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tivity with a gauge factor of up to 32, offering a wide de-
tection range with mechanical tensile strain of up to 200%.
The sensory neuron can operate at low voltages due to the
low operating voltage of the chitosan-gated ITO neuromor-
phic transistor. Thus, the bionic motion sensory neuron can
accurately sense external strain and exhibit typical synaptic
responses with strain applied to the SRS. Since strain applied
to the sensors can carry information, the sensory neuron shows
signal encoding and decoding capabilities based on the Morse
code alphabet. In addition, it allows real-time monitoring of
joint bending activities. Thus, the sensory neuron holds poten-
tial for wearable electronics and provides interesting ideas for
neural prosthetics and smart human-machine interface tech-
nologies.
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