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Lateral inhibition refers to the inhibition of neurons as caused by excitation of
its neighboring neurons, which helps increase the contrast and sharpness of
touch, and pinpoint exact touch position. However, such important opera-
tional logic has not yet been realized in neuromorphic sensing systems at the
device level. Herein, we demonstrate a cross-channel synaptic transistor (CST)
that possesses two perpendicularly-integrated channels with separate source
and drain electrodes but the same geometrical middle points. The architecture
is fabricated by electro-hydrodynamically printed indium zinc oxide (IZO)
nanowires with digital control. When one channel is excited, it attenuates the
charge-carrier transport in its perpendicular channel, fundamentally realizing
the lateral inhibition behavior on the device level, forming a competitive
charge-transport mechanism. The device was successfully applied to precise
localization of the touch point on an electronic skin, and the position can be
visually displayed simultaneously. The special device architecture can be used
to generate a lateral-inhibition-encryption (LIE) key that encrypts Morse code,
which ensures 100% accurate decryption by traversal decryption of all letters

and encryption types. This work demonstrates a new strategy to emulate
bioinspired operation logic on device level for the construction of future
bioinspired electronics.

When our skin is subjected to a sudden touch at some point, our
event-driven neural information processing can precisely pick out
this information from a variety of tactile information'”’. This fre-
quently occurs in our daily life, essential for tremendous everyday
tasks®°. The precise localization of touch attributes to lateral inhi-
bition, which is an important neural processing mechanism that
refers to the excitable activities of a neuron upon stimulation results
in inhibitory effects on neighboring neurons™". Lateral inhibition
enhances the accuracy of perception, recognition, and spatial loca-
lization of stimuli by reducing the response of peripheral neurons by
reducing background noise and interference ™. Lateral inhibition
mechanism has inspired a variety of research fields, for improving
the functions of artificial senses™ .

Lateral inhibition is applicable to a variety of bioinspired
applications'. In artificial intelligence, “algorithmic lateral inhibition”
assists neural networks to focus visual attention for objective
recognition’, real-time motion recognition”. This mechanism also
inspires some preliminary research on functional device sets for con-
structing visual processing. Different terminals in the same synaptic
transistor are used to emulate the competition between horizontal
cells, by employing the lateral gates of an anti-ferroelectric field-effect
transistor’’. Other attempts include the combination of a controlling
transistor with a sensing unit, where light and olfactory responses are
inhibited by tuning the gate voltage inputs to restrict the charge
injected into the parasitic drain capacitor of the sensor unit>*?**. How-
ever, these implementations of lateral inhibition either rely on the
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Fig. 1| Schematic of biological and artificial tactile nervous systems with lateral
inhibition mechanism. (left) A biological afferent nervous system, with enhanced
sense of touch by lateral inhibition. (right) An artificial tactile nervous system that
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implements lateral inhibition to process tactile information, with simultaneous
visual display.

inherent properties of conventional transistors that require manual
intervention for inhibitory stimulus regulation, or they depend on the
collaboration of different types of functional modules, which do not
represent inhibitory effect between similar neurons, and thus difficult
to fully replicate the complete functionality of biological lateral inhi-
bition. All the above processes are modulated by artificial electrical
pulses, whereas lateral inhibition is usually caused by the sense of
surrounding environment to result in the inhibitory effect. Moreover,
further exploration is needed on how lateral inhibition assists tactile
perception in electronic skin, which is essential in constructing bioin-
spired and bio-integrated interfaces.

Herein, we demonstrate a tactile nervous system that involves
lateral inhibition behavior, for precise localization of tactile informa-
tion, whichis also visually displayed simultaneously. This is realized by
a specially designed key information processing unit, a cross-channel
synaptic transistor (CST) with two crossed indium zinc oxide (IZO)
nanowires as perpendicular but jointed channel as digitally printed by
electrohydrodynamic nanowire printing technique, gated by a shared
ion gel sheet. When one channel is excited, the other channel is lat-
erally attenuated, serving as the inhibitory channel and implying lateral
inhibition. CST was used to develop a lateral inhibition key for secure
communication with 100% decryption accuracy. This work offers a
new insight to the construction of bioinspired systems and electronics.

Results

Design concept

When our skin is touched, several adjacent receptors can be
activated®. A layer of interneurons between sensory cells and neurons
leading to the central nervous system can transmit excitatory signals
from receptor cells, and send inhibitory signals to other nearby
interneurons, to concentrate our focus on the central contact region.
This phenomenon is known as lateral inhibition?**’. We demonstrate
an artificial tactile nervous system that is composed of cross-channel
synaptic transistors to replicate the above phenomenon. We fabri-
cated a pair of perpendicularly aligned 1ZO nanowires (NWs) for the
synaptic transistors using electrohydrodynamic nanowire printing (e-
NWP) process, and used the device to process the perceived tactile
information, which is centralized by the lateral inhibition mechanism
and simultaneously displayed visually (Fig. 1).

Design and fabrication of CST

A CST with perpendicular 1ZO-channels was fabricated to demon-
strate the lateral inhibition phenomenon (Fig. 2a): A tungsten probe
in contact with ion gel emulated the biological axon and presynaptic
membrane to conduct presynaptic spikes. The ion gel rich in mobile
ions that could migrate to the channel region in response to the
presynaptic spike, inducing the change of charge carrier amounts in
the channels. One of the IZO channels emulated synaptic cleft,
through which neurotransmitters are released to cause postsynaptic
currents (PSC) as controlled by resting potential (Vps;) of 1V and the
stimulation potential (Vis). The other 1ZO channel served as the
laterally inhibitory side, receiving information from neighboring
neurons through the second drain.

Digitally-aligned long and continuous IZO NWs were printed using
e-NWP, which is a cost-effective, eco-friendly and precise printing
technique®. Cross-structured NW arrays were mass produced, show-
ing high transparency (Fig. 2b). The NW arrays exhibited a straight and
uniform morphology with consistent diameters (Fig. 2¢, d), and the
spacing between the arrays was precisely controlled, with a minimum
spacing of 20 um (Fig. 2e-h). The intersections of the NWs changed
from a stacked to a flat morphology after sintering (Fig. 2i,j). The
typical diameter of a single NW was ~250 nm (Fig. 2k). Elemental
mapping demonstrated the evenly distributed indium (In), zinc (Zn),
and oxygen (0) in a NW (Fig. 2I).

Sensory cells can improve acuity through the lateral inhibition
mechanism?’. When there is overlap of receptive fields, this mechan-
ism works. A single stimulus, e.g., slight press of a pencil tip on skin, can
activate several adjacent receptors near the tip. Normally, all these
cells might pass on a stimulatory message to the central nervous sys-
tem, making it difficult to determine the exact location of the touch
point. However, if lateral inhibition is applicable, then there is a layer of
interneurons that lie between the sensory cells and the neurons that
lead to the central nervous system. These interneurons relay excitatory
signals from the receptor cells, but they also employ axonal branches
that can send inhibitory signals to other interneurons nearby. This set
up allows the interneuron that receives the strongest signal from a
sensory cell to amplify the stimulatory message to the central nervous
system while inhibiting the signals from nearby interneurons®. As a
result, the signal to the central nervous system is more focused
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Fig. 2| Characterization of the cross channels. a Schematic of CST with IZO cross-
channels, gated by a shared ion gel thin film. b Photograph and (c) OM image of
crossed IZO NW arrays. Scale bars, 10 pum. d SEM image of crossed 1Z0 NWs. Scale
bars, 10 pm. e-h SEM image of IZO NWs array with different spacing. Scale bars,

-150 nm

20 pm. AFM images of crossed IZO NWs (i) before and (j) after calcination. Scale
bars,1 pm. k TEM image of IZO NWs as printed on copper gauze. Scale bars, 50 nm.
1 Elemental mapping of indium, zinc, and oxygen in IZO NWs.

(Fig. 3a). Similar phenomenon was simulated by CST. When the applied
lateral inhibition voltage (Vps,) increased, the transfer curves of inhi-
bitory side showed potentiation trend, while output attenuation trend
(Supplementary Fig. Sla-c and Fig. S2). Under shared top gate, the gate
current was significantly smaller than the channel current (Supple-
mentary Fig. S1d). To elucidate the lateral-inhibition mechanism, finite-
element simulations of the electric-field (Supplementary Fig. S3a) and
potential distributions (Supplementary Fig. S3b) were performed
under varied Vps,, confirming the progressive suppression of the
output side and the eventual reversal of the inhibitory channel current.
When applied single presynaptic spike (4 V, 50 ms), PSCs were induced
to simulate transmission of neurotransmitters in the synaptic cleft.
With the increase of Vps,, PSC from output side exhibited an
attenuation of amplitude (Supplementary Fig. S4).

As an essential type of short-term plasticity (STP), paired-pulse
facilitation (PPF) plays a pivotal role in neural information processing.
Its functionalities encompass the transmission of information across
synapses and the temporal filtering of bioinformation, etc.” . The
CST has replicated the functionality of PPF. Two consecutive pre-
synaptic spikes (4 V, 50 ms) were applied under different Vps,, the first
spike induced an action response A;, and the second produced a
response A, the interval time At between the two spikes was 50 ms.
PPF index (100% x A/A;) of output side were calculated as 155.27%,
153.83%, 163.88% and 159.03% when under Vps, of 0, 0.2, 0.5and 1V,
which certified that the application of lateral inhibition only changes
the amplitude of PSCs but has negligible effect on the plasticity
(Supplementary Fig. S5).

Figure 3b illustrates the PSC of the output side in CST under no
lateral inhibition (Vps,=0V) and with lateral inhibition (Vps,=1V).
Despite the enhancement of PSC after 20 presynaptic spikes of 4 V in
both cases, the synaptic input from the inhibitory side results in a
significant attenuation of the amplitude compared to the synapse

without lateral inhibition. Furthermore, through the drain terminal of
the inhibitory side, PSC originating from the inhibitory side can also be
observed (Fig. 3¢). The patterns of enhancement and attenuation were
opposite to those observed in the PSC from the output side, in
accordance with Kirchhoff’s current law (KCL)”. This provides addi-
tional synaptic weight evidence for tracking changes in data within the
internal system.

Suppressive input of different intensities from inhibitory side can
regulate synaptic weights in response to fixed spikes. We investigated
the inhibitory-strength-dependent plasticity of CST by varying Vps;
ranging from O to 1V. As the inhibitory voltage increased, the output
PSC peak showed a nearly linear reduction, with a maximum reduction
of 43% compared to the non-inhibited state within this range (Supple-
mentary Fig. S6). To further quantify the influence of Vps, on the tem-
poral dynamics of synaptic plasticity, the PSC-retention curves were
fitted using a simple first-order stretched exponential function (SEF)*:

1=y — 1)) % exp[—(t/T — to/TP1+1, M

where ¢, is the time that the pulse finishes, /y is the initial PSC when
the presynaptic spike finishes, /. is the final PSC at equilibrium,
0<f<1is astretch index, and 7 is the retention time. In the CST, as
Vps2 increases from O to 1V, 7 initially decreases and then increases,
forming an approximately symmetric relationship around the inhi-
bitory voltage of 0.5V. The fluctuation range of 7 value is not sig-
nificant, which is attributed to the two perpendicular 1ZO-channels
sharing the same gate, thereby ensuring comparable synaptic
plasticity in these channels (Supplementary Fig. S7). The device
was tested under different humidity from 20% to 60%, and back to
20% (Supplementary Fig. S8).

The electric field and current distribution in CST were simulated
using COMSOL Multiphysics (Fig. 3g—j)*°, where the arrow size and
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Fig. 3 | Electrical properties of the five-terminal cross-channel device.

a Schematic diagram of tactile lateral inhibition. PSC from b the output side and
c the inhibitory side triggered by 20 consecutive presynaptic spikes (4 V, 50 ms)
without and with lateral inhibition. d Electric-field schematics of CST without and
with lateral-inhibition voltage. Histograms of PSC from e the output side and f the

inhibitory side triggered by different frequency of presynaptic spikes under dif-
ferent inhibitory voltages. Electric field and current distributions in IZO-NWs under
Vps2=g0,h0.4,i0.7,and j1V at the simulation time of 2 s. PSC outputs from k the
inhibitory side, I the output side, and m the decryption weighted PSC in secure
communication.

direction represent the magnitude and direction of the current in the
NWs at the simulation time of 2's, respectively. The electric field and
current distributions under different Vps, were consistent with the
trend in PSC (Supplementary Fig. S9). Current-voltage (/-V) contour
maps from output side and from inhibitory side elucidates the

operation mechanism of the CST with 1ZO cross-channels (Supple-
mentary Fig. S10).

Furthermore, a series of spike trains at different frequencies were
applied to investigate frequency-dependent plasticity under the
influence of different levels of lateral inhibition (Supplementary
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Fig. S11). As the pulse frequency increased, both PSCs from the output
side and inhibitory side increased (Fig. 3e, f); this was due to the high-
frequency stimulation driving more cations to migrate towards the
channel region, inducing larger electron flow*’. Through the syner-
gistic interaction of spike frequency and inhibitory voltage, the reg-
ulatory range of synaptic weights on the output side could be
increased by up to 270% (Fig. 3e). Moreover, when a sufficiently large
bias voltage of 1V was applied by the inhibitory side, it caused an
inversion of the output PSC of this side (Fig. 3f). A similar phenomenon
was observed for PSCs triggered by presynaptic stimuli with different
numbers of spikes (Supplementary Fig. S12). This characteristic can be
utilized in signal processing applications to determine whether suffi-
cient lateral inhibition is present simply by assessing the polarity of
the PSC*.

We validated the processing capability of CST in response to sti-
mulus signals by applying a series of alternating inhibitory pulses at 0 V
and 1V. It was observed that the polarity of the inhibitory-side PSC
switched instantly with the variation of inhibitory bias voltage (Sup-
plementary Fig. S13b). Furthermore, unlike the conventional approach
of modulating synaptic weights through applied gate spikes, the
output-side PSC was regulated by the inhibitory bias voltage, achieving
potentiation-depression regulation (Supplementary Fig. S13a). This
provides a new approach for synaptic weight update. After over 150
cycles of testing, CST exhibited stable PSC of a negligible decay,
indicating its great encoding potential.

The response speed of output side and inhibitory side was mea-
sured, showing arise period (¢,,) 0f 39.9 ms, 42.2 ms and a drop period
(to) of 656.8 ms, 43.3 ms, respectively (Supplementary Fig. S14). The
extended ¢ is a result of the synaptic plasticity in the device, which is
essential for in-sensor information processing. Energy consumption of
the device is evaluated as E=AIW, where A is driving voltage, / is
channel current, and W is duration of presynaptic spike. For a single
channel, the minimal E of output side was ~0.108 f] per synaptic event,
with A=0.01mV, /=0.215nA, and W=50ms (Supplementary
Fig. S15a). Spike-number-dependent plasticity (SNDP) was also emu-
lated using consecutive presynaptic spikes (Supplementary Fig. S15b).
Applying a consecutive sequence of presynaptic spikes to CST, the
stimulus enhancement from the inhibitory side and the attenuation
from the output side (Supplementary Fig. S16) significantly improves
the ratio between EPSC, which contributes to the differential proces-
sing between pixels. The wafer-level device fabrication process to
verify the scalability of the cross-channel printing process (Supple-
mentary Fig. S17). The nanowire array-based CST had a device pitch of
180 pum (Supplementary Fig. S18). The electrical properties of the CST
are compared with state-of-art lateral inhibition-based neuromorphic
systems (Table S1)*>?***"*%, The cross-coupled nanowire architecture of
CST encodes data in the form that cannot be retrieved by a single
channel, providing physically built-in information protection without
extra encryption circuit. The device shows high energy-efficiency. The
system could be improved by further improving the response time
asymmetry and reducing the pitch size.

The uniformity of response across the CST array was system-
atically evaluated. Under identical presynaptic spikes (4 V, 50 ms) with
lateral inhibition under Vps, = 0.5V, highly reproducible currents from
output side and inhibitory side were observed across all 3 x 3 devices
(Supplementary Fig. S19). The device-to-device (D2D) variations were
examined using data statistics. The variation coefficient (o/u) for peak
currents A;, As, and A, were calculated to be 4.09%, 3.57%, and 4.25% at
the output side, and to be 2.57%, 2.16%, and 1.97% at the inhibitory side,
respectively, where o denotes the standard deviation and y is the mean
value (Supplementary Fig. S20).

We further investigated the application of CST in secure com-
munication by applying different bias voltages to the inhibitory side.
Using the PSC from inhibitory side as the encryption key (Fig. 3i) and
the PSC from output side as the encrypted PSC (Fig. 3j), then the

original PSC response without inhibitory bias can be reconstruct by
weighting the two PSCs. Remarkably, even under different inhibitory
states, the decryption method yielded highly accurate signal recon-
struction compared to the unencrypted signal (Fig. 3k).

Encryption and decryption of Morse letters

The CST was used to respond to electrical impulses that represented
international Morse code, and thereby demonstrated potential appli-
cation in encrypted signal coding*®. Stimulated by encoded short “dot”
signals (4V, 0.1s) and long “dash” signals (4V, 0.15s), the CST effi-
ciently generated distinct PSC amplitudes on the output side corre-
sponding to English letters (Fig. 4a, b and Supplementary Fig. S21).
Notably, the amplitude of the inhibition-encryption side PSC remained
stable throughout the decoding process (Figs. 4a, b).

Additionally, due to its exclusive lateral inhibition function, CST
can encrypt Morse letters by modulating the bias voltage on the
inhibitory side, serving as the lateral-inhibition-encryption (LIE) key.
The negative encryption key represents unencrypted, while positive
one represents encrypted (Fig. 4c, left). This LIE method can suppress
the large PSC peaks of representing “dash” signals to a level equivalent
to the small peaks of short “dot” signals, thus Morse letters containing
one or more “dash” signals can receive varying degrees of encryption
(Fig. 4c, d). Using the letter “)” as an example, it can be transformed
into 7 other encrypted signals by encrypting the “dash” signals in dif-
ferent positions (Fig. 4e). The total of 8 possible outputs makes it very
challenging to trace back to their original signals without the LIE key.
This method can increase the confidentiality of communication,
potentially applicable to such as aviation lighthouses, to transmit
information to aircraft, and provide solutions for setting the direction
of information transmission in smart-home devices such as electronic
locks. A confusion matrix in Fig. 4f summarizes the LIE of 26 letters. For
letters containing only “dot” signals, they cannot be encrypted and
only produce unique possible signals, with a low security level of only
1; As the number of “dash” signals increases, the potential output type
after encryption also increases, with the security level progressively
rising to a maximum of 8. Randomized encryption of phrase “nan kai”
was also achieved by this method (Supplementary Fig. S22).

With the assistance and weighting of the encryption key
(Fig. 3i-k), the encrypted letters can also be decrypted and the PSC
peaks corresponding to ‘dot’ and ‘dash’ can be reconstructed (Fig. 4g).
After traversing and decrypting all the letters and encryption types, it
was verified that this method could achieve 100% accurate decryption
(Fig. 4h). Compared with the state-of-the-art devices with encryption
functions, CST not only achieves instantaneous large-signal transmis-
sion and encryption with just one single input, but also instantly out-
puts key signals through an additional lateral inhibition output,
benefiting from the symmetric channels and the shared gate. Fur-
thermore, owing to the unique characteristics of cross-coupled dual
channels, CST represents the first instance where measurable key
signals are weighted to achieve high-accuracy decryption
(Table S2)*7~,

Accurate Morse coding for the long sentence “I LOVE NEURO-
MORPHIC DEVICE” was achieved by representing combinations of
“dot” and “dash” signals to represent different letters. Based on the LIE
method, the original long sentence was randomly encrypted. By ran-
domly suppressing the encryption key on the inhibitory side, each
letter was randomly encrypted to generate an encrypted signal: “I
LDHE IESSKNUSHHIB SEHIFE”. Using decryption process to achieve
lossless backtracking of the original contents of the encrypted signal
(Fig. 4i). In addition, employing a 10 N pressure as an encryption key
and utilizing the above described decryption procedure, the phrase
“Nankai” was encrypted and decrypted effectively (Supplementary
Fig. S23). This coding system based on lateral suppression encryption
provided a secure encryption and decryption method, which pro-
tected the confidentiality of sensitive information. This system has
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Fig. 4 | Encryption and decryption using a lateral-inhibition encryption

(LIE) key. a Without an encryption, PSC from the encryption side and the output
side representing the International Morse code of letter “A”. b Without an encryp-
tion, output-side PSC distribution of 26 Morse letters. ¢ With a LIE, PSC from the
encryption side and the output side representing the International Morse code of
letter “A”. d With a LIE, encryption side and output-side PSC distribution from of 26

device”.

Morse letters. e PSC from 1 unencrypted output and 7 encrypted outputs of letter

“)". f A confusion matrix of 26 letters under LIE processing. g After decryption,
weighted PSC representing the International Morse code of letter “A”. h After
decryption, the weighted PSC distribution of 26 Morse letters. i With, without an
encryption, and decoding output PSC from the encryption side and the output side
representing the International Morse code of sentence “I love neuromorphic
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Fig. 5 | Lateral inhibition in an artificial tactile nervous system. a Schematic
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b Schematic illustration of artificial tactile nervous system: pressure sensor, CST,

signal processing module and displayer. ¢ Drain voltage and PSC of CST triggered
by pressing different positions of the pressure sensor, real-time picture of the
displayer at different time nodes. Scale bars, 1cm.

potential applications in protecting data security and privacy, poten-
tially applicable to secure wearable devices, internet of things
(IoT), etc.

Lateral inhibition in an artificial tactile nervous system

Under the effect of somatosensory lateral inhibition, when a skin
region is stimulated, the unstimulated regions around it are also be
affected, which can reduce the excitation level of the surrounding
regions, thereby helping people perceive and localize the source of
stimulation more accurately (Fig. 5a). To achieve this, an artificial
tactile nervous system was fabricated to achieve real-time perception
and signal processing of external stimuli at different locations under

lateral inhibition, and to execute visual sensing of the stimulation
location through display unit (Fig. 5b and Supplementary Fig. S24). In
our tactile nervous system, pressure signals acting at different loca-
tions were captured and converted into electrical signals by the
responding pressure-sensitive units as bias voltages applied to the
inhibitory side of CST. In this process, PSC on the inhibitory side
increased, representing an increase in pressure in the center region,
and the PSC on the output side decreased, representing that the sur-
rounding region was affected to present an inhibitory effect. PSC was
converted to voltage by the amplification module, read by the control
module, and transmitted to the display unit through the display
encoding to visualize and locate the pressure lateral inhibition.
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People can accurately locate stimuli on the skin through lateral
inhibition. Analogously, for our tactile nervous system, when dif-
ferent position units of the sensor are pressed with pressures up to
10N, the bias voltage of the inhibitory side of the CST increases
from 0.5 to 1V, peak values of the PSC of the output side and inhi-
bitory side change from 45 pA, controlling the change of the color
of the display unit. When pressed one sensitive unit, PSC on the
inhibitory side rapidly increased to ~66 pA, PSC on the output side
decreased to ~25pA, the color of the corresponding unit of the
display device deepened, and the color of the surrounding area
became lighter (event #1, 6 s). When pressed the adjacent pressure-
sensitive unit, the color change at another location was accurately
displayed (event #2, 12 s). When continuously pressed the pressure-
sensitive unit, PSC of the inhibitory side continued to increase, the
color of the display area deepened (event #3, 6 s). When the pres-
sure is released, PSC quickly returned to the initial state, the display
device restored (event #4, 12s) (Fig. 5¢). In addition, calibration
curves of APSCs under various pressures were constructed to dis-
cern the impact of pressure magnitude (Figure S25). This lateral
inhibition mechanism facilitates more accurate touch localization.
(Supplementary Fig. S26).

Additionally, to enhance the robustness of our LIE-based
encryption/decryption strategy against device non-idealities, we inte-
grated it with a reservoir computing process (Supplementary
Fig. S27a). We introduced random sampling offsets of +0.15s and +3%
noise into the signals, creating a training set with 2058 non-ideal
samples (Supplementary Fig. S27b). The LIE-RC system achieved 100%
recognition accuracy, demonstrating its strong compensatory cap-
abilities and potential for adaptive calibration under non-ideal condi-
tions (Supplementary Fig. S27¢).

Discussion

We fabricated an artificial tactile nervous system that replicates the
lateral inhibition mechanism in human skin, which assists locating the
touch point precisely. This was realized at the device level by a cross-
channel synaptic transistor in which the excitation of one conductive
channel attenuates the other channel, improve the contrast in sensing
the touch point, which is simultaneously displayed visually. The cross-
shaped channels were fabricated using electro-hydrodynamic nano-
wire printing process to ensure scalable production of the array.
Varying the intensity of the voltage input to the inhibitory channel
laterally decreases the synaptic weight in the output channel, effec-
tively simulating the contralateral inhibitory function at the device
level. The device successfully assisted the location of touch by dealing
with tactile information, and drive simultaneous display of the posi-
tion. The special architecture of the device is applicable to develop a
lateral-inhibition key for high-efficient Morse code encryption with
100% decryption accuracy. This work provides an innovative approach
for designing and regulating intricate functionalities in the field of
biomimetics and bioelectronics.

Methods

e-NWP of IZO NWs

Zinc acetate dihydrate (Zn(CH3C0O),-2H,0, ZnACD, metallic pre-
cursors), indium nitratehydrate (In(NO3);-xH,O, InNH, metallic
precursors) and polyvinyl pyrrolidone (PVP, sacrificial polymer)
were dissolved in a mixture of N,N-dimethylformamide (DMF,
common solvent) and chlorobenzene, and then stirring for 12 h at
room temperature. Crossed 1ZO NW arrays were printed on the
heat-resistant polyimide (PI) substrate. The distance between PI
substrate and nozzle tip was set to 3mm, and the electric field
generated between the nozzle and the collector was 1kV. The
blended NWs were converted to IZO NWs by calcination in a muffle
furnace at 450 °C in air.

Fabrication of CST

A pair of templated 80-nm gold source and drain electrodes was eva-
porated on the NWs. lon gel was fabricated from poly(vinylidene
fluoride-hexafluoropropylene) (P(VDF-HFP)) block copolymer and 1-
ethyl-3-methylimidazolium  bis(trifluoromethyl sulfonyl) imide
([EMIMI-[TFSI]) that covered on the IZO channel and part of the source
and drain electrodes. A Pt probe was in contact with the ion gel sheet as
the shared presynaptic input terminal.

Characterization. The morphological structure of NWs and were
observed using a FEI Apreo S microscope. The arrangement of 1ZO
NWs arrays was simply observed using the Leica DM2700M optical
microscope (OM). Atomic force microscopy (AFM) images and height
profiles of the 2D materials were collected using a Bruker dimension
icon microscope operated in tapping mode. High-resolution trans-
mission electron microscopy (HRTEM) images were obtained using a
FEI Talos F200X microscope. Elemental mapping was acquired using a
built-in Energy-dispersive X-ray spectroscopy (EDXS) measurement
module in the TEM system. All electrical measurements were obtained
using a Keithley 4200 SCS semiconductor analyzer in an N,-filled
glove box.

Fabrication of artificial tactile nervous system

The artificial tactile nervous system comprises an information pro-
cessing unit and a signal acquisition and display unit. Information
Processing Unit: A matrix thin-film pressure sensor (IMMOOO092A,
i-Motion sensor) serves as the pressure-sensing module, whose elec-
trical resistance (Rsensor) decreases with increasing applied pressure.
Rsensor is connected in series with a voltage divider resistor (Rs). Con-
sequently, the drain voltage (Vps,) of the synaptic transistor increases/
decreases as Rsensor increases/decreases. The two output currents (/oye
and /) from the artificial synaptic device are converted into corre-
sponding output voltages (Voun and Vo) using operational amplifiers
(LM358). Signal Acquisition and Display Unit: A microcontroller unit
(MCU, ATmega328P, Microchip) digitizes the analog signals V,,q and
Vourz- Subsequently, these digital signals undergo threshold compar-
ison. The results of this threshold comparison are then converted into
voltage signals and transmitted to the liquid crystal display screen
(IL19431) for visualization.

Data availability

The data generated in this study are provided in the Source Data file
and any additional data are available from the corresponding author
upon request. Source data are provided with this paper.
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