7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

A biopolymer-gated ionotronic junctionless oxide
transistor array for spatiotemporal pain-perception
emulation in nociceptor network+
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Capable of reflecting the location and intensity of external harmful stimuli, a nociceptor network is of
great importance for receiving pain-perception information. However, the hardware-based implemen-
tation of a nociceptor network through the use of a transistor array remains a great challenge in the area
of brain-inspired neuromorphic applications. Herein, a simple ionotronic junctionless oxide transistor
array with pain-perception abilities is successfully realized due to a coplanar-gate proton-coupling effect
in sodium alginate biopolymer electrolyte. Several important pain-perception characteristics of nocicep-
tors are emulated, such as a pain threshold, the memory of prior injury, and sensitization behavior due to
pathway alterations. In particular, a good graded pain-perception network system has been successfully
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established through coplanar capacitance and resistance. More importantly, clear polarity reversal of
Lorentz-type spatiotemporal pain-perception emulation can be finally realized in our projection-
dependent nociceptor network. This work may provide new avenues for bionic medical machines and

rsc.li/nanoscale humanoid robots based on these intriguing pain-perception abilities.
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Introduction

Sensation is the response of individual areas of the human
brain to objective things that directly act on the sensory
organs.' It arises from a nerve impulse produced by the
receptor that receives the stimulus and expresses the internal
and external experience of the human body.® Pain, as intero-
ception of an unpleasant sensory experience, normally starts
with the activation of a subpopulation of peripheral nerve
fibers known as nociceptors.’”® These nociceptors can not only
trigger pain signals in the central nervous system (CNS) but
they can also locally convey information at the periphery,
meaning that adjacent nociceptors are possibly evoked in this
spreading.””” The network that consists of these nociceptors
shapes the initial process of pain perception, playing an
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important role in intelligent cognition. With this in mind, the
hardware-based realization of a nociceptor-based neural
network using solid-state electronics is of great significance
for developing next-generation human-machine interactive
devices and systems. However, up to now, the development of
artificial nociceptor networks still remains a great challenge
due to the following issues: (i) a lack of efficient electronic
materials for mimicking information transmission in the
nociceptor network and (ii) a lack of a simple device architec-
ture for integrating nociceptor neurons.

In this work, using a sodium alginate (SA) biopolymer elec-
trolyte as the common neurotransmitter layer for ion trans-
mission, an artificial nociceptor network with pain-perception
and threshold-regulated abilities is successfully demonstrated
using a 5 x 5 array of ionotronic junctionless indium-tin oxide
(ITO) transistors. This coplanar-gate array not only realizes a
nociceptor network based on simple device architecture, but it
also further establishes extensive soft connections between
individual devices through a common electrolyte. Based on
these coplanar connections, several important characteristics
of nociceptor networks can be realized, such as the pain
threshold shown by biological nociceptors, memory of prior
injury, and spatiotemporal sensitization due to pathway altera-
tions in the nociceptor network. Interestingly, a tunable pain
threshold, corresponding to graded pain perception, can be
achieved via controlling the gate-to-channel distance. More

This journal is © The Royal Society of Chemistry 2022
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importantly, the nociceptor network exhibits spatiotemporally-
correlated Lorentz-type polarity reversal. The proposed device
may provide a good opportunity for use in human-machine
interactive devices aimed towards potential applications in
intelligent medical equipment, enabling future smart robots
to protect themselves from damage in hazardous environ-
ments. Therefore, this work may provide a new form of artifi-
cial neural network integration and extend the use of artificial
neural functionality to future neuromorphic electronics.

Results and discussion

Fig. 1a and b illustrate schematic diagrams of the nociceptor
network based on an ion-modulated transistor array and its
analogous biological counterpart. The skin is an area domi-
nated by nociceptors, and they are more densely distributed
there than in other tissues. There are a wide variety of pain
receptors in the epidermis.®*'" These nociceptors are only
evoked when a harmful stimulus exceeds a certain value that
could potentially injure tissues, such as extreme temperature,
large mechanical stress, the presence of undesirable chemical
molecules, etc.'>* Acting as a threshold switch, this network
that consists of peripheral stimulated nociceptors not only
selectively provides a rapid warning to the CNS but also con-
tributes to a motor response to avoid imminent threat or
injury from the environment."

In our transistor network, the external stimulus is emulated
by electrical pulse events triggering the device, as shown in
Fig. 1b. The thin SA film mimics the synaptic cleft while SA
ions can act as neurotransmitters. The migration of SA ions is
similar to the release of glutamate (Glu) from the presynaptic
membrane into the synaptic cleft when nociceptors are acti-
vated by harmful stimuli.'> When Glu is released in a sus-
tained manner, it binds to post-synaptic glutamate receptors
localized on second-order neurons in the dorsal horn and
mediates a fast excitatory post-synaptic current.'® This process
can be successfully emulated by our transistor network based
on the ion-induced electric double layer (EDL) effect."””'® The
application of a voltage to the gate electrode causes the
migration and accumulation of ions at the gate-electrolyte and
semiconductor-electrolyte interfaces, and then equal mirror-
image charges are induced at the other side of the interface.
As shown in Fig. 1c, when a positive Vgs is applied, the SA
cations will accumulate at the SA/ITO interface, thus inducing
many electrons on the other side of the SA/ITO interface, ulti-
mately increasing the channel current. However, anions will
gather at the SA/ITO interface to induce the depletion of
charge at the ITO surface under the influence of a negative
voltage, as described in Fig. 1d. In biological synapses, the
process of information processing and signal delivery between
neurons can be adjusted precisely via fluxes relating to ionic
species, which closely resembles the process of ion migration
in an EDL transistor. Fig. 1e displays the thickness of the ITO
film based on atomic force microscopy (AFM). From this
figure, it is observed to be ~20 nm. The experimental details
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can be found in the ESI.{ Here, we should point out that the
specific features of this device can be summarized as
follows: (i) the source, drain, and channel are made of
common heavily-doped ITO film (ie., a junctionless
transistor)'®?° and (ii) the different gates and channels are
directly coupled in the transistor network through a common
SA bio-electrolyte.

In a neural system, once a nociceptor is activated, pain
information is transduced into long-range electrical signals
and propagated into the spinal cord dorsal horn, thalamus,
and cerebral cortex, respectively.* In this complex pain circui-
try, the synapse as a junction between two adjacent neurons
plays an irreplaceable role in regulating pain transmission.>"*?
The intrinsic mechanism of this regulating behavior is synap-
tic plasticity, which refers to corresponding changes in the
synaptic morphological structure and function under the con-
ditions of harmful stimuli or environmental changes.”>?* As
shown in Fig. 2a, the neurotransmitters in a nociceptor are
released from synaptic vesicles into the synaptic cleft when the
action potential in the presynaptic neuron is triggered, result-
ing in an electrical signal as the output response. The resulting
current is usually called an excitatory postsynaptic current
(EPSC), and it is connected with basic synaptic plasticity over
the entire information transmission route.”® Inspired by this
architecture, the basically synaptic characteristics of nocicep-
tors can be successfully emulated using our device. Herein, a
coplanar gate is developed as the presynaptic terminal, while
the ITO channel with source/drain electrodes can be regarded
as the postsynaptic terminal. A typical EPSC is generated via a
presynaptic spiking event (pulse amplitude: 2.3 V; pulse dur-
ation: 10 ms) from a constant voltage reading of Vgs = -2V, as
shown in Fig. 2b. The EPSC amplitude evoked by the presyn-
aptic potential spike rapidly reaches a maximum value of
~0.62 pA and then drops back to the initial current state; this
resembles a biological excitatory synapse.'® This spike can be
ascribed to the ion migration effect, which is attributed to the
accumulation of ions at the SA electrolyte/ITO channel layer
interface.”®*” The distribution of ions gradually returns to its
equilibrium state after the spike, resulting in the channel
current decreasing back to its resting state.”® In a biological
system, paired pulse facilitation (PPF) is another form of short-
term synaptic behavior.>*° This is the phenomenon in which
the peak EPSC activated by a second presynaptic spike is larger
than that induced by the previous spike when a neuron is sub-
jected to two stimulus events at a certain interval.>'** This be-
havior plays an essential role in recognizing and decoding tem-
poral information in a neural nociceptor system.**
Interestingly, such neural behavior can be successfully emu-
lated using our artificial synaptic transistor. As presented in
Fig. 2c, two successive spike pulses (spike amplitude: 2.3 V,
spike duration: 10 ms) at an interval (At) of 10 ms are applied
to the gate electrode. From this figure, it is clear that the
second EPSC response is obviously higher than the first one,
indicating that PPF behavior has been well emulated. To
further reveal the degree of facilitation for this artificial
nociceptor, as shown in Fig. 2d, the PPF index (K) can be
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Fig. 1 (a) A schematic diagram of the biological pain-perception process. (b) A schematic diagram of the oxide transistor array connected to the
test system. (c) A schematic illustration of the ion-modulated ITO transistor under a positive gate bias. (d) A schematic illustration of the ion-modu-
lated ITO transistor under a negative gate bias. (e) Top panel: a top-view image of the ITO channel surface from AFM. Bottom panel: height infor-
mation from the ITO film extracted along the dotted line shown in the top panel.

defined as A,/A; x 100%, where A, and A, are the EPSC values approaches a value of 100%. The underlying mechanism of
triggered by the first and second spike events, respectively. We  this behavior is based on the interval time being smaller than
notice that the maximum PPF index is observed at At = 10 ms. the relaxation time and, as a result, the ions triggered by the
With an increase in the spike interval, the index gradually first pulse have not completely returned to their equilibrium
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(a) A schematic diagram of a biological synapse. (b) The EPSC response triggered by a presynaptic spike (2.3 V, 10 ms). (c) The typical EPSC

triggered by a pair of presynaptic spikes with an interval of 10 ms. (d) The PPF index plotted as a function of the pulse interval (At) at a fixed voltage
of 2.3 V. (e) EPSC responses induced by ten continuous pulses with frequencies ranging from 2 Hz to 50 Hz. (f) The index (An/A; X 100%) plotted as
a function of the stimulus frequency. (g) A contour map of EPSC for evaluating the pain-perception behavior.

state.>*3® The decline in the PPF index over time can be fitted

by a dual exponential model:

—At

K=Ken +Ke= +K

—At

This journal is © The Royal Society of Chemistry 2022

where K, is the PPF index constant when the pulse interval
approaches infinity, and K; and K, represent the original facili-
tation magnitudes of the respective phases. 7; and 7, represent
the relaxation time constants of fast and slow decay terms,

(1) which can be calculated to be 8.11 ms and 83.83 ms, respect-
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ively. It is worth noting that these time scales also coincide
well with those in biological synapses, where neural facilitation
can be subdivided into a rapid phase lasting tens of milli-
seconds and a slower phase lasting hundreds of milli-
seconds.>” Therefore, our device may be very useful for
mimicking biological synapses.

In biological synapses, the spike rate can also lead to a
change in synaptic weight, which is a key attribute of synaptic
plasticity.® Interestingly, a pain perception process normally
requires peripheral information to reach a higher center, and
this depends on the frequency of action potentials in primary
afferents.”® Fig. 2e illustrates that varying the frequency can
lead to information-filtering gates, affecting the transmission
of pain information. Here, the spike width and number of
spikes during the stimulus train at each frequency are fixed at
10 ms and 10, respectively. As seen in Fig. 2e, the EPSC
response maintains an unchanged value of 650 nA over the
entire stimulus train at a spike frequency of 2 Hz. However,
when the stimulus frequency increases to 50 Hz, a maximum
EPSC of 1.04 pA is clearly observed. Here, the relationship
between the EPSC amplitude gain, defined using An/A;, and
the stimulus frequency is further shown in Fig. 2f, where Ay
and A, represent the EPSC amplitudes after the Nth and 1st
stimulus pulses, respectively. As seen in Fig. 2f, the index
increases with an increase in the stimulus number and fre-
quency, whereas the data points almost coincide at a low
stimulus frequency of 2 Hz. The above results reveal that both
the frequency and stimulus number have a significant effect
on the synaptic weight. According to previous reports, a pain-
perception signal only occurs when the pulse response cur-
rents triggered by the stimulus signal reach/exceed a certain
threshold.” For our device, the key pain perception function of
the nociceptor is experimentally demonstrated through pulse
measurements from the device. To mimic this specific feature,
we can define a “threshold current line” of 1 pA in the contour
map to mimic pain-perception behavior, as shown in Fig. 2g.
An I, value of 1 pA can be used to suitably categorize pain-per-
ception processes into painful and non-painful at different
gate terminals. As seen in Fig. 2¢g, typical non-painful behavior
is located on the left side of the threshold line, whereas clear
painfully perceived behavior can be observed on the opposite
side of threshold line. Hence, these results strongly indicate
that pain perception may be possibly realized using the pro-
posed device.?®3°

A nociceptor, which is one of the most crucial and dis-
tinguishing detectors, can rapidly respond to potentially injur-
ious stimuli affecting the human body and help the organism
to avoid injury.® Three key aspects relating to nociceptors are
threshold, sensitization, and desensitization.*’ During the acti-
vation of the nociceptor, many mediators are released. These
chemicals primarily act on metabotropic G-protein-coupled
receptors and change the threshold and kinetics via activating
intracellular voltage-gated calcium pathways, as described in
Fig. 3a.*"** In a biological nociceptor, the stimulus intensity is
one of the most dependent threshold conditions affecting trig-
gering. Thus, a spike train with different voltage amplitudes is
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View Article Online

Nanoscale

used to emulate external stimuli in our artificial nociceptor, as
shown in Fig. 3b. When a single electrical spike with a pulse
duration of 10 ms is applied to our transistor, the EPSC
response does not reach the trigger threshold (I, = 1 pA) until
the pulse amplitude reaches 2.70 V. In a previous biological
experiment based on rats, when high-intensity noxious stimuli
were applied to the knee joints of rats, a hindlimb-withdrawal
reflex was evoked in awake rats. However, when low-intensity
noxious stimuli were applied, the nociceptor neurons exhibi-
ted weak responses, resulting in innoxious-perception behav-
ior. In our work, our device also exhibited a weak response to
voltage stimuli below the threshold. This is consistent with the
results obtained experimentally when examining the pain-per-
ception nociceptors of rats.*> Here, the voltage that can cause
the device to exactly exceed I, is regarded as the pain-trigger
threshold voltage (V). Therefore, V4, in this artificial nocicep-
tor can be calculated to be 2.70 V. From this point, a further
increase in the stimulus voltage results in clear pain-cognition
behavior. At the same time, the spike duration also plays an
important role in triggering pain-perception abilities, as
shown in Fig. 3c. Using a fixed pulse amplitude of 2.2 V, as
seen in Fig. 3c (ie.,, a non-painful stimulus), it is clearly
observed that a longer pulse duration (40 ms) is required to
exceed the pain-perception threshold when a spike train of
different spike widths (10-300 ms) is applied to the gate term-
inal. This is very consistent with the fact that a neural system
cannot detect pain based on a short-term external injury with
a short duration, whereas an non-painful response changes to
a pain-perception event if the noxious stimulus duration is
continually increased.**** Fig. 3d depicts the fascinating pain-
perception behavior in response to different spike amplitudes
and durations. The dark grey plane at 1 pA is defined as the
“threshold plane” in this 3D image. In this figure, we can see
that the non-painful cognition turns to painful cognition upon
an increase in the stimulus amplitude and duration. In
general, to protect the human body, an injured area possesses
sensitization characteristics after the nociceptor responds to a
prior harmful stimulus.*>*” Peripheral sensitization (abbre-
viated as sensitization) is an important property of nocicep-
tors, as it can help injured tissue to further avoid exposure to
potential damage. This sensitization can be observed through
a lowering of the threshold level (i.e., “allodynia”) and an
increase in the response magnitude to harmful stimuli (i.e.,
“hyperalgesia”).” During these biological processes, the recov-
ery time after injury and the severity of the injury are two
important factors affecting sensitization. Such characteristics
can be successfully emulated in our artificial nociceptor upon
using different spike pairs with various time intervals, as
shown in Fig. 3e-g. In Fig. 3e, the first spike during each pulse
pair is set with a voltage amplitude of 4 V and a pulse duration
of 10 ms (pain-perception stimulus), resulting in a large EPSC
(~5.13 pA). After the first stimulus, the device is exposed to a
second non-painful stimulus with a voltage amplitude of 2.2 V
after different time intervals (0.01, 1, and 10 s). From Fig. 2e, it
can be seen that the pain response caused by the second
stimulus shifts towards a higher value with a decrease in the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) A schematic diagram of the pain-perception mechanism in biological system. (b) Plots showing how as the pulse amplitude increases
from 1.3 V to 4V, the current does not reach the threshold level (/y, = 1 pA) until the pulse amplitude reaches 2.70 V. (c) The EPSC responses trig-
gered by voltage spikes with different pulse durations of 10—300 ms at a fixed stimulus amplitude of 2.2 V. (d) A 3D image summarizing EPSC as a
function of different pulse amplitudes and durations. (e) Relaxation characterization using a 4 V pulse followed by a 2.2 V pulse at varying intervals of
0.01s, 1s, and 10 s. (f) Pain sensitization behavior mimicked using a pulse of 2.8—4 V followed by a fixed stimulus of 2.1 V after the same time inter-
val (10 ms). (g) Mathematical fitting of the sensitization degree (E) as a function of the pulse interval for each spike pair (pink curve) and the sensitiz-
ation degree (H) as a function of the pulse amplitude of the first stimulus for each spike pair (blue curve). (h) EPSC responses to pulse trains with
different voltage amplitudes (from 2 to 4 V).
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stimulus interval. Most notably, the current induced by the
second unpainful stimulus can even reach I, if the spike inter-
val is small enough; this can be attributed to the “ion relax-
ation” process not being fully complete after the harmful
stimulus has been removed.”® However, when the spike inter-
val grows large enough, the EPSC response induced by the
second stimulus gradually decreases and even falls below the
threshold. This phenomenon resembles the hyperalgesia and
allodynia shown by nociceptors during the relaxation period,
which can allow a potentially harmful stimulus to be detected
with increased sensitivity right after responding to a prior
harmful stimulus.*®*® In addition, using the same interval of
10 ms, a train consisting of a varied stimulus (2.8-4 V spike
amplitudes) followed by a fixed of 2.1 V (subthreshold stimu-
lus) is employed to emulate the dependence of injury severity
on pain sensitization, as shown in Fig. 3f. From this, it is
found that the response triggered by the second stimulus of
each spike pair exhibits a gradual stepwise increase and finally
exceeds Iy, as the first spike amplitude is increased. This result
implies that the threshold shifts towards a lower voltage
after experiencing a more harmful stimulus, once again
mimicking the hyperalgesia and allodynia of nociceptors.
These behaviors make the system hyperalert after injury, so
that tissue is highly protected. Here, as shown in the pink
curve in Fig. 3g, the sensitization degree (E) can be defined by
A,/A; X 100%, where A, and A; are the EPSC amplitudes result-
ing from the first and second stimulus, respectively, of each
spike pair. To further reveal the sensitization and desensitiza-
tion features of this artificial pain-perception device, an
exponential equation based on the ion migration model is pro-
posed as follows:

—At
E = Ele 73 +E0 (2)

where E, represents a sensitization constant in the steady state
(At - ), E; is the sensitization factor, and 73 is a parameter
relating to the relaxation time of sensitization behavior. The
fitting results are shown in Fig. S2 and Table S1 (ESI).} 73 is
calculated to be ~2.89 s, implying that the device realizes
desensitization behavior when the time interval is greater than
this value.?®”® Based on the above results, the correlation
between the degree of pain sensitization (H) and voltage (U)
can be fitted using the model:

—U
H :H16U0 +H0 (3)

where H represents the sensitization degree ((A; — A4,)/A; X
100%), and H, and H, are two different sensitization con-
stants. From the fitting curve shown in Fig. 3g (blue curve), the
increase of H with U can be well fitted based on the exponen-
tial equation, implying that an adjustment of the intensity of
the first “injury” can effectively change the characteristics of
pain sensitization. Detailed fitting results can be found in
Table S1 (ESI).} This voltage-dependent sensitization behavior
in our artificial nociceptor can be attributed to different ionic
memory due to a change in the carrier concentration caused
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by the first electrical stimulus, which is very analogous to the
long-term existence of cellular memory traces relating to pain
cognition.>® To further investigate the response of this artifi-
cial nociceptor to continuous pulses, various spike trains with
different amplitudes (2 to 4 V) are applied to the device (pulse
duration: 10 ms), as shown in Fig. 3h. With sequential input
pulses at a fixed voltage amplitude, the EPSC increases gradu-
ally, then exceeds the pain-perception threshold, finally pla-
teauing. Here, the critical parameter of incubation time (¢)
can be defined as the time taken for the EPSC to reach I,. It is
directly observed that ¢, significantly decreases with an
increase in spike amplitude, as shown in Fig. S3 and Table S2
(ESI).T That is to say, the artificial nociceptor responds more
quickly to a stronger external stimulus. At the same time, this
result also confirms that the pain-perception threshold pro-
perties are strongly dependent on the spike amplitude.
Interestingly, as the spike number increases, the EPSC
response triggered by a low voltage amplitude (below the pain
threshold) also induces a large EPSC, which is above I,. This
phenomenon is attributed to the “no adaptation” behavior of a
nociceptor, which is critical for protecting the human body
against repeat harmful stimuli.****> Based on the above results,
the two-phase sensitivity of the temporal characteristics of the
artificial nociceptor can be successfully fitted, as shown in
Fig. S4 (ESI).7*>** The corresponding results are further sum-
marized in Table S3 (ESI).T

Compared with other tissues, the skin is more densely
dominated by nociceptors, and they are widely distributed in
the dermis of the skin.'® When skin is stressed by an external
painful stimulus, vesicles in the C-fibers of skin are released
and this can cause physiological effects in surrounding tissue.
Nearby neurons may also be recruited in this physiological
effect, diffusing the action potential of the stimulus to adja-
cent branches of nociceptor neurons.®>* Inspired by this bio-
logical mechanism, a 5 x 5 coplanar-gate transistor array is
constructed to emulate the pain-perception abilities of the
neural network system. As shown in the schematic diagram in
Fig. 4a, Chan-1 to Chan-5 correspond to the different positions
of 5 channels, and Gate 1 to Gate 5 are the different gate term-
inals. The film length of ITO is 1000 pm, while the film width
of ITO is 150 pm. Furthermore, as shown in Fig. S5 (ESI),T the
stability of the junctionless transistor was demonstrated upon
subjecting different gate terminals (G;-Gs) to a fixed bias of
Vpbs = 2 V for five successive measurements. A coordinate
system can be established with the channel itself as the origin
of the coordinates and L; representing the typical x-axis projec-
tion of the distance between “channel i” and “gate j”, where
“” and j” indicate the channel and gate positions, respect-
ively. The distance between adjacent channels is 2 mm, and
the distance between the vertical alignment channel and the
gate is 1 mm. The projection of the distances between
different channels and the gate on the corresponding abscissa
is summarized in Table S4 (ESI).f Herein, as shown in Fig. 4b
and Fig. S7 (ESI),} the pain-perception behavior of nociceptor
networks can be successfully emulated in our oxide transistor
array. Five torus graphs display the current responses of these

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) A schematic diagram of the junctionless transistor array used to construct the nociceptor network (left) and the corresponding definition
of the x-axis projection (right). (b) The EPSC responses exhibited based on different x-axis projections of the distances between a channel and the
gates. The left panel shows “channel 17, the middle panel shows “channel 2", and the right panel shows “channel 3". The different colors from purple
to black indicate stimulus voltage amplitudes from 1.3 V to 4 V with a step size of 0.3 V. The red curve represents Iy,. (c) Transfer curves of Chan-1
with respect to the five different gates. (d) The quadratic function fitting of the relationship between the projection and EPSC. (e) The quadratic func-
tion fitting of the relationship between the projection and V;,. Color maps of (f) S; and (g) S, revealing the degree of pain sensitivity for different
gate-channel combinations. (h) The relationship between S; and S fitted using an exponential function.

different channels after series of spike stimuli are applied to
the gate terminals with different projections. In these figures,
different colors from purple to black indicate the current
response to stimuli ranging from 1.3 V to 4 V with a step size
of 0.3 V. The red circular line represents the I;, threshold for a
pain response. It is found that when the stimulus voltage is
fixed, the current response decreases significantly with a con-
tinuous increase in the projection, resulting in an increase in
Vin- Interestingly, the largest current response is observed for a
projection of 0 mm. From these results, we can conclude that
the EPSC response and Vi, of pain perception are strongly
dependent on the projection. The variation of Vi, can be
further illustrated as shown in Fig. S8-S12 (ESI).T This above
regularity is most likely due to the following reason: the capaci-
tive-coupling effect gets stronger as the gate-to-channel projec-
tion decreases, making Vi, smaller and thus leading to more
significant pain-perception behavior.*® Fig. 4c shows the trans-

This journal is © The Royal Society of Chemistry 2022

fer characteristics of Chan-1 for the 5 different gates at a fixed
Vps of 2 V. From this, one can clearly see that with a decrease
in the distance between the gate and Chan-1, the on-state
current (I,,) becomes larger. This phenomenon is ascribed to
EDL modulation in electrolyte-gated thin-film transistors
(TFTs).>*>*> A short distance between the channel and gate can
enhance the EDL coupling effect and thus increase the
response current, causing the device to require a larger nega-
tive voltage to turn off. As mentioned before, pain perception
typically begins with the activation of a network of nociceptors.
Hence, these corresponding activities in this network would
constitute a direct and objective measure of the actual experi-
ence of pain.>*® Herein, the EPSC and corresponding Vy, can
be further extracted, as shown in Fig. 4d and e, respectively.
From these, it is interestingly observed that the EPSC trend
exhibits open-down Lorentz-type characteristics, while Vi,
shows open-up characteristics. Based on these specific fea-
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tures, a mathematic Lorentz equation can be proposed as
follows:

_ 2D w

. SV 4
T 4(x—x.)” +w? 0 )

where x., D, w, and M, correspond to four different constants.
In Fig. 4d, D is calculated to be 7.10 pA mm (D > 0, x. ~ 0),
indicating that the EPSC has a maximum value of 1.45 pA
when L; = 0 mm. However, in Fig. 4e, D can be calculated to be
—16.70 V. mm (D < 0, x. ~ 0), revealing that V;, exhibits a
minimum value of 1.98 V when L; = 0 mm. The above results
strongly indicate that the critical figures of merit of the
nociceptor network have extreme values when L; = 0 mm.
More importantly, clear polarity reversal is exhibited from the
EPSC to the V4, Lorentz-type characteristics, which is ascribed
to the perfect symmetry of the coplanar-gate coupling
capacitances.*>® Furthermore, in order to further reveal the
relationship between I;, and the gate-to-channel distance, a
color map of the pain-perception sensitization factor (S,)
based on different coplanar-gate positions can be extracted, as
shown in Fig. 4f. Here, the parameter S; can be defined as
follows:

= L2 5)
where d is the distance between the channel and the gate. In
Fig. 4f, we can clearly see that S; is significantly larger for gate-
to-channel pairs that are vertically aligned (diagonal elements
in the color map, i.e., L; = 0 mm). At the same time, another
important sensitization factor S, can be defined as follows:

- Iin _ 1pA
Vih Vih ’

S, (6)

Using this equation, S, can be extracted, as shown in
Fig. 4g. It is interesting to note that the diagonal positions also
exhibit large values. In fact, our transistor array is directly
coupled through a lateral ion-conducting film, and each path
between a gate and a channel has different capacitance.*’
Hence, these phenomena can be attributed to the fact that as
the distance between the gate and the channel increases, the
ion-coupling effect becomes weak, leading to a decrease in the
electrolyte capacitance.*” Interestingly, the underlying mecha-
nism of the relationship between S; and S, can be further
revealed from the following equation:

S1
Sy = Qoe S0 4Py (7)

where Q, = —0.24 uS and P, = 0.46 puS, which are the pre-sensit-
ization factor and sensitization factor in the steady state,
respectively. Using this equation, the spatial pain sensitivity of
central sensitization (S,) can be fitted to be 0.42 pA mm™,
indicating that the artificial nociceptor exhibits strong sensitiz-
ation-regulated behavior when §; is greater than 0.42 pA
mm ™. In other words, this adjustment of conductance based
on the gate-to-channel distance opens up a new way of emulat-
ing the regulation of spatiotemporal pain-perception
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behavior.>”>° This feature can greatly improve the capacity of
nervous systems far from serious harm to interact with danger-
ous external environments, providing a new avenue for design-
ing next-generation intelligent humanoid machines.®*

Conclusions

A multiterminal junctionless transistor array with SA bio-
polymer electrolyte as the gate dielectric is developed to mimic
a pain-perceiving nociceptor network. The ionotronic bio-
polymer electrolyte endows the neuromorphic transistor
network with intriguing position-sensitive characteristics due
to the different channel-to-gate spatial distances, resulting in
the good ability to tune the pain-perception threshold. The
important pain-perception functions of nociceptors in
response to peripheral stimuli, such as a pain threshold, pain
sensitization, and desensitization, were successfully emulated.
More importantly, the device can not only establish a good
pain-sensitive network system based on graded pain-percep-
tion abilities, but it also exhibits the emulation of sensitivity-
modulated spatiotemporal pain perception in a nociceptor
network. Finally, the clear polarity reversal of the Lorentz-type
spatiotemporal characteristics can be realized in our projec-
tion-dependent nociceptor network. This special artificial
pain-perception network can provide new opportunities for
applications in bionic medical machines, humanoid robots,
etc.

Experimental section

Firstly, sodium alginate (SA) solution (4 wt%) was drop-casted
onto a Si/SiO, substrate and dried to form a homogeneous
film in ambient air as the top electrolyte. The thickness of the
SA film is about 15.5 pm. Next, indium tin oxide (ITO) film
with in-plane source, drain, channel, and gate components
was deposited on the SA-based solid electrolyte via radio-fre-
quency (RF) magnetron sputtering, where the RF power, Ar
flow rate, and working pressure were set to 50 W, 15 sccm, and
0.65 Pa, respectively. The time of the sputtering process for all
the in-plane components (gates, source, drain, and channels)
was 2.5 min. The dimensions of the nickel shadow mask were
150 pm x 1000 pm. Electrical performance data were measured
using a semiconductor parameter characterization system
(Keithley 4200 SCS) in the dark at room temperature.
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