RESEARCH ARTICLE

M) Check for updates

Juill

www.small-journal.com

Mechano-Driven Neuromimetic Logic Gates Established by
Geometrically Asymmetric Hydrogel lontronics

Yaowen Ouyang, Xiang Li, Yan Du, Yuyang Zhang, Zhong Lin Wang, and Di Wei*

The human brain’s neural network demonstrates exceptional efficiency in
information processing and recognition, driving advancements in
neuromimetic devices that emulate neuronal functions such as signal
integration and parallel transmission. A key challenge remains in replicating
these functions while minimizing energy consumption. Here, inspired by
neuronal signal integration and axonal bidirectional transmission,
mechano-driven hydrogel logic gates leveraging the piezoionic effect is
presented, offering a novel bionic approach with significantly reduced power
consumption. By exerting external force on the thick and thin sides of the
geometrically asymmetric hydrogel, spike signals of differing amplitudes and
opposite polarities can be generated, corresponding to ‘1’ and ‘0’,
respectively. The differential mobility of anions and cations plays a crucial role
in the piezoionic effect. This geometric asymmetry amplifies ion convection,
improving force-to-electricity conversion efficiency, while the inclusion of salts
with varying ion size can further enhance this disparity, even reversing the
signal direction. Arranging asymmetric hydrogel iontronics in series-parallel
configurations enables the emulation of complex neuronal logic operations,
facilitating ionic spike signal addition and subtraction. This hydrogel-based
logic control has been directly applied in human-machine interaction to
control robot arms and offers significant potential for the advancement of
artificial intelligence, robotics, and wearable technologies.

processing, is encountering the boundaries
of its potential.!! As a result, a paradigm
shift toward neural information processing,
mimicking the natural mechanisms of liv-
ing organisms, is emerging. This transi-
tion is pivotal for enhancing the capabilities
of intelligence, which aims to replicate bi-
ological perception and signal processing.
Inspired by the human brain, neuromor-
phic computing leverages highly integrated
synapses to execute complex tasks with sig-
nificantly lower energy consumption than
traditional transistor-based circuits.”l The
brain uses analog computation to inte-
grate the information inside the neuron,
and the communication between the neu-
rons is processed by the spike signal gen-
erated by the ions, which is fundamen-
tally different from the present computer
based on digital electronic circuits.’! The
integration of information processing in
brain-like logic computing is pivotal for
advancing artificial ionic skin perception
and neural interface technologies, making
the construction of iontronic-based neu-
ral logic computing a crucial challenge.[*]
Hydrogels are particularly well-suited for
bionic ion-regulated devices, combining

1. Introduction

The Von-Neumann architecture, with its inherent limitations
such as substantial energy consumption, heat dissipation, and
temporal inefficiencies due to the separation of storage and

solid-like morphology with efficient ionic conductivity, excep-
tional biocompatibility, and mechanical properties akin to hu-
man skin, thereby facilitating the advancement of neuromimetic
systems.l’] Applications span from solid electrolytes in elec-
trical double layer transistors!® to nanofluid memristors.”]
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Moreover, asymmetric trimer hydrogels can emulate synaptic
plasticity when subjected to external pulsed electric fields.[®] Al-
though underexplored, mechano-driven hydrogel neuromimetic
devices hold significant potential for self-powered logic control,
eliminating the need for an external power supply to operate the
logic, thereby enhancing energy efficiency. Preliminary research
indicates significant opportunities, particularly through the de-
velopment of geometrically asymmetric hydrogel logic gates.

The piezoionic effect in hydrogels refers to the ion convection
process within the hydrogel driven by a pressure gradient, facili-
tating ion migration and enabling signal transduction under me-
chanical stimulation.l) The generation of the ionic signal is at-
tributed to the differential mobilities of anions and cations within
the hydrogel, where this disparity in movement under external
stimulation leads to the formation of an electric potential.’! By
harnessing mechanical energy and converting it into electrical
energy, piezoionic hydrogels can generate ionic currents, mak-
ing them highly suitable for applications in self-powered artifi-
cial pressure sensors, iontronic skin, and biomedical sensors.!1’!
Compared to traditional ionic piezocapacitive sensors,!!] this
mechanism offers a self-powered alternative for the development
of advanced sensing technologies. Recent studies have primar-
ily concentrated on enhancing the piezoionic coefficient to im-
prove output performance by altering electrolyte salt content,
cross-linking agents,!”! modifying polymer networks,!'?! and dop-
ing with ionic plastic crystals etc.’] Enhancing the piezoionic
coefficient of hydrogel iontronics while amplifying the diffusion
rate disparity between anions and cations remains a critical chal-
lenge. Furthermore, the nonlinear piezoionic response of hy-
drogels to applied pressure has shown potential as a threshold
gating mechanism, offering promising information processing
capabilities that could serve as alternatives to traditional tran-
sistors in logical gate.['*] Nevertheless, the potential of hydro-
gel iontronics for biomimetic neural networks in logic compu-
tation remains largely untapped. Specifically, the development of
mechano-driven hydrogel ionic logic gates, which promise self-
powered neuromimetic systems, represents a significant oppor-
tunity for future breakthroughs.

In neural transmission, the release of neurotransmitters is
controlled by the synaptic front end, which makes the electri-
cal signal transmission on neurons unidirectional, but the ac-
tion potential caused by Na* and K* reflux on the axon can be
transmitted in both directions, depending on the location of the
stimulation. This is miraculously similar to the piezoionic effect,
that is, when an external force is applied to different sides of the
same hydrogel, it will cause ion convection in the opposite direc-
tion, which is very suitable as the ‘1’ and ‘0’ input signals of the
logic gate. In order to further amplify the recognition of ‘1 and ‘0’
spike signals, we prepared hydrogels with asymmetric thickness
on both sides. Due to the different pressures applied by the motor
on different sides at the same step length, two kinds of ionic spike
signals with different amplitudes and directions will be generated
when pressing the geometrically asymmetric hydrogel. The reg-
ulation of mobility differences between anions and cations is crit-
ical for the piezoionic effect. This geometric asymmetry circum-
vents the need for complex chemical synthesis and molecular de-
sign, thereby enhancing signal recognition and accelerating ion
convection velocity. Additionally, it improves force-to-electricity
conversion efficiency. The incorporation of salts with varying ion
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sizes can further amplify this disparity and even reverse the di-
rection of the electrical signal. It should also be noticed that the
brain is interconnected through synapses in the neuronal net-
work, and the processing of information is a process of dynami-
cally integrating spike signals. Inspired by this, we used a simple
series-parallel circuit of multiple geometric asymmetric hydro-
gels to simulate the integration process of spike signals between
multiple neurons. Under the influence of an external force field,
the amplitude and direction of input spike signals generated by
various hydrogels are modulated, thereby emulating the weight-
ing of output signals at the synaptic front end of neurons in a neu-
ral network. This process facilitates the logical addition and sub-
traction of spike signals, ultimately allowing for the regulation
of the amplitude and direction of the output spike signal. Conse-
quently, four types of mechano-driven hydrogel logic gates have
been developed, broadening the scope for new logic gate appli-
cations. These logic gates are well-suited for human-machine in-
teraction, functioning as self-powered systems that significantly
reduce energy consumption in logic control. Moreover, through
strategic design and patterning of thickness, hydrogel logic gates
can be seamlessly integrated into robotic iontronic skins, offer-
ing a promising approach for human-machine interaction and
paving the way for innovative self-powered logic circuits.

2. Results

2.1. Brain-Like Hydrogel Logic Gates

The human sense of touch originates from receptors in the skin.
Synapses release neurotransmitters, which open ion channels.
The reflux of sodium and potassium ions causes changes in nerve
membrane potential and forms action potentials. The signals are
transmitted along nerve axons to the brain, which recognizes
the signals and ultimately gives instructions to the human body.
Inspired by the transmission of electrical signals along axons,
mechano-driven hydrogel logic gates were developed for applica-
tion in the logic control processes of human-machine interaction
(Figure 1a). The operational principle of bionic hydrogel logic
gates is derived from the piezoionic effect. By applying pressure
to each side of the geometrically asymmetric hydrogel, the direc-
tion of ion convection is altered, generating current and voltage
signals in opposing directions. This characteristic is ideally suited
for encoding ‘1’ and ‘0’ electrical signals, forming the foundation
for the functionality of logic gates.

Inspired by the neural network to control the output signal by
modulating the weight of the input ionic spike signal of multi-
ple synaptic front ends, four logic gates were constructed using
a straightforward series-parallel configuration of asymmetric hy-
drogels, as illustrated in Figure 1b. By strategically assigning sig-
nal generation weights to different hydrogels, the integration of
signals among multiple neurons is simulated, enabling the re-
alization of electrical signal outputs under various logical input
states.

2.2. Performance of Asymmetric Hydrogel lontronics

To enhance the differentiation and recognition of the input sig-
nal, the hydrogel is constructed in an asymmetric configuration
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Figure 1. Conceptual description of mechano-driven neuromimetic logic gates. a) Mechano-driven hydrogel iontronics for logic control of human-
machine interaction. b) Inspired by the regulation of brain-like neuron network, four kinds of iontronic logic gates realized by simple series-parallel

connections.

with varying thicknesses on each side, while the motor’s step size
is fixed to regulate pressure. Due to the varying pressures exerted
by the motor on each side at the same step length, the geomet-
rically asymmetric hydrogel generates two types of ionic spike
signals with distinct amplitudes and directions. The thicker side,
subjected to greater pressure, produces a higher amplitude elec-
trical signal, while the thinner side yields a lower amplitude.
The length, width and height of the symmetrical hydrogel
are 30, 10, and 2 mm, respectively. The asymmetric hydrogel,
with a 1 mm height differential, was fabricated using a custom
acrylic mold and UV initiation (Figure S1, Supporting Informa-
tion). The prepared hydrogel was positioned on an acrylic plate

Small 2025, 21, 2409998

2409998 (3 of 10)

with a copper wire electrode secured using double-sided adhe-
sive (with an electrode separation of 20 mm). The hydrogel was
then covered with PET tape for encapsulation and stabilization,
minimizing any interference during hydrogel extrusion (Figure
S2, Supporting Information). To identify the influence of geom-
etry structure change on device output, open-circuit voltage (V)
and short-circuit current (I ) of asymmetric hydrogel under dif-
ferent pressures were tested, and symmetric hydrogel was set
as the control group. The pressure was applied to the asymmet-
ric hydrogel thick side through the indenter (10 mm x 10 mm)
fixed on the motor and controlled by the forward distance of the
motor (Figure 2a). A thin-film pressure sensor is set below the
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Figure 2. Performance characterization of asymmetric hydrogel iontronics. a) Schematic diagram of hydrogel performance test method. b) V. compar-
ison of symmetric and asymmetric PAAm hydrogels under different pressures, containing 1 m LiCl at a frequency of 0.5 Hz (data are mean = SD, N =
3). ¢) I comparison of symmetric and asymmetric PAAm hydrogels under different pressures, containing 1 M LiCl at a frequency of 0.5 Hz (data are
mean + SD, N = 3). d) COMSOL simulation of fluid velocity of symmetric and asymmetric hydrogels. e) V,_ and I, of asymmetric PAAm hydrogels
with different ionic salt (C =1 M) under the pressure of 39 kPa, with the frequency of 0.5 Hz (data are mean + SD, N = 3). f) Schematic diagram of the
difference in ion mobility rate caused by the difference in anion and cation radius. g) The V.. and I . of asymmetric PAAm hydrogel with different LiCl
concentration under the pressure of 39 kPa, with the frequency of 0.5 Hz (data are mean + SD, N = 3). h,i) are respectively V. and I, of asymmetric
PAAm hydrogel with 1 m LiCl at different frequencies under the pressure of 39 kPa.

hydrogel to measure the pressure under the static distance of
the motor (Figure S3a, Supporting Information), and the rela-
tionship between pressure and the step distance of the motor
is described by the fitting function: P (kPa) = 37.3 x Distance
(mm) + 8.87, R?> = 0.96448 (Figure S3b, Supporting Informa-
tion). Within the pressure range tested in the experiment, V,
and I of the two structures of hydrogel devices increased with
the lifting of pressure, the curve growth rate of asymmetric hy-
drogel was larger, and the overall curve was above the symmetric
hydrogel (Figure 2b,c), which showed that asymmetric hydrogel
had higher force-electricity conversion efficiency than symmet-
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ric hydrogel under the same conditions. The resistance of sym-
metric and asymmetric PAAm hydrogels, containing 1 M LiCl,
was assessed via electrochemical impedance spectroscopy (EIS).
The resistance values, determined from the intersection of the
Nyquist plot with the real axis, were ~270 Q for the symmet-
ric hydrogel and 520 Q for the asymmetric hydrogel (Figure S4,
Supporting Information). This might be attributed to the smaller
volume of the asymmetric hydrogel with less total number of
ions. At a pressure of 27 kPa, the V. of the asymmetric hydro-
gel was »1.75 mV, compared to 1.5 mV for the symmetric hy-
drogel with AV y;p, of 0.25 mV. As the pressure increased to
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64kPa, the V__ of the asymmetric hydrogel reached ~3.5 mV,
while the symmetric hydrogel remained at 1.5 mV, resulting in
a AV guipy of 2 mV. The I of asymmetric and symmetric hydro-
gel also showed a similar trend. The V, and I signal waveforms
of symmetric and asymmetric hydrogels at different pressures
could be seen in Figures S5 and S6 (Supporting Information),
respectively. The enhanced output performance of asymmetric
hydrogels can be attributed to the increased stress concentration
at the plateau induced by the discontinuity in the hydrogel matrix,
which amplifies ion convection. Conversely, the continuous ma-
trix of the symmetric hydrogel leads to stress dissipation beyond
the pressure application zone. To substantiate this hypothesis, fi-
nite element analysis was employed to simulate stress and strain
distributions in both symmetric and asymmetric hydrogels un-
der static pressure. The stress distribution states of two kinds of
hydrogels were shown in Figure S7 (Supporting Information),
under the same pressure of 10 kPa and same area (10 mm X
10 mm). The stress of symmetric hydrogel was distributed in a
“U” shape, and the opening was toward the area without pres-
sure application, with a range of #3.58-7.16 kPa from theoretical
modeling. On the contrary, due to the existence of a plateau, the
stress distribution of the asymmetric hydrogel was “O” shaped.
The color of the stress distribution map at the plateau was rela-
tively bright, ~7.12-14.2 kPa, indicating that the stress was rela-
tively concentrated. The distribution map of strain also showed
a similar distribution. As the pressure increased, the stress and
strain gradually increased (Figures S8 and S9, Supporting Infor-
mation). The stress and strain changes of the asymmetric hydro-
gel at the plateau were greater than those of the symmetric hy-
drogel, indicating that the stress was further concentrated, which
could explain why the V. and I of the asymmetric hydrogel
change more with the increase in pressure. In addition, the fluid
flow in symmetric and asymmetric hydrogel under the action of
force field was simulated by COMSOL MultiPhysics 6.2 software
(Figure 2d). Under the pressure of 10 kPa, the average Darcy
velocities of symmetric and asymmetric hydrogel were 1.255 x
10~* and 1.638 x 10~* m s7!, respectively. This result showed
that the asymmetric shape successfully increased the flow rate of
water in the hydrogel.

The difference in the mobility rate of anions and cations in
hydrogels was considered to be a necessary condition for the oc-
currence of ionic currents in hydrogels induced by stress gradi-
ents. Assuming that the mobility rate of anions and cations with
the solvent was completely consistent, the net current of anions
and cations was zero, which obviously did not match the experi-
mental facts. The difference in the movement rate of anions and
cations in hydrogels can be explained by the selectivity of 3D net-
work pores in hydrogels to different ions.[°! Theoretically, ions
with small sizes are easier to pass through these pores than larger
ions. The speed of ions in the hydrogel can be given by the fol-
lowing formula:[®!

D, D_
V,=—v, V. = —v (1)
Dy, Dy

where, v, v_, and v respectively represent the movement speed of
cations, anions, and solvent in the hydrogel, D,, and D,_ are the
diffusion coefficients of cations caused by solution, and D, and
D_ are the measured diffusion coefficients of cations and anions

Small 2025, 21, 2409998

2409998 (5 of 10)

www.small-journal.com

in the hydrogel. The relationship between voltage and the differ-
ence of ion speed in the hydrogel can be given by the following
formula:l°!

VV =aVP 2)

D D
_eNk [ 2 2o 3)

on | Do, Dy

a =

where, a is the piezoionic coefficient, e is the electronic charge,
N is the concentration, « is the matrix permeability, o is the con-
ductivity and # is the fluid viscosity. Based on the above theory,
the piezoionic coefficient can be increased by selecting the ionic
salt with a large difference in the size of the anion and cation,
and the voltage output can be improved at the same pressure
gradient. In addition, the direction of the ionic current can also be
changed. To verify the influence of different ion size, hydrogels
containing three different types of salts were compared, and the
experimental results were shown in Figure 2e. As a contrast, KCl
was a salt with relatively small difference between the size of an-
ions and cations. The diameters of K* and Cl~ were #0.266 and
0.167 nm,[1?215] respectively, and their I,. and V,_ were 31 nA
and 2.7 mV, respectively. This was similar to the signal amplitude
of PAAm hydrogel with LiCl under the same conditions (38 nA
and 2.6 mV, respectively). 1-Ethyl-3-methylimidazolium chloride
(EMIMCI) was chosen as a representative for the larger cations,
given that the sizes of EMIM™ exceed that of Cl, a distinction
that is consistent with the molecular structure. The I . and V,_ of
the corresponding hydrogel iontronics were ~105 nA and 9 mV,
respectively, which are significantly higher than KCl. In addi-
tion, potassium ferricyanide [K;Fe(CN),] was chosen as the re-
search object for larger anions, and the diameters of Fe(CN)4*~
was ~0.45 nm.[12216] Degpite the disparity in valence between
Fe(CN)43~ and Cl-, the PAAm hydrogel, as a neutral polymer, al-
lows the coulomb force between the ions and the polymer chains
to be effectively disregarded. The direction of I and V, . of PAAm
hydrogel containing K,Fe(CN), was opposite to that of KCl and
EMIMCI, with amplitudes of -78 nA and —1.5 mV, respectively.
The voltage and current signal waveforms of hydrogels contain-
ing these three kinds of salts were shown in Figure S10 (Sup-
porting Information). The reversal of current and voltage sig-
nal directions could be attributed to the size of Fe(CN),>~ being
greater than K*. For EMIMC], the size of Cl~ is smaller than
that of EMIM™*, so the mobility of the former was much faster
than latter. When the stress gradient was applied to one side
of the hydrogel, Cl~ rapidly moved from the deformation area
to the non-deformation, and EMIM* was left behind [Figure 2f
(i)]- When the salt in the hydrogel was replaced by K;Fe(CN),,
K* rapidly moved from the deformation to the non-deformation
area, at this time, the larger Fe(CN),>~ were left behind, so the ion
flux switched [Figure 2f (ii)]. The smaller voltage amplitude might
be due to the PAAm hydrogel containing K;Fe(CN), prepared by
different methods. The swelling process made the network pores
of the 3D polymer chain larger, so the selectivity to Fe(CN)>~
decreased. The corresponding resistance of three kinds of
salt-containing ionic hydrogels were measured to be =100,
300, and 560 Q by EIS, corresponding to K;Fe(CN),, KCl and
EMIMC], respectively (Figure S11, Supporting Information). Al-
though the V__of PAAm hydrogel containing K, Fe(CN), was less
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than KCI, and the smaller internal resistance might be the reason
why its I, (78 nA) was greater than KCI (31 nA). The influence of
salt concentration on electrical output was shown in Figure 2g.
With the increase in LiCl concentration from 0.5 to 1 and 3 M,
I increased from 13 to 38 and 77 nA, and V,__ increased from
2.3 t0 2.6 and 5.3 mV, respectively. The signal waveforms of volt-
age and current at different concentrations can be seen in Figure
S12 (Supporting Information). The result showed that the elec-
tric output of the hydrogel iontronics increased monotonously
with the increase of ionic salt concentration (from 0.5 to 1 and
3 M), which could be attributed to the existence of more ions
in the hydrogel. The EIS of hydrogels with different ion concen-
trations was carried out. With the increase of ion concentration
(from 0.5 to 1 and 3 M), the corresponding ion resistance de-
creased significantly, which was ~1.1, 0.5, and 0.18 kQ, respec-
tively (Figure S13, Supporting Information). The effect of differ-
ent force frequency on the performance of asymmetric PAAm
hydrogel iontronics containing LiCl was also studied. As the fre-
quency gradually decreased (from 0.5 to 0.25 and 0.1 Hz), the
peak of V_. and I have larger amplitudes. The V,. increased
from 2 to 2.5 and 2.9 mV (Figure 2h), while the I increased
from 40 to 55 nA (Figure 2i). This may be attributed to the re-
laxation of ion transport, whereby ion movement requires a finite
duration rather than occurring instantaneously. When the pres-
sure is applied on the hydrogel, the stress gradient would induce
ion convection. This process inevitably led to the imbalance of the
spatial distribution of anions and cations in the hydrogel, result-
ing in the formation of local ion concentration difference. The re-
equilibrium of concentration diffusion required a certain amount
of time. Once the force stops, the concentration balances, and
the signal amplitude is restored to some extent upon reapplica-
tion of the force. This was obvious for the frequency experiment
of hydrogels containing EMIMCI, and the peak of voltage and
current were attenuated (Figure S14, Supporting Information).
Once the force stops for a period of time, the concentration bal-
ances, and the signal amplitude is restored to some extent upon
reapplication of the force (Figure S15, Supporting Information).
Interestingly, during the continuous external force experiment
of hydrogel iontronics containing EMIMC]I, it was observed that
the positive ionic current amplitude continued to decrease, while
the negative ionic current amplitude increased, and the current
waveform basically reversed after ~700 cycles (Figure S16, Sup-
porting Information). This phenomenon could also be attributed
to the effect of completely depressing ion convection after the ac-
cumulation of ion concentration difference reaches a certain ex-
tent. This signal form of ionic spike signal decaying with time can
be used to simulate the memory forgetting process of depression.
When the frequency of the applied pressure is fixed and the am-
plitude of pressure is increased at the same time, the ionic spike
signal continues to increase with time. This signal form can be
used to simulate the memory enhancement process of neural ex-
citation.

2.3. Logic Gates Constructed by Asymmetric Hydrogel lontronics
The inherent separation of storage and computation in the Von-

Neumann architecture leads to prolonged data retrieval, ele-
vated energy consumption, and excessive heat dissipation. These
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limitations have catalyzed the development of neuromimetic
devices.['”] Despite lacking the immense computational power
of computers, the human nervous system excels in perception
and computation with significantly lower energy consumption
and heat generation.I'¥! Unlike robots that use digital signals
as encoding for information, information transmission in liv-
ing organisms uses analog spike signals generated during life
activities.'"?] Therefore, the processing of analog signals is the
foundation for the implementation of neural device perception
and logical computation. Subsequently, four types of hydrogel
logic gates are demonstrated under the influence of a force field.
Through the series-parallel configuration of hydrogel iontronics,
logical operations such as addition and subtraction of spike sig-
nals are achieved.

The fundamental requirement for logic gates is the presence of
two distinct signal states, representing high and low amplitudes.
In this study, signals were generated by applying pressure to both
sides of the hydrogel. By controlling the motor’s displacement,
the thicker side of the hydrogel experienced greater pressure,
while the thinner side experienced less, resulting in electrical sig-
nals with varying amplitudes. In addition, the force acting on dif-
ferent sides of the hydrogel will cause the opposite ion convec-
tion process (the diagram can be seen in Figure S17, Supporting
Information). The formation of the opposite direction of the elec-
trical signal process will not only improve signal recognition but
imitate the excitation and inhibition process of the neuron signal
input. The input signals generated when pressuring the thick and
thin sides of the asymmetric hydrogel were defined as input "1’
and ‘0", respectively (Figure 3a). At the same time, a threshold
was defined (45 nA), and the output of the current amplitude ex-
ceeding the threshold was defined as ‘1’, otherwise ‘0’. The truth
table of the four logic gates was shown in Figure 3b. Here, the
current spike signal was chosen to demonstrate the working of
these four hydrogel logic gates, and the corresponding voltage
signal can be viewed in Figure S18 (Supporting Information).
OR gate was the most basic one, achieved by connecting two
asymmetric hydrogels in parallel (Figure 3c). For the convenience
of description, the two hydrogels were noted as A and B respec-
tively. Since ‘140’ and ‘0+1’ are fundamentally equivalent, the
waveforms are merged. The corresponding current signal was
shown in Figure 3g. If A = B = 1, the peak current superposition
was the largest, which obviously exceeded the threshold (set 45
nA), so the output was ‘1’. When A=1and B=0 (A =0and
B = 1), the net peak current amplitude was still higher than the
threshold, and ‘1’ was still output. However, if A = B = 0, the
current amplitude was about —30 nA, significantly lower than
the threshold, the output was ‘0’. More specific operating mech-
anism was showed in Figure S19 (Supporting Information). In
addition, the AND gate was built on the basis of OR gate. An-
other hydrogel was introduced in series in the circuit module of
two parallel hydrogels, marked as S, which was set as a signal
source that continuously emitted negative currents (Figure 3d).
The corresponding current signal was shown in Figure 3h. If A
= B =1, the amplitude of net peak current was greater than the
threshold, and the output was ‘1. Once A=1and B=0 (A =
0 and B = 1), the amplitude of net current was less than the
threshold current and the output was ‘0’. Obviously, when A =
B =0, the current signal was in the same direction as the S, less
than the threshold, and the output is ‘0’. Figure S20 (Supporting
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Figure 3. Mechano-driven hydrogel logic gates. a) Define input: apply pressure on the thick and thin sides of the asymmetric hydrogel as input ‘1’ and
‘0’ respectively. b) Truth table of four types of hydrogel logic gates. c—f) referred to the structure of OR, AND, NOR, and NAND logic gates, respectively.
g—j) referred to I, of four hydrogel logic gates under different logic addition and subtraction. Define output: set the threshold to 45 nA, the peak current

amplitude exceeding the threshold defined as output ‘1", otherwise ‘0.

Information) shows the operating mechanism. NOR gate was
based on the idea of AND gate. The difference was that the hydro-
gel S produced a positive spike current signal. At this time, due
to the change of the structural direction of hydrogels A and B in
the circuit, a negative peak current signal was generated when
‘1’ was input, and a positive peak current signal was generated
when ‘0’ was input (Figure 3e). The corresponding current sig-
nal can be seen in Figure 3i. If A = B = 1, together with A =1
and B =0 (A = 0 and B = 1), the output current amplitude was
less than the threshold, so the output was ‘0’. Only when A=B =
0, the net current was greater than the threshold, the output was
‘I’. The specific operating mechanism could be seen in Figure
S21 (Supporting Information). In NAND gate, the hydrogel with
LiCl concentration of 3 M was selected as the continuous positive
pulse current signal source. At this time, the current signal of in-
put ‘1’ of hydrogel A and B was a negative spike signal, and the
current signal of input ‘0’ was positive (Figure 3f). The current
signal was shown in Figure 3j. If A = B = 1, the net current am-
plitude was less than the threshold, and the output was ‘0’. When
A=1and B =0 (A=0and B = 1), the peak current was higher
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than the threshold and the output was ‘1’. If A = B = 0, the am-
plitude of the peak current signal reached the maximum, and the
output was obviously ‘1’. A more specific operating mechanism
was demonstrated in Figure S22 (Supporting Information).

2.4. Mechano-Driven Neuromimetic Logic Gates for
Human-Machine Interaction

Leveraging its pressure sensing and signal processing capabili-
ties, the mechano-driven neuromimetic logic gates based on hy-
drogels can facilitate human-machine interactions, specifically in
robotic logic control. As proof of concept, OR and AND gates
were demonstrated. Analogous to the neural network”s signal
recognition and integration process, the OR gate can be seen as a
mechanism where two input neurons, A and B, generate excita-
tory signals that are integrated by the output neuron (Figure 4a).
The AND gate consists of three neurons A, B, and S, where A and
B as input neurons release excitatory signals to the output neu-
ron, while S continuously outputs inhibitory signals (Figure 4b).
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Figure 4. Mechano-driven neuromimetic logic gates for human-machine interaction. a) The neural network diagram of OR gate, neurons A and B release
excitatory signals. b) Neuron network diagram of AND gate. Neuron S releases inhibitory signals, while neurons A and B release excitatory signals.
) Schematic diagram of threshold setting for OR gate. d) Waving action of the robotic arm was triggered when the signal amplitude exceeded threshold
1. ) Handshaking action of the robotic arm was triggered when the signal amplitude exceeded threshold 2. f) Schematic diagram of threshold setting
for AND gate. g) The rest state of the robotic arm. h) Grasping action of the robotic arm was triggered once the signal amplitude exceeded the threshold.

At this time, the excitation signal of any one of A and B will be
weakened by S, and only A and B can release the excitation signal
at the same time to exceed the set threshold.

The electrical signals generated by the hydrogel logic gates
were recorded using a 6514 electrometer, and the actions of the
robotic arm were controlled via LabVIEW software, thus achiev-
ing the human-machine interaction. For OR gate, two thresholds
were set to achieve two actions of the robotic arm (Figure 4c;
Video S1, Supporting Information). If hydrogel A and B had only
one input ‘1", the generated spike signal could only exceed the
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threshold value 1 and trigger the waving action (Figure 4d). Once
both A and B input 1, the signal amplitude exceeds threshold
2, triggering the second handshake action, shown in Figure 4e.
AND Gate was set a threshold value to trigger the grabbing
action (Figure 4f; Video S2, Supporting Information). As the
emission source of the continuous negative spike signal, the
hydrogel S could not trigger the threshold, while the hydrogel A
and B still could not trigger the threshold when there was and
only one input ‘1’, and the robotic arm maintained the initial
static state (Figure 4g). Only when A and B input ‘1’ at the same
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time, the threshold was reached, and the grasping action was trig-
gered (Figure 4h). Although the control panel for the hydrogel
logic gate was separated from the robot in this demonstration,
hydrogel is a versatile material for iontronic skin. With appropri-
ate circuit design and patterning, it is anticipated that tactile per-
ception and logic control can be seamlessly integrated into the
skin. Moreover, combining multiple mechano-driven hydrogel
logic gates could enable novel logic operations, reducing power
consumption while achieving functions comparable to those of
current digital circuit chips.

3. Conclusion

Geometrical asymmetry plays a pivotal role in tuning the physi-
cal properties of materials and enhancing device performance.
For instance, rolling zero-bandgap graphene into carbon nan-
otubes introduces a bandgap, transforming its electronic charac-
teristics. The introduction of geometric changes presents signif-
icant implications for the design of next-generation devices and
electronics. Although hydrogels have been widely studied as a
component material of neuromimetic devices, the self-powered
brain-like intelligent hydrogel logic gates based on the force
field seems to have not attracted much attention. Leveraging the
piezoionic properties of hydrogels, this study applied force to a
hydrogel with asymmetric thickness to generate ionic spike sig-
nals of varying amplitudes and opposite directions, represent-
ing binary logic inputs as ‘1’ and ‘0’. This difference in geomet-
ric structure not only avoids complex chemical synthesis and
molecular design, but also magnifies the recognition of the sig-
nal and enhances the ion convection process, which can be at-
tributed to stress concentration caused by the discontinuity of
the polymer matrix. Moreover, incorporating salts with varying
ion sizes can further amplify the disparity in ion mobility, po-
tentially reversing the direction of the electrical signal by tuning
hydrogels with different salts [such as EMIMCI and K;Fe(CN),].
In addition, the increase in the salt concentration and the de-
crease in the frequency of the pressure have an effect on the in-
crease of the spike signal amplitude. The thickness-asymmetric
hydrogel iontronics was configured as a simple series-parallel
circuit to mimic the integration of ionic spike signals across
multiple neurons. By modulating the amplitude and direction
of the ionic signals generated by the hydrogel, the weight varia-
tion in neuronal signal processing was simulated, enabling the
logical operation of mechano-driven ionic spike signals. As a
conceptual verification, the mechano-driven hydrogel logic gates
were successfully applied to the logic control process of human-
machine interaction. Geometrical asymmetry presents a trans-
formative paradigm for modulating piezoionic behavior, signifi-
cantly enhancing ion transport and responsiveness to mechan-
ical stimuli. This approach could optimize ionic charge dis-
tribution, paving the way for high-efficiency, self-powered sys-
tems applicable in soft robotics and energy harvesting. The
development of a mechano-driven hydrogel logic gate with in
situ pressure sensing enables brain-like computation with min-
imal energy consumption, facilitating the integration of tactile
perception and logical control through precise thickness regula-
tion. This strategy holds substantial promise for advancing arti-
ficial intelligence, robotics, and wearable technologies.

Small 2025, 21, 2409998

2409998 (9 of 10)

www.small-journal.com

4. Experimental Section

Materials:  Acrylamide  (AAm, 99%), Methylene-Bis-Acrylamide
(MBAA, 99%), 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(2959), Lithium chloride (LiCl, 99%), potassium chloride (KCl, 99%),
1-Ethyl-3-methylimidazolium chloride (EMIMCI) and potassium fer-
ricyanide [K3Fe(CN)g, 99%] all purchased from Macklin and used as
received.

Preparation of Hydrogel: AAm (750 mg, monomer), MBAA (7.5 mg,
cross-linker), 2959 (50 mg, photo-initiator) were dissolved in D.I. water
(5 mL). Lithium chloride (LiCl) was weighed according to the required
concentration and dissolved in it. EMIMCI was added to the volumetric
flask due to strong deliquescence, and then other reagents were added
to prepare the hydrogel solution precursor. Then it was injected into the
self-made acrylic mold and placed under ultraviolet light for 20-30 min.
After curing, it was taken out for experiment. To be noted, PAAm hydro-
gels containing K3 Fe(CN)g were prepared by swelling. The PAAm hydrogel
(salt-free) was prepared according to the above ratio and dehydrated in a
thermostatic drying chamber at 60 °C until the mass did not change sig-
nificantly. Then it was put into K3Fe(CN)g aqueous solution (1 m) to swell
to a volume close to the initial size (%1 h).

Fabrication of Hydrogel lontronics:  The copper wire electrode was fixed
on the acrylic board by double-sided adhesive, and the electrode surface
was fully infiltrated with a small amount of deionized water. The hydrogel
was located on it to ensure that no bubbles between the hydrogel and the
electrode, so as to avoid the capacitance change of the electrode interface
caused by insufficient contact. Finally, the hydrogel was encapsulated on
the acrylic plate by using PET tape.

Characterization and Measurements: A step motor (Linear Motion
1100) was used to provide the input of mechanical motions. Signals were
collected by a test system consisting of an electrometer (6514, Keithley,
USA) and a data acquisition card (BNC-2120, National Instruments, USA).
All electrochemical properties were carried out by electrochemical work-
station (Multi Auto-lab M204). Electrochemical impedance spectroscopy
(EIS) was measured in the range of 0.1 MHz to 1 Hz.

Finite Element Analysis: The average Darcy flow rate of solvent in ge-
ometrically symmetric and asymmetric hydrogels was simulated by Multi-
Physics 6.2 software. The length, width and height of the symmetrical hy-
drogel are 30, 10, and 2 mm, respectively. The asymmetric hydrogel, with
a 1 mm height differential. A pressure of 1 N was applied on the platform
area (1 cm?) of the asymmetric hydrogel. The modulus, Poisson’s ratio,
and porosity of the hydrogel were set to 10° Pa, 0.499, and 0.8, respectively.
ANSYS 2020 software was used to simulate stress and strain distribution
diagram of geometrically symmetric and asymmetric hydrogels when the
applied pressure was 10, 30, and 50 kPa respectively. The size, modulus,
and Poisson’s ratio of the hydrogel were all set to the above values, and
the density of the hydrogel was set to 3.25 g cm™3.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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