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Mimicking tactile perception is critical to the development of advanced interactive neuromorphic platforms. Inspired
by cutaneous perceptual functions, a bionic tactile perceptual platform is proposed. PDMS-based tactile sensors act as
bionic skin touch receptors. Flexible indium tin oxide neuromorphic transistors fabricated with a single-step mask pro-
cessing act as artificial synapses. Thus, the tactile perceptual platform possesses the ability of information processing.
Interestingly, the flexible tactile perception platform can find applications in information encryption and decryption. With
adoption of cipher, signal transmitted by the perception platform is encrypted. Thus, the security of information transmis-
sion is effectively improved. The flexible tactile perceptual platform would have potentials in cognitive wearable devices,
advanced human—machine interaction system, and intelligent bionic robots.

Keywords: flexible oxide neuromorphic transistor, tactile perception platform, information encryption
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1. Introduction

Because of the limitations of conventional von Neumann
architecture in big data processing, including high energy
comsumption and large size, it is highly desirable to develop
candidate computing strategy. Thus, brain inspired artificial
intelligence (AI) technology has attracted great attention.!!!
It would deal with complex non-structural cognitive tasks,
including learning, memory, decision-making and reasoning,
etc.>?! With continuous upgrading and innovation of in-
formation technology, Al is getting penetrated into all as-
pects of daily life, including healthcare services, autonomous
driving, manufacturing, finance, personalized online educa-
tion systems, erc.l*”7] Research indicates that brain’s superior
data processing function mainly comes from synaptic plastic-
ity and neural computation in nervous system with the inte-
grated storage and computing architecture.[®! Therefore, adop-
tion of neuromorphic devices is considered to be a promis-
ing approach in hardware based AL[®!%1 Up to date, several
kinds of neuromorphic devices have been proposed, including
two-terminal resistance switchable devices!!!~!3 and three-

g [14-17

terminal transistor: 1 Except for basic bionic synaptic re-

sponses, advanced neural algorithms have also been realized

on neuromorphic devices, including pattern recognition, %191

[20 S,[21’22] etc.

sparse coding,?%! learning rule

Interestingly, brain multisensory system integrates five
major sense organs, including tactile sensation, visual sen-
sation, auditory sensation, olfactory sensation and gustatory

sensation. These perceptual activities enable us to adapt to

fCorresponding author. E-mail: zhuligiang@nbu.edu.cn or Igzhu@nimte.ac.cn
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DOI: 10.1088/1674-1056/ac7al5

external environment and to deal with practical interactive
issues.!?>-2%! As shown in the top panel of Fig. 1(a), for biolog-
ical cutaneous afferent nerves, external pressure loaded on the
skin changes the potentials of receptors embedded within skin.
Cell bodies of sensory neurons integrate potentials and activate
action potentials with coded pressure information. Thus, ax-
ons transfer action potentials to central nervous system (CNS)
through intermediate neurons. While CNS processes pres-
sure information by integrating action potentials from multi-
ple synapses.[?9 Inspired by the brain multisensory system,
artificial perception learning systems could be proposed by in-
tegration of information receiving unit and information pro-

cessing unit. Fortunately, various sensors have been pro-

[27,28]

posed, including pressure sensors, piezoelectric capac-

itance sensors,*! photoelectric sensors, 3% gas sensors,31-32]
etc. Especially with the increasing demands of wearable elec-
tronics, these sensors have also been designed for electronics
skin (E-skin) applications.33-3¢ Recently, inspired by body
multiorgan perceive learning, flexible neuromorphic systems
with integrated sensors have been shown to perceive and pro-
cess various sensory information.?6-37-#!1 Sych flexible arti-
ficial perception learning system would endow new intention
for human—machine interface, robotics, and prosthetics.[#>43]
Moreover, hybrid sensor networks with biological afferent fea-
tures are expected to solve complex practical problems, in-
cluding image parsing, facial feature recognition, adaptive
control, etc. Thus, artificial perception platform would let
the portable system possess multi-modal perception functions

with advanced intelligence.
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Unfortunately, information sensed by sensors can be eas-
ily obtained illegally during transmission in artificial percep-
tion system. Therefore, information encryption strategy needs
to be developed to ensure the security of information trans-
mission. Here, a flexible tactile perception platform is pro-
posed for information encoding and encryption applications,
as schematically shown in the lower panel of Fig. 1(a). An
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XNOR logic circuit is used to encrypt the tactile perceptual
signals. Thus, information transmitted in the whole percep-
tion platform is the encrypted information, which avoids the
illegal acquisition of tactile signals. Moreover, the signals can
also be decrypted using XNOR logic circuits. The proposed
system would have potentials in congenitive wearable devices

and advanced human—machine interaction system.
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Fig. 1. (a) Schematic diagram of simplified biological cutaneous afferent nerves and the proposed flexible tactile perception platform for information
encryption applications. (b) Schematic diagram of the fabrication of tactile sensor. (c¢) Schematic diagram of the fabrication of ITO neuromorphic

transistor.

2. Experimental details
2.1. Fabrication of tactile sensors

Firstly, tactile sensor is fabricated with solution process-
ing by using KOH solution etched textured silicon wafer as
mold, as schematically shown in Fig. 1(b). The detail pro-
cessing could be found in Ref. [44]. With the textured silicon
wafer, random flipped pyramid structure can be copied onto
the surface of the PDMS elastomer. Then, Ag/ITO double con-
ductive layer was deposited on the PDMS elastomer. Finally,
two Ag/ITO/PDMS membrane with size of 4 cmx2.5 cm were
encapsulated with Kapton tape to construct a pressure sensor
with two membranes separated for ~ 0.8 mm. It acts as a tac-

tile receptor for tactile perception platform applications.

2.2. Fabrication of flexible oxide neuromorphic transistors

Environmentally friendly oxide neuromorphic transistors
were fabricated with a low cost processing, as schematically
shown in Fig. 1(c). Here, chitosan-based electrolyte is used as
gate dielectrics. It has several priorities. Firstly, it is a kind
of bio-material and could be obtained easily from nature with
low cost. Secondly, chitosan-based electrolyte film could be
prepared with a low-cost solution processing. With protona-
tion process activated by acetic acid, amino groups will be
produced within chitosan. Therefore, the chitosan film could
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exhibit high proton conductivity. Thus, low operation volt-
age is expected for the chitosan gated transistor, which is of
interests for neuromorphic electronic applications. Addition-
ally, as a kind of green polymer material, chitosan has char-
acteristics of non-toxicity and good biocompatibility. Thus, it
could have potentials in the field of green neuromorphic sys-
tem. Firstly, 2-wt% chitosan and 2-wt% acetic acid were dis-
solved in 96-wt% deionized water at room temperature. After
standing for 24 hours, chitosan solution was coated on conduc-
tive polyethylene terephthalate (PET) substrate by dip-coating
processing. It was then put into a drying oven at 35 °C and
45 °C for 6 hours each to form chitosan based electrolyte
film. Then, ITO source and drain electrodes with thickness
of ~ 100 nm were sputtered onto the chitosan film patterned
using a metal shadow mask in pure Ar environment. The sput-
tering pressure, Ar flow rate and sputtering power were set to
0.5 Pa, 14 SCCM, and 100 W, respectively. The sputtering rate
is ~ 7 nm/min. Due to the reflection of nanoparticles at the
mask edge, ITO channel layer can be formed between source
and drain electrodes. Thus, an ITO neuromorphic transistor
with a bottom gate configuration was obtained.

2.3. Characterization and electrical measurements

Microstructure of PDMS elastomer and Ag/ITO/PDMS
films was characterized by field emission scanning electron
microscopy (Verios G4 UC). Frequency dependence capac-
itance and impedance spectra of chitosan-based electrolyte
were characterized by Solartron 1260A impedance analyzer.
Electrical performances of tactile sensors, neuromorphic tran-
sistors and artificial tactile perception platform were character-
ized using Keithley 4200 SCS semiconductor parameter ana-
lyzer. All the electrical properties were characterized at room
temperature with an air relative humidity of ~ 55%.

3. Results and discussion

Sensory activities of human beings require synergetic co-
operation of receptors, afferent nerves and neural circuit. [+
Skin is an important organ that receives external pressure stim-
uli. It senses external stimulation signals and converts them
into electrical signals, which are then transmitted to specific
neural circuit in CNS through afferent nerves. Specific neural
circuit will process information and will trigger tactile percep-
tion. Inspired by the sensory activities of biological skin, we
propose a low-cost method to fabricate tactile pressure sen-
sors that could convert external pressure signals into electri-
cal signals. Figure 2(a) shows the top-view SEM image of
a textured silicon mold with random pyramid microstructure.
The lower inset in Fig. 2(a) shows the top-view SEM image
of PDMS film. Random flipped pyramid structure is observed
on the PDMS surface. The Top inset in Fig. 2(a) shows the

top-view SEM image of Ag/ITO/PDMS conductive flexible
membrane. Peaks and valleys can be clearly observed. Such
structure helps good sensory performances for tactile device.
Figure 2(b) schematically shows the tactile sensor with and
without pressure. Under external pressure, the resistance of
the sensor will decrease because of the point or surface con-
tact. Thus, the pressure stimuli will be converted into electri-
cal signals if the tactile sensor is biased at a certain voltage.
When testing electrical performances of the pressure sensor,
a 2.5 cmx2.5 cm glass plate was placed on the sensor to en-
sure that the force on the sensor was as uniform as possible.
The mass of the glass plate is 1.75 g. External sweep biases
ranged between —0.3 V and 0.3 V were applied to measure the
conductances of the sensor at different pressures. The conduc-
tances were shown in Fig. 2(c). When pressure increases from
0.34 kPa to 4.82 kPa, the conductance increases from 0.16 S
to 0.31 S. When pressure is loaded, the two conductive lay-
ers are extruded, which induces increased conductance. At the
beginning, the changes in the degree of extrusion is significant
at low pressure. While the changes in the degree of extru-
sion is getting less significant at increased pressure. Thus, the
changes in conductance is significant at low pressure. While
it is getting less significant at increased pressure. We have
also applied five identical continuous pressure stimuli with a
duration time of 1.3 s on the sensor biased at a constant volt-
age of 0.2 V. Figure 2(d) shows the current responses. Peak
currents are observed to be relatively stable at the same pres-
sure stimuli. When the pressure is ~ 0.66 kPa, peak current is
~ 32.5 mA. When the pressure is ~ 1.62 kPa, peak current in-
creases to ~ 47.3 mA. When the pressure is ~ 4.82 kPa, peak
current increases further to ~ 60.1 mA. Figure 2(e) shows cur-
rent responses of the sensor at a constant bias of 0.2 V through
repeated loading and unloading pressure stimuli of 0.34 kPa
with a frequency of ~ 0.7 Hz. It can be seen that the sensor
shows good repeatabilities and durabilities, indicating that the
proposed sensor could be used as a tactile receptor to imitate
tactile perception activities.

Figure 3(a) shows output characteristics of the ITO neu-
romorphic transistor, indicating typical N-type performances
with good Ohmic contact. Good stability against external me-
chanical bending stress is a prerequisite for flexible electron-
ics. We tested electrical performances of flexible neuromor-
phic transistors against mechanical stress using a cyclic bend-
ing machine that can introduce repeated bending stresses. The
bending rate is set at 480 r/min. The transistors were period-
ically bent with a bending radius of 3.0 cm. In every 1000
bends, the transistor is placed on a flat platform to measure
transfer curve. Figure 3(b) shows the transfer curves. No ob-
servable shifts were obtained after receiving repeated bending
stresses. Figure 3(c) shows corresponding electrical param-
eters. It can be seen that the electrical parameters are quite
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stable. Threshold voltage (Vy,), subthreshold swing and field-
effect mobility are estimated to be —0.2 V, ~ 84 mV-dec™!,
and ~ 18.7cm?-V~1.S!, respectively. We have also taken
transfer curves under different bending radii. It is observed

-
=z
a
N
o
S

that the transfer curves remain stable under different bending
stress (not shown here). Figure 3(d) shows the extracted elec-
trical parameters as a function of bending radii. It is also ob-
served that the electrical parameters are quite stable.
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Fig. 2. (a) Top view SEM image of textured silicon mold. Lower inset: Top-view SEM image of the PDMS film. Top inset: Top-view SEM
image of Ag/ITO/PDMS conductive flexible membrane. (b) Working principle of the tactile sensor. (c) Conductance of the sensor under loading
different pressures. (d) Current responses of the tactile sensor under dynamic pressures with different intensities. (¢) Dynamic current responses

under repeated loading and unloading pressure stimuli of 0.34 kPa.

1.2
/\\ /"’h' Ves from
(a) -~
\_ —-02to1.0V
0.9} / ~
2 /
g
= L— ]
= I
Step@0.2 V
- — — —
09 1.2 15
Vis (V)
0 160 180
(c)
120 _ {60
n
— (&)
Z T
z —0.5P——o—"° ° %180 > {40
= =2
0
N a—40 © 120
—1.0k 0

01000 2000 3000 4000
Bending cycle

102
- (b) Vas@L5V
104}
10 Bending cycle
s —o— # 0
10 —o— # 1000
# 2000
10-10 —e— # 3000
—e— #4000
10-12 : :
-1.5 —-1.0 -0.5 O 0.5 1.0
Ves (V)
2 180
(d) 1120
1} —%—o—o | o
_ o {80 £ N
Z 0 ST
< 0—_‘0_0\0\0 =) E
= = 2
140 @ 3
—1F e © 120
O (o 0—o
L 0 -0

Flat 20 30 40 50
Bending radius (mm)

Fig. 3. (a) Output curves of chitosan-gated ITO neuromorphic transistors. Inset: the device configuration. (b) Transfer curves after loading different
bending periods. (c) Extracted electrical parameters from panel (b). (d) Electrical parameters as a function of bending radii.

At the same time, two basic synaptic functions have also
been demonstrated, including excitatory postsynaptic current
(EPSC) and paired pulse facilitation (PPF). Post synaptic cur-

rent is read out at a constant Vg of 0.5 V. Figure 4(a) shows a

typical EPSC response triggered by a presynaptic spike of 1 V
in amplitude and 20 ms in duration time. When paired presy-
naptic spikes arrive, paired EPSC responses will also be trig-
gered. Inset in Fig. 4(b) presents a typical EPSC response for
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spike interval time of 10 ms and spike duration time of 10 ms.
The first absolute EPSC value (A;) and the second absolute
EPSC value (A,) are estimated to be ~ 0.9 pA and ~ 1.4 uA,
respectively. Thus, PPF index, defined as Ay /A x 100%, is
~ 145%. With the increased interval time, the PPF index de-
creases gradually to ~ 100%, as shown in Fig. 4(b). Further-
more, 50 presynaptic spikes with different amplitudes have
also been loaded. It is found that peak EPSC values increase
correspondingly, as shown in Fig. 4(c). When the spike am-
plitude is ranged between 1 V and 3 V, the EPSC will return
back rapidly. In 0.5 s, 1.0 s, and 2.4 s after the spike ends, the
EPSC value will return back to 10 pA for spikes with ampli-

tudes of 1 V, 2V, and 3 V, respectively. While the EPSC values
return back much slowly for high spike amplitudes. In 7.7 s,
15.9 s, and 22.9 s after the spike ends, the EPSC values will
return back to 10 pA for spikes with amplitudes of 4 V, 5V,
and 6 V, respectively. Thus, synaptic weights show volatile
activities for spike amplitudes ranged between 1 V and 3 V.
While when the spike amplitude is higher, the EPSC gradu-
ally demonstrates non-volatile activities. For example, when
the spike amplitude is 6 V, the EPSC will not returned back to
the initial resting current. The behaviors indicate the transition

from short-term plasticity (STP) to long-term-plasticity (LTP).

4 150
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<3 x 140 210 .
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Fig. 4. (a) Typical EPSC response of flexible ITO neuromorphic transistor. (b) PPF index as a function of spike interval time (Atf). (c) Transition

from STP to LTP mimicked on the flexible ITO synaptic transistor.
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Fig. 5. (a) Schematic diagram of the tactile perception platform. (b) EPSC responses triggered with pressure spikes with duration time of 0.4 s. The pressure
intensity increases from 0.34 kPa to 2.42 kPa. (c) Pressure duration-dependent EPSC responses with pressure intensity of 0.66 kPa.

Here, a flexible tactile perception platform is constructed by connecting the tactile sensor with the flexible chitosan gated
ITO neuromorphic transistor. Figure 5(a) schematically shows the system. The tactile sensor is biased at 1.5 V. The two
Ag/ITO/PDMS membranes of the tactile sensor are separated with tape to avoid continuous voltage loading on the gate. When
a pressure is loaded on the sensor, the two membranes will contact with each other. Thus, the bias will load onto the gate of the
neuromorphic transistor to modulate channel conductances. Figure 5(b) shows typical EPSC responses of the oxide neuromor-
phic transistor with a constant Vgs of 0.5 V under the loading of pressure spikes with duration time of 0.4 s. When the pressure is
2.42 kPa, peak EPSC current is ~ 19.9 pA. With the decreased pressures, peak EPSC values decrease correspondingly. When the
pressure is 0.34 kPa, peak EPSC value is only ~ 6.9 pA. It should be noted here that the EPSC current will gradually decrease
to a resting value of ~ 0.2 pA when the loaded pressure is released. The behaviors are related to the STP. Furthermore, pressure
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duration time will also affect EPSC responses, as shown in Fig. 5(c). The pressure intensity is 0.66 kPa. With the increase pres-

sure duration time from 0.9 s to 2.5 s, peak EPSC values increase from 9.9 pA to 15.7 pA, correspondingly. The results indicate

the high potential of the flexible tactile perception platform in humanoid intelligent robots and human—computer interface.

Fig. 6. (a) Flow chart of encryption and decryption functions for the proposed bionic perception system. (b) Truth table of XNOR operation. (c)
Schematic diagram of encryption of information detected by 12 x 12 sensor arrays with encryption cipher “HELP” (B). (d) Schematic diagram of
decryption process using the right decryption cipher “HELP” (B). (e) Decryption process using incorrect cipher “5697”.

Interestingly, information encryption and decryption
function can be demonstrated on the tactile perception plat-
form. Firstly, a 12 x 12 sensor array is suggested with each
sensor connected to an oxide neuromorphic transistor. Thus,
an EPSC response can be triggered when one of the 144 recep-
tors detects a pressure stimulus. In this way, the handwritten
content can be recognized by the architecture. When a recep-
tor experiences a pressure stimulus, we code this state as “1”.
Meanwhile, the transistor with an EPSC response can be en-
coded as “1”. On the contrary, when there is no external stim-
ulus, EPSC response will not be triggered on the oxide neu-
romorphic transistor. Thus, the sensor can be coded as “0”.
Correspondingly, the neuromorphic transistor can be encoded
as “0”, too. It should be noted that human-like tactile sens-
ing and information processing will be important for future in-
telligent human—computer interaction system. Moreover, the
security of the perceived information in various bionic percep-
tion systems is particularly important for transmission process.
However, the limitation of the bionic perception system is the
illegal acquisition of the states. Here, an XNOR logic circuit is
suggested to encode and encrypt the tactile perceptual signals.

The lower panel of Fig. 1(a) schematically shows the bionic
perception system with encryption functions. Doing so, in-
formation transmitted in the whole sensory platform is the en-
crypted information. Figure 6(a) schematically shows the flow
chart of the encryption and decryption function for the pro-
posed bionic perception system. Figure 6(b) shows the truth
table of XNOR operation. Top left panel in Fig. 6(c) schemat-
ically shows a handwritten information “EPSC” on the sensor
array. The dark color pixel represents the state “0”, while the
white color pixel represents the state “1”. We take the infor-
mation detected by the sensor array as input (A). At the same
time, a 12 x 12 cipher “HELP” was loaded into the XNOR
logic circuit as input (B). The dark color pixel is the state “0”
with a bias of 0 V, and the white color pixel is the state “1”
with a bias of 1.5V, as schematically shown in top right panel
in Fig. 6(c). Output terminal C can output an encrypted in-
formation, as shown in the lower panel in Fig. 6(c). It could
be observed that the encrypted information is no longer accu-
rately recognized. Such encrypted signal is then loaded onto
neuromorphic transistor. The white pixel in the lower panel
in Fig. 6(c) is expressed with a spike with amplitude of 1.5 V
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and a duration of 100 ms (state “1”), which causes an EPSC
response in the transistor. While the dark pixel is expressed as
0 V (state ““0”), which can’t cause an EPSC response. For de-
cryption, information detected by the sensor is extracted and
decrypted according to the channel state of the neuromorphic
transistor arrays using XNOR circuit. When the neuromor-
phic transistor has an EPSC response (state “17), it can be set
to an input voltage spike (1.5 V, 100 ms) at another XNOR
decryption circuit. Similarly, when neuromorphic transistor
has no EPSC response (state “0”), no voltage spike is input in
the XNOR decryption circuit. The encryption cipher “HELP”
(B) was also input in the XNOR circuit. The information de-
crypted by the logic circuit is projected into 12 x 12 array. Fig-
ure 6(d) shows the decrypted information. It is found that the
decrypted information is consistent with the original informa-
tion. We have also loaded error decryption cipher with “5697”
(B"), as shown in Fig. 6(¢). It is found that the decrypted infor-
mation (A’) is inconsistent with the original information (A).
The results indicate that the original information can be de-
crypted only when the decryption cipher is consistent with the
encryption cipher. This strategy can effectively avoid illegal
acquisition of sensitive information during the transmission
process in bionic perception system.

4. Conclusion

In summary, inspired by biological tactile perception and
information processing in neural network, a bionic tactile per-
ceptual platform is proposed. Solution processed PDMS based
tactile sensors act as bionic skin touch receptors. While solu-
tion processed flexible proton gated indium tin oxide neuro-
morphic transistors act as artificial synapses. Thus, the tac-
tile perceptual platform possesses the ability of information
processing. In addition, in order to ensure the security of in-
formation transmission process, an XNOR circuit is adopted
to encrypt and decrypt perceptual information. With adop-
tion of cipher, signal transmitted by the perception platform
is encrypted. Thus, the security of information transmission
is effectively improved. The present work provide an effec-
tive strategy for information transmission in bionic tactile per-
ceptual platform with high security. The tactile perceptual
platform would have potentials in cognitive wearable devices,
advanced human—machine interaction system and intelligent
bionic robots.
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