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Now lab-on-a-chip analysis is an useful methods for many
biochemical applications, which need guide enzyme to assem-
ble with high spatial and temporal control at electrode sur-
faces [26]-[30]. The challenges for most of micro biosensor is
immobilize the biological components in micro fluidic system
(Fig. 9 (a, b)). Conventional methods for enzyme immobiliza-
tion of biosensor such as ink jet printing technology, soft
lithography process, and chemical reactions, which have lots of
limitations. For our fabricated thermal sensor device, we need
achieve different enzyme immobilization for packaged fluidic
chamber, which is important for compact and highly sensitive
biosensor device (Fig. 9(c)). To solve this problem, we try to
fill the chamber with functionalized micro beads which have
specific enzymes on surface for enzymatic reaction. The ther-
mal reaction heat in micro channel chamber can be detected
by thermal sensor for biological detection. We will improve
enzyme immobilization research in packaged suspended micro
fluidic system in next research.

B 143830 7R At LA 7T
BRI AR A < H B AEFAE 2020 ERHITNE SR, K Th

REAGTRER HEAT B [ B 71X — BEARFR A — 2217 (we try to) FI“TF— BRI
FLLAE” (innextresearch) . #R1M, XIEZARA]2016 FE U1 H D& sLHL I
REMIZOEAR Y X P AR B3 E, 5 T m— B 1] 0971 o e ARG il G
TARMECSEHERE, K IH A A DB R R IH 7 1), AT A 224 3 < 2 TH
e SR AR R
BYEEDY: 2023-2025 SE—— “QIFT 1 TR IEZR
FERGE LR, EATMALT O X A m 7 REG 3 FRE IR O ER
REAHE, RS RIS AT B4 #& B,
W8, 9. 104 1T L ERAZ: IHA&A RS + &iF SU-8 MIRIE”.
YRS % e FEAH L -
® 00 8 REKE 0.37 V/IW, WRAA] < 200ms.
® i 9: REUE 0.38 V/W, WiRIFA] < 200ms.
® it 11 RET 0.38 V/W, HHRAFA] < 200ms.
® i 10 REUE 0.27 VIW (5 2020 183 —3).
B 5 V0 SCHR B 7 25 ARl > AR < B R A S BN AR S A S F
OEUHT AT R, e O I B QB BAE 2R O B SR AR R
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Piezoelectric Actuator with 61 Electrodes.” In Proceedings of an Unspecified
Conference, China.

X 3: Guo, Xiang, Hongbo Yin, Maoying Li, Isaku Kanno, Dehui Wang,
Shiping Jiang, Yuanlin Xia, and Zhuqing Wang. 2024. “Deformable Mirror Driven
by Piezoelectric Thin Film Based on Multi-Electrode Array.” In 2024 [IEEE 19th
International Conference on Nano/Micro Engineered and Molecular Systems (NEMS),
Japan.
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Fig. 1. Deformable mirror electrode array and structure composition.
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(3) AN B e i M ) SRR A IRk A

W 1: Song Yangyang, Ren Wenjuan, Zhang Yiqun, Liu Qi, Peng Zhen, Wu
Xiaodong, and Wang Zhugqing. “Synergetic Monitoring of both Physiological Pressure
and Epidermal Biopotential Based on a Simplified on-Skin-Printed Sensor
Modality.” Small (Weinheim an der Bergstrasse, Germany) 19, no. 45 (2023):
€2303301.

W X 2: Zhou Wanxin, Wang Xiaoyu, Xia Yuanlin, and Wang Zhugqing.
“Structural and Constituent Engineering of Conductive Polymer Composites Towards

Synergetic Monitoring of Physiological Pressure and Electrophysiological Signals.”

IEEE MEMS 2025, Kaohsiung, Taiwan, 19-23 January 2025.

) St o st

RESEARCH ARTICLE ?mﬁ" STRUCTURAL AND CONSTITUENT ENGINEERING OF CONDUCTIVE
weresmaljsumakeom POLYMER COMPOSITES TOWARDS SYNERGETIC MONITORING OF
ROPHYSIOLOGICAL

Synergetic Monitoring of both Physiological Pressure and
Epidermal Biopotential Based on a Simplified 3 1 School of Mee
on-Skin-Printed Sensor Modality g *Med + X Center for Manu

Yangyong Song, Wenjuan Ren, Yiqun Zhang, Qi Liu, Zhen Peng, Xiaodong Wi, * 9
and Zhuging Wang* H

usually limited to single sensing functionalty. To enrich thelr functions,
-l

ABSTRACT

H o poin g

i KEYWORDS
e

S 2m, 18 0TS0 203301 (10112) © 223 Wk VO Gt

1119830 1TANESC 2 FfEE (5 Bt
PR EEL, XETH— A WA 1-11 Fis.
W1 52 HEBERLN 43%.
a. LB R S H S LR ER)
W 1: “To achieve a good balance between simplicity and multifunctionality, a
new paradigm of sensor modality for both mechanical sensing and bioelectrical sensing
is presented...”

W 3L 2: “This research presents an innovative sensor modality for both

12
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physiological pressure and electrophysiological signal monitoring.”

et FSRAIR Y 7 MO BB IRE A, T R ML () A
RS .

b. AR SR CRBE 2 — 2L BRI ST)

& X 1: “constructed with a pair of highly conductive ultrathin electrodes
(WPU/MXene-1) and an elastic micro-structured mechanical sensing layer
(WPU/MXene-2)”

& X 2: “on-skin printed highly conductive electrodes (WPU/MXene-I) for
electrophysiology sensing and constructed elastic micro-structured pressure sensitive
layer (WPU/MXene-II) atop the electrodes”

S8t MBI 4 (WPU/MXene-I/TD HUGUZ 45 H & 58 4 A0 H .

c. PERETRbR (B —2, RiXm AL

WX 1: “low skin-electrode interfacial impedance... high pressure sensitivity...
enabling to synergetically monitor both physiological pressure... and epidermal
bioelectrical signals...”

1 2: “demonstrate low skin-electrode interfacial impedance of 3.09 k Q at 10
kHz and high sensitivity of 705.9 kPa'.. to monitor physiological pressure...
electrophysiological signal...”

AT 5 BN TE 1 BARIBE UM R EE, (EHR R “IRBHDT. MR
B HIPRES Y MO8 REeE 8.

d. B AT 5 S (S5 18w EEART)

3 1: “provides a novel design concept to construct future smart wearables for
health monitoring and medical diagnosis.”

13 2: “underscoring its significant potential to develop next-generation sensors
aimed at precise physiological information monitoring.”

I HREGES TZIT IR AR R A R TN B A SR Bt 1R BB T

e. MEMA R A :

W 1: “only two material components, i.e., waterborne polyurethane (WPU)

and MXene, were used to construct the multifunctional sensors.”

13
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W 2: “the entire device was fabricated with only two components—MXene
and WPU.”

b YA WPU/MXene, 73 N S HEK (WPU/MXene-DD ML
SR E 12 (WPU/MXene-11)

BRUCLASL, W30 1 Higd 2 fAERESRREHE S EG: KR (GHE.
SEM. FH#THhZE. REBUZFMiZ. ECG/EMG =6 MLl W 1-12 K 1-13
1-14 & 1-15 FizR:

' P Y sy WPU\L\'--;: i Constituent-II  Constituent-1_
A
=t T pressure o Skig g
Sguals 3 N Musk . -
kPl A tructed pr
"' On-skin-printed sensitive layer|
™ EMG electrodes
bioclectrodes
m Assembling Physiological pressure
vico _| monitoring
Electrode. tElectrophysiology
Nlln-—:_ sensing
L B < RS e s
O - Radial artery ' Figure 1: Design concept and preparation process of the

Figure 1 of
compasite material system.

Ipesse wunge  multifunctional sensors.

HERERE—N: GiEMXenefISHE. BIREKITE., MEBERESNE. BEHARELEE.
B 1-12 1830 1 AR 2 FO il &I AR

a b

0 printed mold  WPUMXene-12%  Mechanical sensing layer cchanical sensing Iayer
Drop-casting %
&= N~ Stripping hdermal bioclectrodes

&

WPUMXene-30%  Epidermal bioclectrodes Bioe! mdn Asscmbly

=t i\/c:_..uu.. ﬁ ) ammv 5"""@“ ] é
f.
Eegmer—z

—— MXene/WFU electrodes
10" — Ag/AgCl dlectrodes

Tmpedance (82)

12 30
MXene loading (wt%)
< h i J ke
[ MXeneWPU electroded] Stretched After 24 b
g Ag/AEC electrodes P N
gll!‘ [ 1
E Noaa
L T (R |
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Figure 3: Structural layout and working principle of the
multifunctional sensors. The sensors consist of high
conductive electrode lavers and elastic micro-structured
pressure sensing lavers. (a) SEM image of the sensors. (b)
The conductivity of WPU/MXene films with different
contents of MXene. (c) Interfacial impedance measured
between the skin and the printed WPU/MXene-30%
electrophysiological electrodes as well as commercial gel

Figure 2. Preparation and working principle of the multifunctional sensors. a) Preparation of the mulifunctional sensors based on a single material

system and a simple solution based approach. b) Schematic and digital images of the sensors. c) SEM image of the sensors. d.e) SEM images of electrodes. (d) Photograph of the skin before and after

the top micro-structured mechanical sensing lsyer (d) and the bottom epidermal bioelectrodes (¢). f) The conductivity of WPU/MXene flms with saving the eléstropipsiological electrades for 24 Forrs

different contents of MXene. g) Interfacial impedance measured between the skin and the printed WPU/MXene-30% epidermal bioelectrodes as well wearing Ihe eiecirophysioiogical elecirodes Jor 24 nours.

45 commercial gel electrodes. h—]) Photographs of the printed WPU/MXene bioslectrodes on regular (h), squeezed (), and stretched skins (). k) e, ical i o5 » sensors before or ,

Photograph of the skin before and g the for 24 h. N redness or allergies 1-m) SEM () and optcal () mages (¢) Optical images of the sensors before and after applying
icroetruchured mechamical swwing leyes o) Opticalinvages of he swrwors before s sher appling presvan pressure.

25t PR R EESRE

B 1-13 830 1 FE ST 2 iR AL
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AgCl gel electrodes. d) C

characteristic peaks of P, Q, R, S, and T. &.f) Schematic diagram (¢) and connection method (f) BFEMC monitoring. g) EMG signals were e h{
printed WP/ MXene-30% epidermal bioelectrodes and Ag/AgCl gel electrades. h] Correspending EMG peak
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Figure 4: Pressure sensing properties of the sensors. (a)
Relative current changes of the sensors assembled fiom
pressure sensing lavers with MXene-12%. (b) Response
signals of the assembled sensors. (c) ECG signals derived
from printed WPU/MXene-30% electrophysiological
electrodes and Ag/AgCl gel electrodes. (d) EMG signals
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were  detected by  printed  WPU/MXene-30%
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electrodes.
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Figure 6. Synergistic monitoring of both artery pulse and ECG signals usin

b) Pule and ECG

signals of a 25-year-cld volunieer. ) Characteristic peaks of pulse (P, T, and F0) and £CG (P, 0 w B mT)mnm d=1) Pulse () and ECG (e) signals

of a male
and the comesponding heart rate ()
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(1) 8- Pulse g) and ECG (1) signals of a female subject
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B
oW Synergistic monitoring of both e and
ECG signals using a single sensor. (a) Image of the
multifunctional sensors. (b) Pulse and ECG signals of a 25-
vear-old volunteer. (c) Characteristic peaks of pulse (P, T,
and D) and ECG (P, O, R, S, and T) signals. (d) Signals of
the volunteer during different conditions, along with the
corresponding heart rate variation.
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(4) REBEEHERERK

W 1. 2020 FHAFISCHER CRIFED : Huang, Yi-Te, Naoki Inomata, Zhuging
Wang, Yu-Ching Lin, and Takahito Ono. "Flexible Porous Carbon Black-Polymer
Composites with a High Gauge Factor." Sensors and Materials 32, no. 7 (2020): 2527 -
2538. https://doi.org/10.18494/SAM.2020.2280.

W 2.2021 2 CHK:  Huang, Chun, Zhuqing Wang, Yi-Te Huang, Noriko
Tsuruoka, and Takahito Ono. "Carbon Black-Gelatin Composite Thin-Film
Chemiresistor with Large Response to Chemical Vapors." In 2021 21st International
Conference on Solid-State Sensors, Actuators and Microsystems (Transducers), 1267 -
1270. IEEE, 2021. https://doi.org/10.1109/TRANSDUCERS50396.2021.9495585.

W 3..2023 FHATISCHR:  Yu, Wei, Chun Huang, Cao Xia, and Zhuqing Wang.
"Carbon Black Nanoparticles Modified Gelatin Composite-Based Thin Film for Rapid-
Response Humidity Sensing." Measurement Science and Technology 34, no. 1 (2023):
015101. https://doi.org/10.1088/1361-6501/ac9801. (P TEZKE S K5 R)

W 4.2024 FE AT TR GEFENESBIRA) © Xiao, Hongyang, Zhujie Zhao,
Siyuan Quan, Chun Huang, Cao Xia, Yuanlin Xia, Liang He, and Zhuqing Wang. "A
Highly Selective MEMS-Based Gas Sensor with Gelatin-Carbon Black Composite
Film Fabricated by the Thin-Film-Needle-Coating Method." IEEE Sensors Journal 24,
no. 10 (2024): 15827 - 15837. https://doi.org/10.1109/JSEN.2024.3379201.

R ERZ O R Sl INEN SRS, WA 1-16 Pros, 83 1 Mg
34 RIRERGEN LI, EME. EEaMiRE ELE -8, ERICHIR L
M7 OB . WIEIZE 5 % (Carbon Black, CB) 1E NS HIERL, S (Gelatin,
GE) BRMEE (PVA) FREVEME &, W 1-17 Pron, w302 Mg 4
IR 2 T 2R 8, R BRI B . DU 18 S0Pt (o J i i
REERE” s, BAEAE. T2k EEEMPEEFEe 5

ETMZRFITFAE 2020 £ 2024 £[7 2P RF ™ ERDIEH” AR
HEKEZERNmRSE, LERION: BHHE—RBEEEEY (WIRPVA S
MBS R T, SR ORI 5 CANAR B H 2 REO i h®

R ARG BT AR S, HAE 2024 4 BRF 78 A T5HRE = 4R HT O 8 IR R T
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SRR BIE (TENC) "RAYmE R E4E; Mok, &Rt s msein b
BRHR AR AE K&K BN BUE SO HER), WRIEFHEE, Hiidsr 3 k&
R B, ARIRES VP RGN S 4 mEEARLL, KA, B3 AR 41
I RHBIREL, 041 () FHOLEIE SR C3M () TE2—8, W
e SCHIE (o) Hdlse e, AEHEGET 2 Baa e At s e L s 1-18
1-19 & 1-20 FiR o

EAT IS T s IR SCRPHER R, wadEs TR RS &
SR JE I, R T A SR BHER B S IR EAT N

ENHHEEFZRFERE (FKER. BEFR. —EZHE) KR
YHTEHFEANRHESEE, SERPHFEEFHIBERHES, LK
BARAGT AN —EHEER (SEM) £H, ZRFIMAIIEEITE ZBHH
NSRRI HTSE5, IR IBEER“BIEEAR B T BUE $AT BN KR~ H,
HESR TR RIRTBEP W R EAZ R EFTRXMREFE—BARZHR
WA RZRRXKATHN, TR ERFAKEEER T SIENEFRIE.

‘E‘ et N — Gelatin polymer
| P Carbon black a0 molecule <l "
gt :.. / g g / . < . N
/g \al . \\ the film absorbs the /. 0 8 S o
Thinfilm - : \ gas molecules o 80 o i en
ey [ | R
\ o

> o ¥ . ., !
W/ \ Ve ape ¥.
\ % L \ )
\\-., willhe ‘/ \ i /
T ~ Glass substrate
| \ = — Au-Cr electrode
- CB-GEfil
Micro .
electrode
Glass substrate

. . . Fig. 1. Schematic of the gas sensor.
Fig. 1. Schematic structure of thin-film sensor
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_ e | ' y Vi
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Fig. 4. Fabrication process of the TFNC method. (a) and (c) Dowr
Fig 2. (a) Schemaiic of thin film deposition. (b) Numerous _

Jixture compaosite droplets form the compaosite thin film.

Electrode pattern
Composite film
Glass () (ny (I
Cr/Au
Composite l T
polymer l Wafer base
@
vy ™) %)

Fig. 5. MEMS fabrication for electrodes.
Figure 1. Fabrication process and results (I-I11); process for sensing electrode formation; (IV-V1) process for deposition polymer composite
film; (a) the fabricated IDE; (b) the TDE with prepared polymer composite film deposited on.

feRERBREIERE—E, (URREHX.
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Fig. 6. Schematic of the sensor evaluation system and the circuit
design (the gas-washing bottle is full of different liquids for different
experiments).

Figure 2. The schematic of the customized chemical vapor evaluation system (inset is the detection circuit).
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Figure 9. Transient response of thefhumidity sensor to humidity vapor. (a) Relative humidity of 38P% (b) relative humidity of 47.8)
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Fig. 7. Result for water vapor includes (a) response of the gas sensor
in different humidity concentrations and (b) reproducibility of the sensor
response at the humidity of 47.6%RH.
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#3 1: Wang, Zhugqing, Jinlong Lv, Jinhua Li, Yang Wang, and Jingshuai Sun.
"Fabrication and Evaluation of Micro-channel Array for Flexible On-chip PEMFC by
New Evaluation Method and Self-made Hot Embossing System." The International
Journal of Advanced Manufacturing Technology 108, no. 5-6 (2020): 1381-1387.
https://doi.org/10.1007/s00170-020-05447-y.

3 2: Huang, Yubo, Han Gao, Zhiheng Wu, Hongyang Xiao, Cao Xia, Yuanlin
Xia, and Zhuqing Wang. "Optimization of Hot Embossing Condition Using Taguchi
Method and Evaluation of Microchannels for Flexible On-Chip Proton-Exchange
Membrane  Fuel Cell." Micromachines 15, no. 8 (2024): 1033.
https:/doi.org/10.3390/mi15081033. (T EFRE SR EH)
b 121 122 B 123 Bron, PR ST 1 B il AT RO R 4
(self-made hot embossing system) . 2020 “Ei 31 Fig. 1 5 2024 418 L[ Fig.
1 JERHR R — B, HEWHAR 0Nk, EAOERS. £58%) TaM
Mo PR SCEEHE I B R ENTENL CAD 7 2 BRI S BRI SR A P 3 34 R B ) £
RS e R BbAh, PISCHLAHFER (Filling Ratio) “fF 9% L
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Figure 1. Schematic of a new concept planar micro-PEMFC.

ARXENNRERERRTEE

B 1211830 1 AN 2 B —xF b

Fig.2 Self-made hot ambossing
wachise. a CAD mold of major

pant. b Real picture of fabricatadl
bt enbossing systens

(<)
)
4
H
A w ww =
Tempersnne (°C)
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{b} a physical drawing of the self-made hot embossing equipment; (€) a comparison of the heating
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of the cooling times between the self-made hot embossing equipment and a commercial product.
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#3 1: Xia, Yuanlin, Lin Zhang, Long Hu, Yuan Liu, Liang He, Jiaxing Tan,
and Zhuqing Wang. "Investigation of Fracture Toughness and Microstructure of
Micro-scaled Multilayer-DLC/silicon System via Pillar Splitting Method." Ceramics
International 49, no. 23 (2023): 38662-38671.
https://doi.org/10.1016/j.ceramint.2023.09.186.

W3 2: Xia, Yuanlin, Yuan Liu, Yinfeng Xia, Wenfeng Liu, Cao Xia, Jiaxing
Tan, and Zhuqing Wang. "Toughness Measurement of Microscale Coating/Silicon
MEMS System Using Pillar Splitting Method." IEEE Transactions on
Instrumentation and Measurement 73 (2024): 6008811.
https://doi.org/10.1109/TIM.2024.3379124.

FATIIF RS o T “ B ZLE (Pillar Splitting Method) 535 4 NIl 1 ik
(DLC) IR/ZWiBIME” BISCHR (2023 4k KT Ceramics International 5 2024
%% T IEEE Transactions on Instrumentation and Measurement) £ ¥ & 5T L,
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T T W FE—EZRFEFHN KI5 KE.
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YOS A AN AR AT B A2 X 1 A0 SCRE I 25 I B /IN LR BEARFAIE. (Scallop
features) LAMZREUIEZ FALIEMIR f BEREAT LR, I 2024 4F18 30 FTiB Y
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2023 FR LT IIFEA T EE G G EMBEEE IFBRA Y 2024 F IR SCEFTIN L
AHRIEA R EARRIREA, TR 2023 [ IR a6 500 B rhBlade 1 BEARLLA [y
BEAT EB bR

ieX2MFig2

) Fig. 2. FEA models for pillar splitting. (a) Meshing diagram of finite element
Fig. 2. FEA pilar spliting, thesubstate. (b) Cobesive zone layer for modeling modeling, (b) Cohesive zone layer for modeling the indentation fracture.
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ABSTRACT: Natueal skin reeptors e fons s sgnal camiers whie mst of the

blnlnglul ionic sensing behavior, here, we present a kind of biomimetic, ionic,

pas
interfacial
mechanism do not rely

both signal type (i, fonic potential difference) and signal

hanotransduction mechanism leveraging mechanical modul\llun of

ionic p—n junction (IPNJ) through microchannels. Sensors based on this

‘o an cxternal powee supply and can eacode external tacile

stimuli into highly analogous signal outputs to those of natural skin receptors,in terms of
120

importantly, the instant interfacial IPN] regulation characterist

with superior performance when compared to the state-of-the-art piczoionic sensors,
response/recovery speeds (16 ms/16 ms),
ultralow pover consumption (pW level), excellent reproducibility (over 100,000 cyeles),

including 3 low detection limit of 0.01 N, fast

nd flly

and good capabilities to resolve both static and dynamic mechanical stimulations. As

demonstrations, machine-learning:

sssted high accuracy (over

99%) surfce texture recognition and objec
successully demonstrated with the sensors integrated on robotic hands. This work eniches the family of

classification are
nechanical sensing

mechanisms and provides a path to mimicking natural tactile sensory systems for smart skins, artificial prostheses, and

intelligent robots.

KEYWORDS: passive mechanotransduction, tactle sensor, ionic p=n junction, object clasification, machine learning

INTRODUCTION

Natural skin possesses numerous mechanoreceptors. that
enable us to_ perceive diverse tactile stimuli (Figure 1A)
Mimicking such function:
and prosthetics, nteligent robotics, human—machine interfac-
ing, and so on.'* In the past decades, a wide spectrum of

exploited to fabricate iontronic tactle sensors, resulting in high

the large unit area capacitance at the
ronic interfaces. > In another work, a near-ideal
prssoe sensor that s tapped clasic a 1o modubie
tance changes at the solid—liquid-gas multiphasic
demonstrated, with high linearity and sensitivity

ieved 2* Additionally, a new mechanotransduction concept
based on the reversible pumping of ions under external

ABSTRACT

Tactile sensing technologies are essential for enabling
perception in robotics, healtheare. and industrial systems
Active tactile sensors offer simple structures and high
sensitivity. but their reliance on confinuous power restricts
their use in autonomous and portable platforms. Passive
tactile sensors based on the piezoionic effect can generate
bioelectricallike signals. yet maintaining long-term
stability under both stati and dynamic mechanical stimuli

piezoresistive 7] or capacitive types (8], require external
power supplies. which increases energy consumption and
restricts their deployment in untethered systems. Passive
designs based on piezoelectric or triboelectric mechanisms
are self-powered but often fail to stably detect low-
frequency or static mechanical stimuli, s their output
decays with time [9). Moreover. electronic-based signal
carriers differ from the ionic mechanisms of biological
mechanoreceptors, leading to mismatches at the

remains challenging. Here. we introduce a
low-energy. and highly stable bioinspired passive tactile
sensor that employs a mechanically regulated interfacial
ionic p-n junction (IPNJ) integrated with mictochannels
The coesistence of mobile ions and fixed polymer chains
within p-type and n-type ionic hydrogels. together with
‘pyramid microstructures and porous nylon-mesh channels,
enables continuously tunable interfacial contact and
mechanical modulation between the two hydrogels. The
resulting ionogel sensor autonomously and stably acquires

interface and limiting 110}
‘These limitations underscore the urgent need for a self-
sustaining tactile sensing strategy capable of robustly
transducing both static and dynamic stimuli while
‘maintaining long-term stability and low energy demand.
Drawing inspiration from the ion transport and
membrane  potential  regulation  in  natural
mechanoreceptors, we hypothesize that an interfacial ionic
p-n junction (IPNJ) formed between oppositely charged
hydrogels could emulate biological mechanoelectrical

tactile signals from diverse fruits, which are
analyzed using a convolutional neural network to aclne\e
high-precision surface texture perception and_object
classification. area under curve (AUC) values of 99.4%
and 99.3%, respectively. This work demonstrates a robust
and sustainable factile sensing mechanism with strong

e for applications in next-generation human
‘machine interaction systems.

KEYWORDS

Self-powered sensing: Bioinspired tactile sensor:
Microchannel mechanical regulation; Human machine
interaction: Tontronic interface

INTRODUCTION
Tactile perception is one of the most fundamental

transduction. U sensors that only imitate
signal output, the IPNJ concept reproduces the tunable ion
transport that govemns real mechanoreceptor responses.
thereby bridging the gap between biological and artificial
mechanosensing. In such a system. extemal pressure
modulates ionic transport across the p-n_interface.
generating a potential difference analogous to neuronal
acton sguals withott he need fo any exemal pover
source. B this ionic mechanism  with
mirochanncl-nediated mechanical contol. it becomes
possible to realize a fully passive and continmuously tunable
tactile sensing process.

@ ®
| e

sensing mechanisms, including resisive,”” capacitive,”” pi sensory functions of human skin, allowing continuous

electri, " triboelectric,'"” and_transistor-based _mecha stimul proposed to fabricate sensitive ionic tactile awareness of the environment through the detection of ~ Skinmechasorcceptor 1PN Tactle Seaser
nisms."* Nevertheless, the vast majority of the developed sensors.”*” Nevertheless, these iontronic sensors mainly rely mechanical stimuli and the generation of neural signals [1]. ) Neorstsguais Blomimetc signae

tactle sensors operte on the principle of electronic trns o ative operaton vith a caacitve signal output. Namely, 3 Mimicking this ability is along-standing pursuit in robotics. oo Piop s g
oty ol eehaponcpton e 1o e sl driving voltage is needed to energize the devices first, followed ‘prosthetics, and intelligent human-machine interfaces [2,3].  ioasccumeition == ioascen

by the measurement of the capacitance outputs. These active

camier (Figure 1A)- " This sgnal impary underlnes the Early tactile sensors based on rigid silicon or mefallic - ss s
o o ety e e ionconic sensorsreuie 3 coninuous extemal poer spply cnabled basic mechanical-to-clectrical ransduction, yet | ® g 8% BB Bt
their poor lexibility and limited conformability hindered 0, " 2 8%
October 8, 2024 integration with soft, curved. or biological surfaces [4.5]. B VNS p RS
However, exploration of ionic tactle sensations is stil in its Jamuary 12, 2025 The emergence of flexible electronics and nanomaterials | "as"e —
o) Jonuary 13, e o et

Within the area of ionic tactile sensing, several pioneering
mechanisms have been proposed. For instance, the electrical
double layer at electrode/clectrolyte interfaces has been widely

© 2025 Armrcn Chamica Sociey

<7 ACS Publications

ss03

January 28, Fﬂ

has opened new possibilities for ightweight and large-area
tactile systems. expanding their poential in wearable
healtheare monitoring. robotic manipulation. and artificial
skin [6

Despite this progress, existing tactile sensors still face
fundamental - challenges.  Active sensors. such  as

Figure. 1 Biomimetic Sensing Mechanism of IPNJ Tactile
Sensor Based on Human Skin Mechanoreceptors. (a) lonic
gradient changes based on Juman skin. (b) Biomimetic
passive tactile sensor based on mechanical adjusment
interface.
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ACS Nano (2025, 5tk #): #e i %:T "Mechanically regulated interfacial ionic
p-n junction (IPNJ)" CHUSK A5 55+ P-N 25) 43N fis i A% ALl o

MEMS (2026, J5 K 3K): 03 RARR 2

"Mechanically regulated interfacial
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ionic p-n junction (IPNJ)",

2. PR i £ T2 R G

b % Bt 77« ACS Nano: P A 7K %t &2 (PSSNa/Gly/PAM) + N A 7K %t Ik
(PDACI/Gly/PAM). MEMS: 5€4>—%{ (PSSNa/Gly/PAM + PDACI/Gly/PAM).

RIS ACS Nano: £ FIETM&5H4 (Pyramid microstructure) + 2 fLJE £
(Porous nylon mesh) + =HJA%5#). MEMS: 584 —8. st Hr e B FLE
R Z A —FE

3. HHE I EE HIEX B R KA (In-situ optical microscopy / & il
BRI ED

JR AT 3 B W 82 B 7% (In-situ Optical Microscopy)ftfiid 1 4% B8 52 J5 i A AR
LERARAL

ACS Nano:"In the initial state, the microstructured PSSNa/Gly/PAM hydrogel and
the PDACI/Gly/PAM hydrogel are fully separated by the porous mesh layer. With
pressure applied to the device, the pyramid microstructure of the PSSNa/Gly/PAM
hydrogel penetrates through the microchannels of the porous mesh and makes contact
with the PDACI/Gly/PAM hydrogel."

MEMS:"In the initial state, the PSSNa/Gly/PAM and PDACI/Gly/PAM ionic
hydrogels were fully separated by the porous nylon mesh. Upon the application of
pressure, the pyramidal microstructures of the PSSNa/Gly/PAM layer penetrated
through the mesh channels and made direct contact with the PDACI/Gly/PAM
hydrogel."

BEE: 95% LLL. B& 7% "microstructured" R8sl T AL E, F# "porous
mesh layer" &{C4 "porous nylon mesh", VLB ZSHEGAAN, #ZO00). (=W 4
X (PSSNa/Gly/PAM) . #Jjid] (separated, penetrated, contact) 54—,

4. LR RHIEREE

ACS Nano: BIZEKbrE: "Accuracy = 99.4%"

1E 3 ##iib : "...machine-learning-assisted high accuracy (over 99%) surface
texture recognition..."

MEMS:f#%L: "...achieve high-precision surface texture perception..., area under
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curve (AUC) values of 99.4%..." & 6 Fr il
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"(AUC=99.4%)"
LRSFA BT 99.4% SRR SRR
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T FRHE TR

ACS Nano (Abstract):"...leveraging mechanical modulation of interfacial ionic p-

n junction (IPNJ) through microchannels."

MEMS (Abstract):"...employs a mechanically regulated interfacial ionic p-n

junction (IPNJ) integrated with microchannels."
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W3 1: Momin, Md. Abdul, Masaya Toda, Zhuqing Wang, Mai Yamazaki,
Krzysztof Moorthi, Yasuaki Kawaguchi, and Takahito Ono. "Investigation towards
Nanomechanical Sensor Array for Real-Time Detection of Complex Gases."
Microsystems & Nanoengineering 11 (2025): 53.

W 2: Wang, Zhiyang, Weiran Meng, Chun Huang, Yuanlin Xia, Cao Xia, Yubo
Huang, Kang Song, Takahito Ono, and Zhuqing Wang. "A Swelling-Activated Micro-
Dispensed Piezoresistive Sensor Array for High-Fidelity Electronic Nose." (24 7E
MEMS 2026 [E Frez il 14T Poster K3

EATIRE LB = O AR B A R S A B MEMS2026 B Fr 2 BOR B
BT RVERE . MEMS2026 [ PR CF 2026 4 1 7 29 H2S/p45H, HE®R
SCEEBUEHET (2026 52 H 6 HD) BB AR HiR

G WA IF AR — DAL R SR 7T, i — R R R S R HaE IR
TE& £V E SR DuRe 5 B G B . £ DR M R e
 (Investigation towards nanomechanical sensor array for real-time detection of
complex gases) (KZKT Microsystems & Nanoengineering 2025, LA iR« T
W) W FEEE, AR08 S EERE BRI, Oy T Al HERY)
MEMS2026 2 WIS EFECE, HBOR 2 AR JE TR S B A% O B R 34T 2
PR BER o

VLR, VORI LS IR FNIR SCE 28 2R Figure
3(b) LIS SEM 5 5116 3C Figure 2e #44F 564 — 5 xR 3C Figure 4(b)
1 7 S B 5 R T8 S Figure 2d.1 —2; 2 3 Figure 2 H#i]iE T 2R &
W5 SR FR AN TE AR Figure S2 HOMHRR . SE™ AR EHRE 2 mARTE, 2
REFRAT T “sLB8 PPl (Experimental evaluation) ”, {HHAZ LA ELHE Figure
6 (WUFREREWMmm R tiZ) S5ETNSSCSCEME 1 B EamE.
1-33 7
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2. Materials and Methods
2.1. Electrostatic MEMS Mirror
The MEMS mirmor, depicted n Figure 1, primarily comprises four componens: the

fast-axis drive beam, s and the gold-p
mirror. The satic and movable comb are ntericaved. The appli fasq

voltage. bl bs in simpl

harmonic motion. the vibrati litude, the signal 1ge frequency is set Bl we caspenn
to twice the esonant frequency of th driving beam. The voltages applid to the fastand

slow axes b pairs. For this — 4 >

experiment, a MEMS galvanometer with a fast-axis resonant frequency of 5207 kHz and a - oy d v Artificial

slow-axis resonant frequency of 4.2 kHz was used. The adopted driving method achieves e

nanosecond-level response times. m p—
m 8899
MEMS ] B ramsoncnnnea

mirror

Figure 4. The eye-fracking system.

Figure 1. The electrostatic comb structure of the MEMS mirror.

4. Conclusions

This study developed
mirror. Fab
effect

Driven by mirror generates a Lissajous
pa Laser i from the mirror ket by  poston-
sensitive detector (LPSA), which is controlled by a microcontroller unit (MCU) for optoelectronic
signal conversion. Concurrently, the MCU i lysis

Y gray y below 3.20. Sy

he L
source and large-area scanning are optimal.

30 mW laser
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