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Abstract

Abstract

Sensing technology that can locate and track objects has very important value and Broad
prospect of application in fields of e-commerce, industrial automation, smart home, wearable
, electronic devices, security, crowd control, health care and disaster warning.

Triboelectrification and electrostatic induction based flexible sensing array can acquire
the position and the trajectory as well as the shape profile of the contact object.

For the purpose of solving the serious signal interferences among the electrodes and
getting a flexible sensing array with reasonable unit structure and low output signal
interference, we studied the methods for suppressing signal interference, designed and
compared a number of sensing unit structure by systematic simulation calculation and
experimental test. The research work of this paper mainly includes the following aspects:

Firstly, a triboelectrification enabled flexible sensing array was developed. The row
electrode and the column electrode of the flexible sensing array were patterned and
integrated into a sensing unit with one-to-one correspondence, which can locate the position
of the contact object by only one sensing node, and effectively improve the utilization rate
of the limited planer space in the sensing array. With the assistance of the finite element
analysis software, the area ratio of the row electrode area to the column electrode area was
studied, and the results showed that when the value of the area ratio was 1, there was the
minimum difference of the signal output between the row electrode and column electrode,
and this area ratio was set as the optimal structural parameters for the sensing unit and array.

Secondly, a shielding layer was proposed and introduced into the triboelectrification
enabled sensing array. The shielding layer was integrated into the sensing node and sensing
array laying between the row electrode layer and column electrode layer. This layer can
effectively eliminate the electrostatic induction among the row electrode lines and the
column electrode lines in vertical direction as well as adjacent sensing units of the same
electrode layer in lateral direction. Therefore, crosstalk will be largely reduced. The effect

of suppressing interference signals was calculated by infinite element analysis and evaluated
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by near end crosstalk (NEXT), and the results showed that the calculated NEXT is 0.82
without the shielding layer, while the NEXT reaches 0.01 when the shielding layer is
introduced into the sensing array, which proves the effectiveness of the shiélding layer.

Thirdly, an 8 x8 triboelectrification enabled flexible and area-scalable sensing array was
fabricated by laser-cutting process. The triboelectrification layer was made of
pdlytetraﬂuoroethylene (PTFE) fabric and the electrode layer was made of the conductive
fabric, which gave the sensing array good flexibility. The signal output voltage of the sensing
array was generated under the single point and multi-points test condition. The results shows
that the signal output voltage of the electrodes under the contacted position reaches 25 V
while the signal output voltage of the others are only 0.25 V, the calculated NEXT is only
0.01, which reflects the low crosstalk in the sensing array. The consistency and the stability
of the sensing array were all tested. There is a small difference between the maximum and
the minimum signal output voltage of the sensing array, the maximum difference of the
normalized signal output voltage is only 0.05, which demonstrates the good consistency of
the sensing array. The signal output voltage from a row electrode line and a column electrode
line keeps unchanged after 100k repeated contacts at a frequency of 10 Hz, which shows
exceptional stability of the sensing array.

Fourthly, a 60x60 high-resolution, triboelectrification-enabled flexible sensing array
was fabricated by microelectro mechanical systems (MEMS) process. It has a total of 3,600
sensing units and a resolution of 50 dots per inch (dpi), which are 14 times and 25 times of
the state-of-the-art works on the triboelectric sensor array, respectively. When touched by an
external object, the ITESM generates a voltage signal in its bit electrode lines and word
electrode lines due to the combination of triboelectrification and electrostatic induction. With
the assistance of a signal processing circuit that filters and amplifies the electric signal, an
average voltage signal of 0.4 V can be acquired. Due to the design of a shielding layer, the
electrostatic induction among adjacent electrode lines are effectively eliminated, resulting in
a NEXT of merely 0.05.

Fifthly, applications of the sensing array were demonstrated in indoor-positioning,

electronic signature, trajectory-tracking and shape-profile-acquiring combined with signal
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Abstract

processing circuits.

This work was attributed to solve the serious interferences among the electrode lines of
the triboelectrification-based flexible sensing array. The row electrode, thé column electrode
and the shielding layer were integrated into a sensing node by patterned design, wlﬁch
effectively suppress the crosstalk and signal interferences and improve the utilization rate of
the limited planer space in the sensing array. The finite element analysis was used to simulate
and calculate the structural parameters, which shows 1 is the optimal area ratio. Finally,
applications of the designed sensing array were demonstrated in indoor-positioning,
electronic signature, trajectory-tracking and shape-profile-acquiring combined with signal
processing circuits, which shows broad prospects of the triboelectrification-enabled flexible

sensing array in human-machine interfaces, smart home, security, health monitoring, etc.

Key Words: triboelectrification, touch sensor, triboelectric nanogenerator, sensor array
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Polyformaldehyde 1.3-1.4 {continued)
Rylcellulose Polyester {Dacron)
Polyamide 11 Polyisobutylene

Positive | Polyamide 8-8 Polyuretane fiexibie sponge
Melanime formol Palyethylene Terephthalale
Wool, knitted Polyviny! butyral
Silk, woven Palychivrobutadiene
Alurminum Natural rubber
paper Polyacrifonitrile
Cotton, woven Acrylonitrile-vinyl chioride
Steel Polybisphenol carbonate
Wood Polychioroether
Hard rubber Polyvinylidine chloride (Saran)
Nickel, copper Polystyrene
Suffur Polyethylene
Brass, siiver Polypropyiene
Acetate, Rayon Polyimide {Kaplon) Negative
Polymethyl methacrylate (Lucite) | Polyvinyl Chloride {PVC)
Polyviny! aicohol Polydimethylsiloxane (PDMS)
{continued) Polytetrafiuoroethylene (Teflon}
Aniline-formol resin Polyvinyl aicohol
Polyformaidehyde 1.3-1.4 Polyester (Dacron) (PET)
Etylcellulose Polyisobutylene

Positive | Polyamide 11 Polyuretane flexible sponge
Polyamide 8-6 Polyethylene terephthaiate
Melanime formol Polyvinyl butyrad
Wool, knitted Formo-phenalique, hardened
Silk, woven Polychicrobutadiene

Polyethylene glyco! succinate

Butadiens-acrylordlrile copolymer

Cellulose

Nature rubber

Cellulose acetate

Polyacrilonitrile

Polyethylene glysol edipate

Acryloriirife-vinyi chioride

Polydiallyl phthalate

Polybisphenoi carbonate

Cellulose {regenerated) sponge | Polychloroether

Cotton, woven Polyvinylidine chioride (Saran)

Polyurethane elastomer Poly{2,6-dimethyl
polyphenyleneoxide}

Styrene-acrylonitrile copolymer | Polystyrene

Styrene-butadiene copolymer Potyethylene

Wood Polypropylens

Hard rubber Polydipheny! propane carbonate

Acelate, Rayon Polyimide {(Kapton)

Potymethyl methacrylate | Polyethylene terephtalate

{Lucite)

Polyviry! alcohel Polyvinyt Chioride PVC)

(continued) Polytrifiucrochlorosthyiene
Polytetraflucroethylene (Teflon)

Negative

# 1-1 B LERE 1] AR AR A RO HE P

Table 1-1 Triboelectric series for some common materials following a tendency to easily

lose electrons (positive) and to gain electrons (negative).
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Figure 1-10 Vertical contact-separation mode
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Figure 1-11 SEM pictures of the surface micro-structure on the electrification material
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Figure 1-12 Contact-sliding mode
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Figure 1-13 Patterned electrode layer design
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Figure 1-14 Single-electrode mode with curved surface
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_ Figure 1-15 Single-electrode mode with plain surface

WD), Yang Y SEPE B A ARBIEU B B — B RTT A T PER AR
AR A GORR B, I 1-15 B, IR A0 2 F AR AR R R Ea i
AR R R R T AL, FIAE RS R R B A YRR RS R 183
LA, T ARG S e AR SRR AOR R LA Bt BB 5 TR B 1100 V, SEBS IR B BE AT L)

12



B—& 5l

jill

3 6 mA/em?, FESER 100 MO T R H 2 AR B SRR R FBHLR SR
SHE A DLREIA 350 mW/om?, BE#SFIR 535 100 % LED.

T B R AR BN, ERATEEER, SE R, BEERE S
WU T AR B R T 0 e X BERGK R LR AT AU R, FRSERITAY
B A bR T R TR IS BN, TR R B R TE M R R TR B E 1 )LA
NG T B TR SR B R A, S5 T I, Wang SH ZUTHR T 4L 224
RSN, W 1-16 PR, SR AR, W EEER
AR R EIE BB B, FiA MR G L s, Pl

IR B TR R O R AE AN AR DR EI S, T B A -

<i»
FEP

{Left Elocteade} {Right Glecirode)

<jv>

& 1-16 B ZER BRI B

Figure 1-16 Freestanding triboelectric-layer mode
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Figure 1-17 Demonstration of ultrathin triboelectric sensor based alarm system
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Figure 1-18 Picture and demonstration of the ultrasensitive pressure sensing system
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Figure 1-19 PDMS based TENG
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Figure 1-20 Picture and demonstration of the reported TENG
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Figure 1-21 Self-powered keyboard consisted of single-electrode mode based TENG
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Column electrodes
Row electrodes

1-21 17515 A R GR K ra b A 2R R 5
Figure 1-21 TENG based sensor array consisted of bit electrode line and word electrode
| lines
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Figure 2-1 Illustration of the structure of the contact-separate mode flexible sensing unit
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Figure 2-2 Illustration of the structure of the single-electrode mode flexible sensing unit
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Figure 3-1 Illustration of the solid square structure of the sensing unit
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Figure 3-2 Illustration of the solid square based sensing array
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Figure 3-3 the effective sensing nodes in the solid square based sensing array
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Figure 3-4 Illustration of single point test of the solid square based sensing array
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Figure 3-5 Results of the single point test in the solid square based sensing array
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Figure 3-6 Illustration of the single point test in solid-square based sensing array with bar-
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shaped shielding electrode lines
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Figure 3-8 Illustration of the I-shaped sensing unit

3322 ILFEHMBATIARET)

TR TR b, 8 T T BT ARSI HEA B T 43 B (R
T, SR W, S TARUE 1313 om? (9 LI, JETESRT A
T RSO EEI N Tl R A TSI 4 3 4x7 BIERTH 1x1 om® MR,

35



BT H A AU R IR A K B R 5

ST AIATE RARIERERR, AT HRR AR, 5 E AR AR A 51 R FE AR AR
ﬁﬁﬁ@%ﬁﬁ&%ﬁkl???%H%i&%%ﬁ%ﬁi%ﬂﬁfﬁiﬁﬁH%H%ﬁ%ﬁ%ﬁi%E PI EEIEHAYE Cu Bk,
CAFE AR A RSO 51 % A FE AR ARAR 7. PT MRS THIZ8 4% Cu ARAR, 1775 satRiti
R, AT R ERAR IR, 5T R AR AR RN B i F AR SRR LA HE AR X v, 6
Wﬁ%%@ﬁﬂ%ﬂS@%%,%&Tii%iﬁ%@%ﬂﬁﬁﬁiﬁ

l39wFﬁ%WMI%ﬁ%W%ﬂ$ﬁMﬁT%E

Figure 3-9 Illustration of single point test of the I-shaped based sensing array with bar-

shaped shielding electrode lines
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Figure 3-11 Illustration of the integrated sensing unit
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Figure 3-13 Illustration of single point test of the integrated sensing array with shielding
electrode layer
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Figure 5-2 Picture of the 8x8 triboelectrification based self-powered flexible sensing array
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Figure 5-3 Picture of the bent self-powered flexible sensing array
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Figure 5-4 Picture of the rolled self-powered flexible sensing array
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Figure 5-5 SEM image of the surface of the PTFE material
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Figure 5-6 SEM image of the surface of the PTFE material
WS NE S, SRV S R BN IHRIIRE, S5 EREELN 100
um, FEMESEBERRT HAMOTETE. EARFRORERE —ETR
ﬁﬁﬂ,W%&T%%ﬁﬂ%%ﬁﬁﬁﬁﬂoﬁﬁ&ﬂu%%ﬁ,%%%%ﬁﬁﬁﬂ

67



ETEAE S MR A BRI S R 5

B [ BINTETE, TRRAEREIERTETEL ANEEAE, FHE—2
BUE IR RALIIR . RIEE & R ECLA RO S B 5-6 For, aILUEE], %
%ﬁﬁﬁﬂ%@ﬂu%@%%ﬁ%%%E%%%ﬁhﬁﬁ%%ﬁ%%ﬁ%ﬂﬁ%?ﬁ
BT RHE 5 W) th el ZERF U R SR T R0 77 BB A 757, 6 B AL R
HE = HE S IEE.

BEAh, BATVEXT R AATAREAT 7K B AL A HOSER, 45 5-7 iR, "L
BE, IR ER R EREN, SRR S KA AT T 114.5°, X
RYPRFRAATIR RIS TR KRR AT R RS D5 B 15K TR 1 IR 3 e ek i
RIS SEELBT K, MIRTRY (i T BEBRZ AR R 77 B9 SR 4o T B 97K IR\ T HE B G
MR TE Lo

B 5-7 Fra e An /K B Al M A LS R
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Figure 5-8 SEM image of the conducive cloth material
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Figure 5-9 SEM image of the positive microstructure of the conductive cloth
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Figure 5-10 SEM image of the cross-sectional microstructure of the conductive cloth
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Figure 5-11 Conducting performance test of the conductive cloth
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Figure 5-13 Side single point test of the 8x8 triboelectrification based self-powered
flexible sensing array
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Figure 5-14 Multi-points test of the 8x8 triboelectrification based self-powered flexible
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Figure 5-15 Consistency test of the 8x8 triboelectrification based self-powered flexible
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Figure 5-16 Consistency test of the 88 triboelectrification based self-powered flexible
sensing array
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Figure 5-17 Stability test of the 8x8 triboelectrification based self-powered flexible sensing
array
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Figure 6-3 Signal output of the bit electrode line and word electrode line under the
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Figure 6-4 Working principle of the reported sensing matrix
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Figure 6-5 Image of the reported sensing matrix
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Figure 6-6 Enlarged view of the effective sensing area in the reported sensing matrix
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Figure 6-7 Thickness of the reported sensing matrix
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Figure 6-9 Demonstration of the flexibility of the reported sensing matrix
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Figure 6-9 SEM image of the surface morphology of the original surface of the

electrification material
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Figure 6-10 SEM image of the surface morphology modified by PTFE nanoparticle
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Figure 6-10 SEM image of the surface morphology etched by ICP
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Figure 6-12 Normalized surface potential of the signal output of the sensing node under
original, nanoparticle modified and ICP etched state, respectively
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Figure 6-13 Consistency test of the reported sensing matrix

Bit Electrode Lines

¥ & Voltage (mV)

0 10 20 30
Time (s)

B 6-14 mor#E B sl % KR 5 5 HE S 00— Bk R4 R

Figure 6-14 Consistency test of the reported sensing matrix
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Figure 6-15 Illustration of the signal measurement
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Figure 6-16 Signal output of the 24 selected word electrode lines when the object

contacting and separating
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Figure 6-16 Signal output of the 24 selected bit electrode lines when the object

contacting and separating
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Figure 6-18 Signal output of the 24 selected word electrode lines when the object
contacting and separating

T R R R S e R S B R B T 07 M 4k AR TAE IO 15 S i@ E U 215 211
soml, BEEREERN 23 LEEMME T FAESHFREENFESRY, £
SMEE LB AEBEE, Wi H915 SHHBE B hiRIE SHE 2 MZESA 04
V, TITHESEMBEA 0.02V, MBI NEXT H£15 0.05, HE{FSHRBRE
EHE5FRESKAIFR.

B 6-19 SRTFE 6-17, AE 6-17 ML EHIER Z f7 rsil L.
U1 8, 3 R bk 5 A R BB A B T 7 P 2 AR FTTE I 15 5 (% i@ E RS 211
e, BEFRERD 23 ZEEMAE T I EEESERBEENEShE, £
SMESREEBBKE, B M5 S5 g BRI SES ZENEEAN 04
V, MITHRESHEMERR 0.02V, HIBIK NEXT H£179 0.05, HERFSREMRE

95



B T B F R 3R P T R A R 51 R 4

GWETFIMES XTIk,
0.2 1 ~ 4
Bit Electrode Lines 11 ~ 14
- 18 ~ 21
%" 32 3334
2 45 ~ 48
;-5 57 ~ 58
-0.1 ' : ' . - : 34
0 04 0.8 1.2
Time (s)
K 6-19

6-19 SN 24 S ALk BARTE MR BERR 7 B0 (1015 S4B
Figure 6-19 Signal output of the 24 selected bit electrode lines when the object contacting

and separating
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Figure 6-20 Stability test of the reported sensing matrix
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Figure 6-21 Stability test of the reported sensing matrix
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Figure 7-4 Multi-points recognition of the large-scale self-powered sensing array
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Figure 7-5 Image acquisition of the large-scale self-powered sensing array
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Figure 7-6 Image acquisition of the large-scale self-powered sensing array
WUES], Tk 2ATFEERNEMERIES], LED RRHER DA MR R
FATE BRSO E, RN ER T B FMEKRR. 8T KR E %)
Tt fil b A RRE B B T R~HEK, BTSRRI REIR, SBERHIRAZR
BUEAR.

73  BIREIRMEAL RS A TR FE 2 MR ER

HTWENBERBENRAGEER, RIS REEREFIND PR, 25
BT RSP 5%5 e 5/ E 1x1 em?, $ME T 16x16 B H RBHR MBS, IF
W TR R T RRESI (5 S, BEER T REREIIERTES,
PIBEFE AN B THIRA .

73.1 B IREN R AR L AR RS TS S AL TR AL B

WIS DA R R B R B E N R 7-7 R, %S SR RS R B A P Th R
FEY R, ABIFFIDAROREE | RUBCKSER 2. 415 5 A0 H db B R AR B 1% RS RO
(EER, Hostimit d- AR A R B I FL B IS B I LIRS TR S, MR
B 1 BT, K KIS S 7 A g - i BEL A A A eape PR B T
KEMTFRES, ZREREIROKE S BB 2 K, BAMIM. i

105



BT EAE AR IR RIS R G

JERIE S IE sl i BT A0, SRR e 4 R R E B R L.

_ R3 _ R5
= — |
R2 Voo c R4 Rs
2
—| |—|||
- \ |G
Amplifiel Output
Amplifie [Cs N P il oPuP
Input 1 [
[j e Rs Rg
R Ci—L

7-7 B IRENSRNE A A% BRI B 5 5 b B B B
Figure 7-7 Electric circuit diagrams of the self-powered flexible tactile sensor array
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Figure 7-8 Electronic signature demonstration of the self-powered flexible tactile sensor

array
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Figure 7-9 Trajectory tracking demonstration of the self-powered flexible tactile sensor
array
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Figure 7-10 Testing platform of the high resolution, thin-film, self-powered touch sensor

array
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Figure 7-11 Enlarged view of the contacting object
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Figure 7-12 Peak signal output of the word electrode lines processed by signal processing

circuit
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Figure 7-13 Peak signal output of the bit electrode lines processed by signal
processing circuit A
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Figure 7-14 The remapped results of the shape and position of the contact object
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