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High ﬁerformance and multi-functional wireless flexible CMOS/MEMS devices for
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In this study, we aim to develop a flexible low-power, wireless CMOS/MEMS
integrated device by developing each device components and integration process on a flexible substrate
for the future electronics. In_particular, printed strain and temperature sensors are realized by
developing the printed sensor inks using mainly inorganic nanomaterials. Furthermore, by optimizing the
ink and fabrication process, we could achieve the high sensitivity for strain and temperature detections
compared to previous reports. In addition to the sensors, low power and high performance flexible digital
and analog circuits are also demonstrated without any malfunction even under mechanical bending
conditions. Finally, by applying the developed technologies, flexible and wearable healthcare device are
developed as a proof-of-concept.



¥ X C—19, F—19, Z—19 (&t

1. WFFERRAE Y PO &

BUE, IR OE R & L TR 28K
WEH L7 X TIVEFT A XD
FERRAFE N ANAT O TN D, ZiuE, flx
XKD NE T NA A TIEHRETH -
Tk 2 et B T — 7 D X IS T D

LT, EORMBYIZEFIEREL B X120

XiFxtg e N OERIEA ZATREIC LTz
NI DHZEMAREE 2D, I LITHRAIED X
INCEWMEZATDHZ & T, ANDREICHRM
T 5 Z & CHREFEIRRE 2 AR e < REEH I
THIELAREICRD EHIF SN TV D, K
EHITIT, TV TINNERESNFT TR
A0k e 8 R RIS TR AT 5 H B
EPMBEARFRIRTH D, EEZETIZ, H
WA DL < OIFZEBIIC T Lx o7 V5
WE~D T P RAZME L O
DB NEE SN TS, £ LTEDIE
e LT, EFRE, KBessE, e
TORA AR EPMRESINTE =, LoLan
5. BUK, KiEflb, =X Mb, mtEgE k.
ZHnelb, = L URHEE/IMboETE 7 L
XU NVERETEIT S EiFHkETH
2, FRZ EROISHAT ANA 2ADIF & A LR
R T u A ZANTEY ., kTS E
ET LM, Kl - K2 A2 MEaERT 0
IXREE 7RI TH D, RHREYIZ, FIRET %
W= KmEfg - K2 A RT3 AR5 A
HLIREINTWDH, FIRIEEI O 5 15D
L IO ARSI BRE
S TR,

2. OB/
T ZCANIETTIE., RRRAE AR 72

O, LT APE O KIEEFIRIEAR S ER L

FIURITE R OB O > 7 OB, FlknlHL
il k2%t ORM T v 2B% &
OMpiifb, S HIC—&m) 7 Si MR ICH
W5 TU 5 Complementary Metal Oxide
Semiconductor (CMOS) [AIEi#EZA 7 L v 7
NI ECERT L LT, KHEEN 7L

X T NETT N AOFEBREHET, R,

Bz ipe oM ELEHIRER T 52 & T, %
HRE® V7 LA ZHIBE N O A L0 fE
WS 70 AR EITO, TSR A
Wz miERe - K& E S 7 L% 7L CNOS
[BFAZOWTIX, RS D 7 < Hf
REHLENH D0, RETHEEICLD T
L3 70 CMOS [B138 O Bh/ER M2 AT - BB A
ZiE <, AWFFETIE, OMOS [B]H o 5e 4 FIR L
W X DRI EAN I R 7n 7= 6, -8R
a2 ERWTERT 5,

3. WL HE

AW TIL, 7 L TIVEM Flo I
) MEbZE KR35 = & CIrERY
HEMERE 7 LR VTV T N, A EB A H R
L7, EBRIX, B HHEIORIBIHA > 27 O
BA%E. FIRIEANBAR ., =L CE2hn b 2Em/b
EHET LR TILT AL R BEICER

ii))

p-type TFTs n-type TFTs
BJ1. AWFIE TR 2 B L7/t mERE 7 L
XTNEEE BTN ZADA A=V,

T5HZ LT, ZTOREEMEERT, ITFIC, K
TS AFEB A~ T, BB LY
K ONalE DAERL G 1EIZ DUV TRT,

(1) =AY

FIRIFERR T A EHE oL, h—ARrF
F 2 —7 (CNT) & $RF ki + (AgNP) DR A
AT EEKRL, e A7 U—HIRIT 5
ZETT LR UINVEREICER L, HIRI
B A7 BRI TOCTHR S L TEA
U RTERKE 22D, Bl EHTIE, R (Ag)
AU ZFCLL A2 Y —rHIRBIL, 130°CT
Bt 5 2 & TR LT,

(2) IREE Y

BEY U ERRICIR, ONT o > 7 &k
7N ) < — < H 5
poly (3, 4—ethylenedioxythiophene)polysty
rene sulfonate (PEDOT:PSS)RIZDIRAEA v
7 IR 5 2 & TER U7, BERSIREZIZE
B YRR, K T0°CE VT2, AECERAT B
TR I RRDOEMET Ag A > 7 ZE
Rk Lz,

(3) CMOS A%

Si i bicAavra—F7 47 LAY
AIRT7 4L RIZ, p BEENT U F
(TFT) & LT8R ONT Ry b U — 27 8, n
I TFT & LT InGaZnO #EATERL L. HEHEE

Pressure (Pa)
-500 0 500

CNT paste : AgNP ink ratio
-e-10:8 -®-106
100 Fa-103 - 01

10
¢
4|

01rF

001 S 1T T2 s
Displacement (mm)

K2 CNT 122 & AgNP 1 > 2 DJEEHIC LS

DS (FINET) 125475 2T,




BAERL L7z, 77— NEMIZ AL, 77— Mk
Bz A1,05/Si0, (50 nm), Y —R « KL A
BB Cr/Au (5nm/30 nm) & AV =, %I,
AR O MIFREZ I 1T B TFT ~D)& JTEIIN % %
MEEDHHT, Ny _—vg i LT
RUAI RUTEHL A NEBGE L,
TmERULEZEERE Bl L oEHMILHIT
W, M1ICRTEORT7LFROTAEK - &
VYT A ZADOREIT T,

4. WRIEEE

(1) ®HEY

B 212, CNT A > & AgNP A > 7 DIRA L
BBz TR LA v 72 A7 ) — U HIM
LTmERE T O, ERKT HEIRELD
fERETRT, ETHELOHLN I HIT,
T Y ERICS] SR IS EEIINT 5 &K
PUBIZEEI L, WIS ERMEIS ) 2R3 5 &K
PUEIREAD T RN E LN, ZuE.
AgNP R DBEBEDS IS NS K VIR - 720 Ki &
ST B LIk AT BB E A B
BLTWAEDTHD, £ioA 7 DIRE
PELESEB Z ET HIG TR BT
2ok, BIBMHERE 2R ICEbsEs L
NR[AETH D ENbhrolz, ZHIZ LD,
FORA AREERER e 2L 5TV A
VERE R EEITDRTH, NI CTK
ErRBIGRET 22 EneiETHD . TN
A ZADBEAMEALIZ KR E S FHEHTE 5 & HFF
T&5, KEAB VT ORLEREDA 7
IRE T ONT:AgNP=5:4 T, FDEHEITH
59%/Pa TH -7,

(2) BEEY
EAHvUVEEC, BERY D E2EKRT D
A 27 ®CNT A > 27 & PEDOT:PSS IRIK DIEE
EEEIEDZ LT, BEE T OEKE
{E~DEMEH L 21T 72, K 3 1TRT L D1,
BEE YL, BE IS L TRIERIIZER
PN T DEERMF O, Zhid, ONT
& PEDOT:PSS FHIZAE U ABEECO R v BV
TREICEKNT DD TH D, A7 DRE
k% CNT:PEDOT:PSS=1:3 |29 5% = & C. {5

" PEDOTPSS ink : CNTink= 1

OF & m 153
R e 1.3

o Ta A 317

= ~ . ]

? - L \\\.\ [ | - . _-
2 -10 PN ~ -

n:o \\\\ ]

E ) i

= SN 5

< -20 N 3
N

N
30 Tw ]

2030 40 50 60
Temperature (OC)

[XK] 3 CNT 1 > 2 & PEDOT : PSS 557 DJE A AT I
B ETLIC S5 i ZE,

— o m) 5
K 4 (a) BIELET7LF 70 CH0S 7274
e TFr ZEEDER, A7 e
LB (b)) ONT F > p 17— 2 L (¢) InGaZn0
TENE D 26 BT B 5575 R
YUY ORE, $10.8%/ CEEDZ LMNARE
ThdZ LR Lz,
F-ARETITRE RV, BEHEFITE
FEZAITx LTI kT e < mEE Y
IR AN R U TIRISHEH (bR 72 2
LERMER LTS, ZuL, B a24ER L
SHEBRITBNTH, FREnOE' R
AR A2 EMEICEIIT 5 Z E N ARETH D
ZEERLTWVWD,

(3) CMOS [A]#%

AKBFFETIE., p B CONT-TFT KT n 7
InGaZnO-TFT % 7 L % 7/VEHR | CHE/RIL
SHBHZLET, BRIV T NAT VX
VIR K O T ZEEOE- AT 72, %
7R & [RRFIZETRITE AR K D IR E & o9
ZERLSED LT, ZOBCVERH YA
ThELTCOERBMEEEZRT, K412, E
BRICERIL-IREE U HERB 7L T
[Bl3% A<, p B CNT-TFT |Z ONT %> R U —
7 L U CERLL 72 (K 4b) . E P72
I L LT, K da TR T X D ICHER AT
Th . RS EARBE AN F b D & FIBESC,
OB NN & 2R LT,

WIZ TFT OEREAIFHE & LT, TFT DA A
v F 7 (Tps—Ves) FFEDORE 1T - 72, 5
VRS L 91T, M TFT & $12, BAF72 To/Tore
C100) =R L, ZOBEE X, p  TFT TK
10 cm?/Vs, n I TFT CTHI 8 cm?/Vs ThH o7,

[

-
(=]

-
[=]
A

&

-
[ T
N b

3

[Ipgl {Af/mm)
— — 3 —

oI
©

| InGaZnO-TFT
10 | oen V=1V
10 — V=5V

-
\\\\\

-
=]

Ves (V)
K5 7 LF T EICIER L = n B TFT
J‘pi/TFT @/’\7//77:»‘/7“([/)5_1/05)#[%/;



Voltage gain ~50 10°

—> 107
4r 5
—_ 8 2
23 10" 2
3 o Z
> 110° 3
3

1 — 107"
0 . 10*1 1

0 1 2 3 4 5
vin (V)

K6 7 L7 CHOS [AIEE DA H S #HE &

BEB) B i s

B TFT DAL v F o THMENBIF THDH 2
LEWERTEZOT, RICAMAETHEETIK
EWEEH 7 LX 70 CMOS [EIK A fESRL L .
T OEKFHEHM 21T o7, X6 12 b AR
BI72 CMOS A > 73— & —I[al & o A ) fE 3R &
UBEEN I 27, £34 N\ —F¥—DEE
FANEK 50 LT LRI AVEM Bz
THBMEWTF A 25D 2 LIRS LT,
EFIRETCOHBEEEIIX. 7 oW/mm LT TH
52 ENK 6 OBRENERMERNOHETE 2,
TV BN TFT O F ¥ % LiE CHEUE
fELTCW5, REEENIT, I ETHES
NTWAHEHKRNT o2& I2XK % CMOS [H]#E
DOWHEEN L REDETH -T2, KFERND,
s EmWEBEIEEZA L IREEE O
CMOS [FIi8 &2 FEHBLF 5 Z LN TE T,

S5 EROFRENEE RT =0, p
TFT & n L TFT N4 10 EER L7z JK
flip—flop 7 ¥ # /L al#& & ERL L 7= (IX] 7Ta-b)
FLTVUIXVTAT R AORETH DI
W% W 72 BR O EYE L OV 2 500 [RIFREEAT
STEBEOEEICOW T BT 21T -7, X
Tc i, #1F 2 Ai L OV R ¥4 5. 6 mm C 500
B 7B MR Q2R d, 22 TJ, K
WIANMES T, BREVEEIXS VARV, &
ENOH LR L 21T, FEKO T % 500 [A]
1To7=HATH, T 2R1ORE L FEEDOH
HEBLZENTETWS, ZHITAT L X
TTIVT VB VEIEEA . B B IS LT
BN ZER<EEL TS Z 2 EKL
TW5, FEMBEIIRI720A3, 5.6 mm O
KT IRRBIZB T H, B AR E
EHELHEELTWDLZ LEHRLTWDS, =
NOEDOFERELY, K7L T NF 0 R
B2 A L, mWEBREDOT U2 L
Mg & L CEMERRECTH D Z L 2RT 2 &
NTXT,

TUXNVEKIZINZ, 7T r 7RS4 %
D7 VXV TNTNAZAOFERIEZES
5 EIEFICEERFETTH D, A TIL,
ZTOE—HL LT, IRER UV 2EREESE
o7 LR TV EBEIERIE 2 ER L, X

Voltage (V)

- - - Before bending, —— After 500 times bending
0 20 40 60 80 100
Time (ms)

K7 (a) 1ERLE7LF 70 CNOS [E]E4IZ
LB JK flip—Flop 77 5 /LAl EE & (b) & D
(ARSI, (c) JK flip—flop DA T E HITT#EE.
M F2EER 5.6 mm T 500 [EIHIIF 7= 2 DT 7
bR,

8a—b IZEBU/ER LT A ZABEEHLZOD
M 2R, HORERIZOWTIE, 25
E U CAERN IR R A I K DR
DHINZONWTHIEZEIT> T2, ¥ 8c IZFD
HTRER 2T, HIEREE 2 S 72 0iRE
Y OEESIC X D EEEIT,
1°COZEALY -9 -0.012V Th-o7=DIT% L,
AR 2 VS & 29°CUL EDIRE T, 1C
W70 0.4 VOBEECEFEBSTHLNT
X7, ZHUXHAER A 33 fFHEIE L T
HZEEBEWRLTWD, 2K 8d-e ITART

o

CNT resistor

<
o

-0

I
3

sensor  CNT resistor
Y

g .
Output voltage (V)

Temperature

Temperature sensor ]
24 26 28 30 32 34
Temperature (°C)

T
7

20 40 60 80
Time (s)

K 8 (a) 1ERL =iR/ET P2 =B A
BEDGE F (b) FEflile]f, (c) EBIHEIEEEEH
JEIZ L B I DB iR, V75
A ABED (d) HIEEER O () ZEE)HE IR
PEGHEIZ I 5 ) BIEiE R,

o

w
=}

N
3}

(]

Output voltage (V) Temperature (°C)
o

NS o o

=)



Lo, IREEEZ Y T VE A LATEHNIT S
ZELHREE RS TND, AHFFETIE, AD
FERE A2 S L L2, BIERE %
29CHRIE & L=y, ARBEICSOW T 8b
H1> CNT resistor OIHUECERENETF & 2
{bEE2Z & THENRARETH Y, xRk
FRBE~EISFTRETH D

RMIBIC, R TIE, 7R 73R B
~Ot Y L ONERE OER LA, Rl ARAT
et oYy — N RO TERE - IRTEEE 7 A
A ANZEH U 217> T& 72, AT
IR LTV NS, 24D O SRR 2 v
TEEREA~RT 72 2R TR EER, s
BHT NS ANBTTIRE R Y, B
A VIR PREx IR AREMEICE B L, MEF, 7R
TutA, FLTT A AR EIT-TE T,
RTNA A%, BURE 772G BRI & o
B BRI P2 EBTETRBLT, E
FEA~T, BRx REEN R S LTS, L
LR, 7LXT T INTF 0 RAERICH
FHEE ST O Lo LRRT A
ENFER~DITETHDI EEZOND, £
L CARWIZE TR L= Hidlinsy, = oFEMAb~
M7 XS 7 IVTF NS ZBFE O s
WkiedZ EEHIFFL. 4% LUFFERTE 2k
AR

5. ERFERLHE
(WFFRAREE . WFFE 38 M OV AR SE 3 1
LT

Udessamc) GE 12 1)

(D S. Nakata, K. Kanao, S. Harada, T. Arie,
K. Takei, An  Extremely Highly
Selective Flexible Compliant Tactile
Touch Sensor Sheet, Physica Status
Solidi A, #&Fif, 13, 2016, in press,
DOI:10. 1002/pssa. 201600078.

@ W. Honda, T. Arie, S. Akita, K. Takei,
Mechanically Flexible and
High—Performance CMOS Logic Circuits,
Scientific Reports, ##if, 5, 2015
15099, DOI: 10.1038/srepl15099.

® W. Honda, S. Harada, S. Ishida, T. Arie,
S. Akita, K. Takei, Highly Performance,
Mechanically Flexible, and Vertically
Integrated Three—-Dimensional Carbon
Nanotube and InGaZnO Complementary
Circuits With a Temperature Sensor,
Advanced Materials, &@ef, 27, 2015,
4674-4680,

DOI:10. 1002/adma. 201502116.

@ Y. Yamamoto, K. Kanao, T. Arie, S.
Akita, K. Takei, Air Ambient—Operated
pNIPAM-Based Flexible Actuators
Stimulated by Human Body Temperature
and Sunlight, ACS Applied Materials &
Interfaces, & #t & , 7, 2015,
11002-11006,

DOI:10.1021/acsami. 5b02544.
® S. Harada, T. Arie, S. Akita, K. Takei,

Highly Stable Liquid-Solid-Metal
Contact Toward Multi-Layered
Detachable Flexible Devices, Advanced
Electronic Materials, &#HA, 1, 2015
1500080, DOI:10.1002/aelm. 201500080.

® K. Takei, W. Honda, S. Harada, T. Arie,
S. Akita, Toward Flexible and Wearable
Human—Interactive Health-Monitoring
Devices, Advanced Healthcare
Materials, #@ifi, 4, 2015, 487-500,
DOI: 10.1002/adhm. 201400546.

@ K. Kanao, S. Harada, Y. Yamamoto, W.
Honda, T. Arie, S. Akita, K. Takei,
Highly Selective Flexible Tactile
Strain and Temperature Sensors against
Substrate Bending for an Artifical
Skin, RSC Advances, ##Hifi, 5, 2015,
3017-30174, DOI:10.1039/cbra03110a.

W. Honda, T. Arie, S. Akita, K. Takei,
Printable and Foldable Electrodes
Based on a Carbon Nanotube—Polymer
Composite, Physica Status Solidi A, %
@t A, Vol. 11, 2014, 2631-2634,
DOI:10. 1002/pssa. 201431481.

©® S. Harada, K. Kanao, Y. Yamamoto, T.
Arie, S. Akita, K. Takei, Fully Printed
Flexible Fingerprint—like Three—Axis
Tactile and Slip Force and Temperature
Sensors for Artificial Skin, ACS Nano,
EH A, Vol. 8, 2014, 12851-12857,
DOT:10. 1021/nn506293y.

(Fa%E) Gr 35 )

(D K. Takei, Challenge and Perspective of
Macro—Scale, Multi-Functional High
Performance Flexible Electronics,
SPIE Defense+Commercial Sensing, 2016
£ 4 H 19 H, Baltimore, USA.

@ K. Kanao, S. Nakata, T. Arie, S. Akita,
K. Takei, All Solution—Processed
Flexible Memory Integrated with
Tactile Sensor, 29" TIEEE International
Conference on Micro Electro Mechanical
System (MEMS2016), 2016 41 A 27 H,
Shanghai, China.

® S. Nakata, K. Kanao, S. Harada, T. Arie,
S. Akita, K. Takei, Flexible and High
Selective Pressure Sensitive Rubber
for Tactile Sensing, 29 IEEE
International Conference on Micro
Electro Mechanical System (MEMS2016),
2016 4~ 1 H 25 H, Shanghai, China.

@ s, ETERE - 2R LR T
oY —h, ALY bo=7 K
BHFgEss 5 215 [BIFFE4s, 2016 4 1 H 22
H, #rfa NS eL CGRAESHE X)) .

® K. Takei, Printed High Performance
Flexible Device Sheets, 228" ECS
Meeting, 2015 4 10 A 13 H, Phoenix,
USA.



K. Takei, Flexible and Wearable
Sensors, 16" International Conference
on Human—Computer Interaction, 2015
8 H 7 H, Los Angeles, USA.

K. Takei, Inorganic-Based
Heterogeneously Integrated Flexible
Transistors and Sensors, 15t

International Meeting on Information
Display (IMID2015), 201548 H 21 H,
Daegu, Korea.

K. Takei, Carbon  Nanotube-Based
Printed Flexible Electronics:
Materials, Fabrication, and
Applications, 16t International

Conference on the Science and
Application of Nanotube (NT15), 2015
6 H 28 H, AlrERT (BmEA LR
) .

S. Harada, K. Kanao, Y. Yamamoto, T.
Arie, S. Akita, K. Takei, Flexible,
Printed Tactile, Friction, and
Temperature sensor array for
Artificial Skin, 18" International
Conference on Solid-State Sensors
Actuators and Microsystems
(Transducers 2015), 201546 H 23 H,
Anchorage, USA.

S. Harada, T. Arie, S. Akita, K. Takei,
Biological Inspired Superhydrophobic
and Self-Cleaning Flexible Silicone
Rubber, 18" International Conference
on Solid-State Sensors, Actuators and
Microsystems (Transducers 2015), 2015
46 H 25 H, Anchorage, USA.

W. Honda, T. Arie, S. Akita, K. Takei,
Inorganic Material-Based Flexible
CMOS Circuit and Optical Sensor, 18
International Conference on
Solid-State Sensors, Actuators and
Microsystems (Transducers 2015), 2015
46 H 24 H, Anchorage, USA.

Y. Yamamoto, K. Kanao, T. Arie, S.
Akita, K. Takei, Electrical Powerless,
Thermal and Optical Responsive
Polymer—Based Actuator, 18
International Conference on
Solid-State Sensors, Actuators and
Microsystems (Transducers 2015), 2015
46 H 23 H, Anchorage, USA.
VN, ¥ =7 77T A ZADRA%E
gn) & B =— X, Hib R
KRV 7 hr =27 2SR S5EHS,
2015 4£ 3 A 17 B, #bFEdhHEtE s
CREER T X)

K. Kanao, S. Harada, Y. Yamamoto, W.
Honda, T. Arie, S. Akita, K. Takei,
Printable Flexible Tactile Pressure
and Temperature Sensors with High
Selectivity against Bending, 28' IEEE
International Conference on Micro

Electro Mechanical System (MEMS2016),
201541 H 20 H, Estoril, Portugal.

® A, FIRER Lz 7 LR 7t
v U— NOR%, 'uY 7 HINS R
WFFEEEE 190 [MIRFFEHIZ, 2015 4F 1 H 30
H, KBRFSLKZ: I-site 72 AdE (KRBT
KBii) .

W. Honda, S. Harada, T. Arie, S. Akita,
K. Takei, Printed Wearable Temperature
Sensor for Health Monitoring, IEEE
Sensors 2014, 2014 4 11 H 5 H,
Valencia, Spain.

@ K. Takei, S. Harada, W. Honda, T. Arie,
S. Akita, Nanomaterial-Based
Macroscale Printable Flexible Sensors
226" ECS Meeting, 2014 4 10 H 6 H,
Cancun, Mexico.

K. Takei, Human Interactive Wearable
Devices: Applications of Artificial
Electronic Skins and Smart Bandages,
16"  International Conference on
Human—Computer Interaction (HCIT
2015), 201446 H 27 H, Crete, Greece.

K. Takei, Printable Nanomaterial
Devices on User—Defined Substrates,
Mingdao Forum, Business Technology
Fair, 2014 4 5 H 28 H, Shanghai,
China.

(HFE) GF 2 )

O MIEFIEf, BirEwps, v=7 77
VT SA ZAD/N ERE & AE, ZREk
Mo m By (EBE) , 2015,
510 (455-463).

@ K. Takei fh, Springer, Wearable and
Flexible Sensor Sheets Toward Periodic
Health Monitoring (/3 fH¥ %), 2015,
333 (175-191).

(PEEIA PEHE)
OiiRdt Gt 1 )

AFR iR Y R OER e Y
SR RN, R E S
MERIZE - PTG, JREEE
FHXH « BT

5 2014-182263

HEEAH A - 201449 A 8 H
EWNAOR] . EWN

(ZDfh)
AN A -
https://sites. google. com/site/kuniharut
akei jp/home

6. HFFTHLER

(1) Wrgefds

3 ¥R (TAKEI, Kuniharu)
KERIF SRS TR 5e8E - Bh#
WIEE &S 20630833



