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A Study of Noninvasive Bed Monitoring Method Using

Piezoceramics

Toshihiro Shino

Abstract

This paper describes a noninvasive human monitoring using piezoceramics who is in bed. Sensors
built in piezoceramics are set beneath the bed feet. This monitoring can detect body movement,
scratching motion, respiration and heartbeat. These bio signals provide not only basic medical
information but also details about sleep conditions. Thus, the bed sensing method can be used to
monitor the health condition of people sleeping at home as well as that of patients in the hospital.
The device has a wide dynamic range enabling the detection of micro vibrations from the heartbeat
by the change in acting force, without saturation from body movements. Scratching motion is often
monitored in various ways to evaluate an itching which appears as a symptom of various diseases.
It is known that the length of the scratching time is related to the altitude of skin diseases

accompanied by itching.
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BBV AT DI K DG ORE 2 1ORIE L T 2 F P AN TH D, KRERTIT
FHHIRFZ AV AT S 8L /A R % 8% S 2 2 (I A4 12Hz O— ke —/~ 27 v
Z Lz, BBEHINCIERRW e TE ot oy L RIFHCEREGHII L, BEOLEK%E
T 5. BEATENZ 8T D A0, REOATFE2 YT 4B A 7 (EX-F1, Casio) TR 3%
T AZITEDRNE D ICEHET D, K1 2 ITEEERORT2~3. AT 21Ekt
WZOWTHAT S, kWL TS HiE, BN, EER Y, AEEE
Y, A a7y, EHEFHMEOES—VTHD.

AL IR L DRI O A BN O Z T D BT SN TE 2. 4T
Medical Electronic Science Institute Co., Ltd ® RF-ECG % Al 7 — 7 ClEE Lz, ¥A
1% 40X35X72mm Th 5.

IR EE & o Hr i3 R 1 B < BT O MR EE 2 FHAIT- 2 &I HnTn s, Sl
Medical Electronic Science Institute Co., Ltd > RF-ECG % A iifElc 7 — 7 CTHEE L=, D
VIR & 3 BINEE A FH R . A EEAL & N ORI 204Hz T AD 25 S
n, Zh— by —R@BEEFHL Y a2k b6n5. 3 oG 1 28R d. §
HL o PFH3G & L. 2o HITESIEE G FHET S

IR b IR D[RR O 4 3 A FHI T 2 2 2o D . A RIS 1o
B3 g Y (FMS-00D) 2 L, M1 2 DRRICT—7 CTRE L. ¥ X3 40X
45X 13mm TH Y, 2ms TR INT=T —ZET— by —RBE TRV a|Zkbnsb.

YA a7 AT E O FERFHT 2 B TR I . AENTREE < A 2
(MX4836, Primo Co. Ltd)& 4 FOHIZEHE L7-. HAOGEFIET7 2@ L Trb, o7
U270 Ims, FHEIL > P+10V T AD Z5#a L 7=,

BBICLD2FORDOENEAELFRT 2512, 5E% T I v 7 ¥ — | (Flicker,
Measurement Specialties Inc.)& 4 FO B2 7 — 7 CTREE Liz. HOEBIZ 7 v 7Tg
Ims, FHEIL > U£1.0V TAD ZAHi I 5.

BT =BT TEET HHFIC LY, B K 2BoMmFPMIELE2FHIT2. 4
FEFAELIBICOT 2. o7 ) o Z1RE 1ms, FHAIL 25V TEHAIL 7.

PBRE 1T H A 170cm, KERK) S0kg, HFIEDEMETH .
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Aluminum plate for cover

Stainless EMG!
“Brass metal plate steel plate Accelerometer
oo 30 mm A Gyro sensor

Cerammc sheet

Microphone

M12 FBREICEYTSRBROAEE

4.3.2 FEHIREICRT 5 EB—FIE

X1 2 OBy R To BRI Z AR L+ 5. WBRE AL N LA
it 2 Bl CAEA 20 [EHREAE S 5. BRARE T D ERENT T N B PERR R O B A R b AR
IR DTN E LY EENLTHD [16]. 20 [BHRAE L2 HRAZBICEY, BLZE 5
ERC L, O E 20 &S 5. 2o 7Eh% 35 B9, BRI S, FHI
BTECORMAET, T 5. BEATHHEOTEEHNTHLOT, BN ES
DBJEHIENT R E S ZBE L TV D IFH 2 R & U CREr D 2 &3 kD . 2 OFRHED
5wt A HL o 72 35 [815y O REREIEF OF1Cd 5 Total Scratching Time [s]% T, & T 5. T5
&, BEHROEROREE UTEA SN TVD TSTRIFLLF LV RES.

TST%:MxlOO

total

LEDODFIEZETOE L FIZONTITY, IATTRESNT-ME LV RESLELWL

Total Scratching Time & DA Z1T 9 .
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433 FEBKREICEIT OEBR—ER

X1 312d 5 — X E Ok EFHRE R % =
T U7 B nlE, fEAEt, BT
SvI V=N ~wA T, B,
3fINEE (X, Y, Z BiooNE), 3 il
B X, Y, ZEONR), #E5T5H AT
'Z)‘(ehl(t)’ehr(t)’eﬂ(t)’e/’r(t) DNE) D Hi T3 % 7
LTW5.

D 0BG 1 BE TITZEIREETSH
D, BETAHATLETN, kAack s
[EFERMmLTWD.

1 b 2 BE CORICHBRE LT 25
WMo TELTZ. Z0KR, <oty
TN E LTz, BBV AT AIZDONT
%, Ny FOEMICRE SN )
e, (t)he,(t) Mz ETLITERR B FHA
7R b L.

2D 7.5 Bk TOMICHEERE 1T 20 [H]
DB EAT ST, e, (t)e, (0)e,(0)e, () ITTE
I L > TRE S AHICELL TS,
ZOFORE T Y ORIEIL, AR
(S IRAY Y Wi e g ==Y AW VAN A NG
b5 e,(the,t) ETLOLD LY KX
V. BEE O Tl b R E PTIZ T
e, (t) DIRIE R R R & 72 o 1. fLOfEkE
2SRRI IR L L T S

750 9 B E TIE, R 1AL
RS TWAHARPFTHD. OO 1
LITRBARRT OB L VLN THD.

9 MWD 10 B E TIXEFIRIETH Y, 0
Bt 1 BETLEFEEE, 1kt FIZiTR
X RIT LS, RBER Y TIEIRAIC X
DIEZFHIIL TV D,

Arm motion Scratching Arm motion

=05
g3 o :

o
20 E

z t

>.05 " " " " n " n n 2 )

0 1 2 3 4 5 6 7 3 9 10

B oop E
O > o
% E 50F ]
o's o
2% o 2
EZ ol \/ WWWWWWW‘WWWWWw*""w g
g3 " I
D >-100 n n n n n n n " 1 g O
© 1 2 3 4 5 3 7 3 9 10 ©

LoLRaa

LI LI}
Microphone

Microphone
Voltage [V]

£y

Strain gauge
Voltage [V]
- W s

LILEL LI
Strain gauge

2r
: IM
2T
g o
s 2 " n n n n n n n 1 3
0 1 2 3 4 5 6 7 B 9 10
S— Ir g
=0 k=1
g2 0T g
8% 0 3
o7 o
S>-05F g
< ] N . . N . . . N . ) <
0 1 2 3 4 5 6 7 3 9 10
—_ r
905
g of
H
N-0S5F
0 1 2 3 4 5 6 7 3 9 10
=300
®
=0
k|
>‘<,ﬂ(\ 1 1 1 1 1 1 1 1 1 J
2 0 1 2 3 4 5 6 7 8 9 10 2
2 zsop E
25 F ]
52 0 8
5% F &
= 30 " g
< 0 1 2 3 4 s 6 7 3 9 0 <
= 30
E}
=
£
g
N30

1%
Z 50
<> 0
& -50
£.100
2-150
= 150
5% 100 _
gE s 5
5% 0 2
22 50 2
gz 3
E £
<
5150 g
8% 10 8
= S0f g
£2 0 &
Z S50k &
S-100 F
>7]50 1 1 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8 9 10
= 150
Z 100
=50
% 0
£ 50
§‘}28 1 1 1 1 1 1 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 10
Time [s]

X13 FEWEHARER
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F LI 1 3OXBIZHOWT, BB LI RRAIRERE & BRI - TR 728
R & DREZEZ IR LTV D, FRENMEHIOWT, IR O & Bk RT OB o 8) & |2 X
HIEHZOEBE TN D L, R % EfECRET 20138 L <, ZOXMTOMET
+tLI6 W Tholz. ¥T7Iv I —he~vArmTxr, EF—VOHNIIHONT, ZThb
X LA AL L OB X IZ K DBLDOENBIE-Z Y LTV D%, RIEFRFMOIEN
i TH L. HaxORGEE, +0.028, +0.05F, +0.11 B TH 7. MR OFHF RIS
WC, 3 & BIIOE) X (2 K D L EREIRIZ K D 2O ITREIC R R 503, oD
EWEDHDZEALRE B TH D%y, BRIERHRENRZDEE L. 22213 X, Y, Z #lolEIC
+0.06 B, -0.22 0, +0.18 b TH 5. AHEDEILIZOWTIE, X, Y il Gl i3 - 7
REZ) 23 2 OB NEECH Y, RZEITH A +042 70, +048 B Lo o7z, Z #lfl Iz D
W, RRAEIXH DN DRt & BN R 585500 5 <, BFEITH0.03 L ko7 %
LTRETLOIVAT AL DRE, BWBEXMEORETETCITHRWTEL S, #REIT
ey (the, (the,(the, () PIEIH0.15 B, -0.02 8, +1.12F, +1.00 b TH-TZ.

Fiz, ZOFEBRTIET,
L TST%, Hox ORGER T LW Tl 5. 128 25 AT, IRIETHICE < (05 S
7= enlt) DRFBER R IND-0.8% T v | RIEic 2 S i € () oasE R E K 0+6.5% T -

X385 B Thole. B EIZ TST% 2 FHR Lz, £ 21370

otal

2. kRt LT D L, R OEAEIT03%TH Y, mAEAEIL 12.7% TH D.

£1 BEWEMLZOBRE £2 T,,.,&TSTheEThbOEE

Time during Error. ' Error

Sensore scratching. ! Tscraten | Errore | TISTw of

o [s]e Sensor- o [ [%]. | TST.
Video camera < 5.22- - [%0]-

EMG- 6.38¢ 1.16+ & Video camera- 179« -a 46.5 - -0
Ceramic sheet- 5.24. 0.02- & EMG- 228. 49, 502+ 127+
Microphone- 5.27¢ 0.05: Ceramic sheet- 177 20 460 -05+k
Strain gauge~ 5.33 011 & Microphone- 176 -3e 457¢| 084
. Xe 5280 0.06+ & Strain gauge- 186. Te 483 18- «
Acceleration- ye 5.00¢ -0.22- & o Xo 159. -20. 413¢| -52¢i
Zo 5.400 0.18: i Acceleration- vo 151- 28 | 3924 T3ek
o Xe 5.64¢ 042 & Ze 162- -17- 421 44+
Angular velocitye | vy 5.70¢ 0.48- & @ X0 178 -le | 4624 03
z 5.25¢ 0.03- . Angular yo | 178 | 1o | 462+ 03
. e 5.20- -0.02. .| velocity- z | 167¢ | -12- | 434+ 31+
Piczoceramics: | ene 5.37. 0.15- & 5 ene 176 a3 A57 o] 08+
Gatelt ene 6.220 1o .| Piezoceramics-| ey~ | 186- 7o | 483.] 184k
Efre 6.34- 1.12¢ & AL e ene 204. 25 53.0« 6.5 i«
- e 201- 22, 5220 574k
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4.3.4 FEWHREICRET IRBE—FE

FECRRERHANE ST RO R & IR O & 2 IR AR L 2R LIz, ZOREN» L, Bk
el 2 T 2 HNRETH Y, TST%AZ KD HFENRHKD. BETLIHER, )%
Ny FOMOFICRET D%, TERIEL D bRRIERIER I,

BRT DV AT LTI, BMEATICEWE ZAICREBESNIZE o O DRERIC L S
DIRBED R E V. IRIEA/ NS WO &R RTRED L < 22 W EREDIRK & 7225, 2T
B SN2 P ORGENERIEO P TRR & o> BRI, B OIRIED /NS 7>

STPBTHD. BERIEL TV, BITIBEET»HE. 0%y, EE S LR
R DEIMEDAE 5 DO XBINNEE & e o7, HTICRE SN o ORREN NS o T

ML, FEREATICIE S, RIEARE S RY, BRXEOHMNAES ThHo128ThH 5.
AR Y OBENR RN THoTZN, ABREY I3l EZ L TW LS FICEESH, B
BRI ZET > T L6 THD. EHEFHIICKH L, RV AT ATy FORBZE L/
M TH L. ZOREHEFHIOE YLD b RERREL RS> TLEST.

ST
afo

(\
R
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4.4 FEER it E RER

4.4 EREFHEERB—AE

BRIV AT 2EANT, HBREDER L T AR HET 2ERBMTHS. ARER
TIE, FHARRIC A VAT em I /A X% i S 5 2 TR 4 12Hz O —km —/3 A
TANZEER L. WBATEI 2T 2 A0, BREOLAFE T A A T (EX-FI,
Casio) TR T 5. WA ZIFEDRNWE D ICEET 5. M1 41248 BOEROERT 277,
AEBRTIE, FHARSRICOWT 3.5 N(12) Z M+ 2 H T, EEATMEROMUE OB ZIZL D
Ry R EOELBEZHFET 5.

Tl

Video camera

Low pass filter

K14 EBREE

Py (1) = J:{eﬂ (r)— ehl(T)}dT
Py = [ ey (t) - ey ()7

(3.5 #(12))
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442 FWEFHEEEBR—FIE

Ay R TOMIBME & HEARE: &2 KI5 CIE, BRE 13RO 3 B &Rk 5.
(Case 1) ¥

BB AR 20 [IHRERE L, JEASEMCRY, S BBICHEORT S, L) Hob)
fE% 5 [k Y 2T

(Case2)

PRFE LML 72 0, FHELTT20 BHE L, EAREBA~ED. 20 5%, 7
OSEMIBMI TS H A 4R< . Zha sty 1MTI.
(Case 3) f€

BRFITEIE 10 MAROETI T2, AREFRL, BALHT 5 BEHRER .
ZLT, B0 HAREZES. Zoky b 5 RV EX Lh, [FUERIZAROET
FHE2 10 BHES #fFEZ2 51 v MT .
4.4.3 FEAFHEEER—ER
(Case 1) ¥

®15iH % —KMOMREZ R, ®@) 13 LEnrbe,lt)e,t)e,t)nz, ©ixtr
5P, (6)P,(6) DA 2R L1227 T 7 Clo . IR L ATID D 7.5 B CREAGRIE T -
7o, WRIEAIREIRVIRETH D 3D 4 R T15 B0 D 9 ITE N T, #EE DL
WEINTW, ZOK, 2TOR Uy YOHINETZNRE AL LT, HEBRE DN ZFIRREIC
bHEXFECTOHNMERIIRE AL L. BIRREORL, 2 To' O
MK E L FHIICERLTWS. 15 @D 0MND 3WET, ZHRETHY, W
D FIIWHRE DROBICH 5. Z ORI\ S FHI STV 5. 3 B b 4 oM
WBEIZm > TFERIHN TV, BT 20 RIOBKICAELETE T
e,(t)e, () e, (t) sk CTRMIICZE L LTV 5. REEEATICIVILEIC R E S Nt
FomhEEse,(t)e, () ornrmicgBanie, () kv bk v B b B ETICT
Ve, () DIRIERE A TH . #HET D2 AT ATHEE v HIRBETTA ST
EOEHRIEIUNS < 72 5. 7.5 B D 9 B E COIRIBIT AL~ I% K L TV A X
LI CThD. ZOWE, 3 D 4 BETOELLY LIBLAAZIFEELTND. 9
Binn RBETOM, HREFIZFOLRHREL 20, BONRMRSNFNENTNS.
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RREIC £ D18 5 O 2L & R 2 MR IR D . BREFOFAB TRV L X,
P (0). P, () 3 d & bBIUTIE <, BEZ 0mVs Th . HBRHORASEIC, FiK 0 ik
BETIE P, (), P, () 13k & < BML L, SBRIBICA W TS A bE T LTV 5. #
B IRIECER T % &, $BAEATIC P, (6), P, (6) IR~ 7 | Uiz, BRI AR
B &, P,(t)P,(t) bREaniFbESs L2 omvs 2H00 & LTEL LTV,

Voltage [mV]

lg)(()) - eni(?)
0 WWWJW\N\M]WWWW\!\WM

_50 »
_100 1 1 1 1 1 ]
128: en(?)
s AN s

-50F
_100 1 1 1 1 1 ]
'F en()
0 WMM\M/\WVVMMMWWWMW\MW\W

_50 »
_100 1 1 1 1 1 ]
0 2 4 6 8 10 12

Time [s]

(a) The outputs of piezoceramic sensors
Integrated values [mVs]

4_

Pu(?)
7|

0 2 4 6 8 10 12
Time [s]
(b) The integrated values of the outputs

K15 (Case 1)fEEIRM
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(Case2)

(1 6 1R AT REEHARSEN D EICERY % LT, HEELCR-7.
() 1R R T D 3 51, Case 1 & [ABELS, BREDIRBNCFHI LT 5. Ll
Case | & DEWIEMORIRIC, FEVICEDREABUNELETHS. EHATOREE
DARRETIE, Xy ROLEMICHBE SNt O e, (t)e, () DR EAREDFEHEZFE L
E%Tﬁ,%@ﬁk%ﬁﬁwﬁ%%%bfwt.%W%@Eﬁ@%%ﬁ%wfm,Wﬁ%
ITHEAINC D B A X CHR Y & Uiz, 2 ORHRRGRT & 32 A b AaDEE
HIA B EDIE B2 b

FERERT O D KRB D B8, Py () IFk&E <~ F RS 7 kL, P,() IR0
B TR 7 FLTWD.

(Case 3) i€

1 TSRO B 5 — KM &RT. LR ORI ORI R OB X 10D JARIRE 5 bk
WX & HINT 2 2 LA kD, Ry K ETREBINT L, RTlciESnitr 4o
NBRETEICRR B S e oY O K0 K& < 5. BRSSP, (6) = P, () &
5 R/NBURIT /AR o 7. IRV ARABIC L - C, WERIEOBIZIE, P,()137 7 AL
LTV —ﬁP()iEﬁmk%<%@L1wa
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Voltage [mV]

3’88 [ en(f)
0 pr—r—reenn N NN AMNAAN VANV A e
-200F
_400 1 1 1 1 1 ]
400
200F en(t)
0 AM'—M/’VMMWVW\AAW\AAMM'\/\————-
-200F
_400 1 1 1 1 1 ]
400
200 en(?)
0 "WVJ\M’\\/\”V\/\/\/WV\/\N\/\/\ANWWW\/W
:421_88 [ 1 1 1 1 1 ]
0 2 4 6 8 10 12
Time [s]
Integrated values [mVs]  (a) The outputs of piezoceramic sensors
150
Pm(t
100F )
50F
M
0
50 F
-100 F
_1 50 1 1 1 1 1 ]
150
100F Pu(?)
50F
0
S50 F e
-100F
1 1 1 1 1 ]
-1505 2 4 6 g 10 T2
Time [s]

(b) The integrated values of the outputs

K16 (Case 2) & %R
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Voltage [mV]

>00r en(f)
0 e AN AN NN NN NNVAANNAANAANN A
_500 1 1 1 1 1 ]
>00r en(d)
0 e AMAANANNANAMNANAAAANAN N A
-500 ] ] ] ] ] ]
500 ()
0 "“’“’JWVWVN\W\/MM/\/MV"““‘
_ ] ] ] ] ] ]
0% 2 4 6 8 10 12

Time [s]
(a) The outputs of piezoceramic sensors

Integrated values [mVs]
30
20
10

0

-10

-20

-30
30
20
10

0

-10

-20

230 1 1 1 1 |
3 0 2 4 6 8 10 12

Time [s]

(b) The integrated values of the outputs
17 (Case 3) ERE%HEMH
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444 BREFEEER—EER

TG IR RITETOEITITNWT, R E M2 2R LTc. ZORENG,
BSHTIC % O TR 2 3 5 R WRETH 5. P, (0) P, (¢) LR Ic X5~y FE
DELBBIOIERBET 5 Z L AHKD. 3.5 K 12) p5RTHIZ P, () 13- H o &
DBEHIE L, P(t) e HmOBLBBICHE LTS, P,(t)a~>7 kL
VST Ry FEAOELIROH S M E BB L-EEEkL, P,{)n"a~r7 b
L7cE W) IRy RE ANOELPLEMEICENNZHELZFERL TS, DF D, (Case 1)
TlE, ELARRE BoLmE ~b LBE L T bl Thniz 2 L 4R L5, =
DENCH D DITESCETH 5. AR (Case 2) TIFLE A& ~DORE R EOBENE D Lok
% DELBBNR DS ERRENTND, ZhUE, ARMEVLT R ORI 5 @74 &
L= EHEEHKD. M- MOELBEINDRNELBEINS. £ LT, (Case 3)T
&, D LETELBE~SBEILTHD, P,(t)e, )0k &5 Rt TR THIL T
HHEIRENTWND., ZHUE, ZOEICELPBEIL TWDENLERPAEINIE TN
Dy, HEDERSTND D, BDEZLND. ZORRIZ, BELBEEZFIH LT, T ORR
LS5 a HEET 2 EA KD, AERCHEREELZIREL, LI0bHELTND
A, IRALHEE & B R,

7, BBBNTND & P (1) 53 P,(1) £ 0 K& < 72 2B, BREGFTICI o
HADKE L, RIEDEHFHAEFIAL TN OEP, () T ENEThHS.

ZORRIS, A8 P, (1), P, (t) 48R % 0955 0 AR I F 9 % 5 CHRERE (T 2 HEAE ok
LEZR LTI, RUAT MR A2 FHAIDR 2 7210 Tid7e <, (Case 3)DFRIZ, VA RLA
Ly 7 ZSEGEREORR 2R BEIR T O WU D BFATE 2 M E 3 5 FIC B A HATRE T d 2 s THEN
TG, BRIRT O R TEIERERIEE 2 < FLH 5.
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45 BWREHET LTV LIET HER
45.1 BIRESMT LTI R LIZET 3RB—ES0E

T oTE, BERTICEHI S TR 5 S(e) o mEkiE A BB BT S A HE L T 5.
FEHEEIZ OV THMAT 5. SRS AEE1 3.3 R(9), 10RO, ADBIXI(C
WHILTHEY, SN ESOZEOBEIE 3. 4 128\ Tk L4 RIBICE T 5 A0
EALORM L AEETH B, X1 8 ICHIRIEDOIFICEH SN 515 50 Fs & fRIEOBIG %
Y

K&

e d =z ﬁ :{ji A& %ﬁa’]/’fx

IER €
18 HREIZHEITIESOELASDST

(Step 1)
Ny ROBEARE XK OFHAIRHCE Eh 2 BRI A/ A X0 ZARET 521,
il g OBV 2 L D FIC L0 mERIRE) ) A X 2RETD.

+q
M+ gl

(Step 2)

b XM T Hk 7 — ) =EHh L, 2OXKMOY—7 Bkt rs. ZORMOE—/
WA AMESE P CHIUTEIR D IRIETH S & L, AN ChIUTBiRIE T2k ie
HET5.

(Step 3)

Step 2 123\ CEJEN: Tl - 7= KRENCR L CTRBRAAT 5 . FRAEIRAE & 2R IE CIHIEB O
KEERBARDZOT, KIMORIEOK/NLEZTS . NS FEEHREO KM TH Y,
K= FHUSRIREO KR ThH 5 & 5.
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452 EWRESBET7IVTIXLICETIEE—FE

RERTIE, 7 MR EREREROEE D% BEET 5800 OO S b,
JHEWHRE L TH 59 [16]. £F, Ny FORRTOMMLZ AL LTS, 2
DEENSEHED 4 ROFEEA > TH O E 20 IR 5. 8k 2 U7 b2 AR
LT, Skt iro. 2 LT, HEEZ 20 FH&ET 5. Zhz 35y MED kT,
—HOFOFEX(IW/ONIITH. T L TR EIRY 27 5. EROKTHRERHIET 4D
A 7 (EX-F1, Casio) T 9 5. aHHKE 712, HRBIERHIT, & TST% 4K T 57 /v Y X
LI K DURE LB 2 B L TR 2 P E D D D FIEIZ LV EHRT 5. kiR
T & TST%%, 71 A7 Tt SNT-Mg b S ELVE & T 5. o hE+E

FRAED BT TS & Z OBEFRF AV D, BRI T8 O GHARY
D LEIG LT 5.

BERDBREITHONWT, KERTY 7Y 7% 1ms, Step 1 TDq % 250 &9 5.
F72, Step 2 TIX 0.5 BHIFET 1 B 2B T — ) =284 L C, AR THEET 280
fif % FcAR e B (1Hz) & L7z,

453 BHRESHET7 LTI LICETIRBE—HER

B4 1 9 ITHERRIRRE A 3Bt L 72—l 2 7R, [ o (a) 1T e EMNICRRE S e oo
H7, O) it A E S PO &R L-. RTICHE Szt ok
RIFMITO D LR TH D%, FIET L. MICITRE SN X > TRES X
e, ATNVAY XL X > TRIESNTZXH &, FHIE A2 W CRiE LI KE O 3
FHOXMNR L ThHDH., HRBKAOFPANR D A TIZEHIELWRBHKMTHD.
BDBENTORWEHZ I o FIPERE ORI L D IRE 2 LT 5. SEEATEIORHT
R T A~DEIRY 24T 57208, ZOR;, EATEADRR LI REREAMGEEIELI
Te. BARBERERORER, N7 T 7 % B CRE LT IXH L 0 IKEOFPRIZTO X, 1EM

(ZHRARIR BB I TR 0 IREER L FRIRIED D B S L, RES Tz,

F SITTRAEIXH &I S e X & D & S TST OFEEPEHFRZZRMSE) R, £ D

FREREZ BT H. FK4ITILTST & TST%, TST%DREEZ /RT. 35 BIOFITIC L D%
BRsRIE 179 B Ch o7z, 4 EFTOE LR TT, RMSE 1T 1 R TH-o7. #EOKR
T IFRTICERE SNV ThEL o T,
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[mV]( by camera) by scorer |« >
200 by proposed method| |« >
=
o
23 4 56 7 8 9 10 1l
Time [s]
(a) The output of piezoceramics sensor set under the head-side left corner
[mV]( :by camera) by scorer ¢ >
200 by proposed method |[® >
=
a
5 0
o
2> 3 4 5 _6 7 8 9 10 1l
Time [s]

(b) The output of piezoceramics sensor set under the head-side right corner

X199 BEREIMIER

£33 KREEHEOFHTARELTORER

Sensors Method RMSE [s] Error rate
Piezo-ceramics, | Conventional 0.40 0.10
head side left Proposed 0.68 0.18
Piezo-ceramics, | Conventional 0.64 0.17
head side right | Proposed 0.74 0.19
Piezo-ceramics, | Conventional 0.92 0.24
Joot side lefi Proposed 0.73 0.19
Piezo-ceramics, | Conventional 0.94 0.24
Jfoot side right Proposed 0.79 0.20

36



x4 TST & TSTHRU TSTHhMDFRE

Sensors Method TST [s] | TST% | Error [%]
Camera Conventional | 179.31 46.57 -
Proposed - - -

Piezo-ceramics, | Conventional | 176.12 45.75 0.82

head side left Proposed 168.50 43.77 2.81

Piezo-ceramics, | Conventional || 186.17 48.36 -1.79

head side right | Proposed 184.50 47.92 -1.35

Piezo-ceramics, | Conventional [ 204.36 53.08 -6.51

foot side left Proposed 187.50 48.70 -2.13

Piezo-ceramics, | Conventional | 201.51 52.34 -5.77

foot side right Proposed 163.50 42.47 4.11
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Abstract—This paper describes a novel noninvasive method for
sensing heartbeat, respiration and body-movement biosignals of
a subject in bed by using ceramic piezo devices set under the legs
of the bed.
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1. INTRODUCTION

Elderly people in nursing homes and other care facilities
are at risk of serious injury when they wake up and attempt to
get out of bed in order to visit the bathroom. [1]

sensor

To prevent an accidental fall from bed, it would be
necessary to predict the person’s intention from signs of their Figure 1. Measurement conditions
waking up and moving, which would then allow time to assist A person is in the bed, and ceramic sensors are under the legs of the bed.
them in getting out of bed.

This paper describes a novel sensing method for measuring III.  SENSOR
the heartbeat, respiration and body movement of a person in
bed by using ceramic piezo devices placed under the legs of
the bed. Effective use of the device is confirmed through

Physical displacement of the bed due to body movement or
human-generated microvibration is transmitted to the piezo
ceramic sensors set under the legs of the bed, and the

experiments. displacement is converted to electrical signals. Figure 2 shows
the structure of the sensor. When the sensor plate is pressed
II. MEASUREMENT CONDITIONS AND down, a positive voltage is generated with highpass filter
PROBLEM DESCRIPTION characteristics.
.. Stainless steel
A.  Measurement conditions Hlate
Figure 1 shows the situation where a single person is lying o
in a typical bed. Four ceramic piezo sensors are set under the Polycarbonate St
four legs of the bed for measuring the biosignals from the A —
heartbeat, respiration and body movement. Any action on the
bed is produced by the subject, with no other causes present. T
plate —"/ﬂ

B.  Problem description

From the conditions described above, we considered the

3 Figure 2. Structure of the sensor with built-in ceramics
following three problems: g

(1) How to measure the heartbeat; v, EXPERIMENTS

(2) How to measure the respiration; and

. o A.  Experimental system
(3) How to estimate the body position and movement. P ) 4 )
Four ceramic sensors covered with rubber dampers are set

under each leg of the bed. The subject lies on the bed and
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moves occasionally. Output from the sensors is recorded on a
PC via A/D converter. The sampling interval is set at 5 ms for
measuring body movement, and 1 ms for measuring heartbeat
and respiration. Data in the body movement experiment was
acquired for the following actions of the subject:

e  Sitting up and lying down

e  Getting out of bed and getting back into bed
e  Turning over in bed

e Moving one leg

The subject was asked to move one leg to the right or left
from the center position without bending the knee. The leg
could be moved either by lifting it from the bed or sliding it on
the bed, and then allowing it to rest on the bed.

e Resting peacefully

Besides the ceramic sensors, we prepared and set a pulse
oximeter and a low-frequency microphone, for reference data.
The pulse oximeter was affixed to the subject’s earlobe to
count the heartbeats. The low-frequency microphone was set
under the nostrils to count the respiration rate. We asked the
subject to stop breathing for 35 [s], at 40[s] after starting.

B.  Results of the experiment

At almost all movements, just after the motion, the output
signals from the four ceramic sensors showed similar vibration
characteristics.

e  Sitting up and lying down

Figure 3 shows the typical output signals for the sitting up
movement. When the subject first started this motion, the
output from the upper-side sensor, near the head, generated a
positive signal. For the lying down movement, the head-side
output mainly showed a positive signal, whereas the foot-side
showed a negative signal.

The frequencies of the vibration during these movements
include 9 to 12 [Hz] as the dominant components.

After sitting up and staying in that position, the output
from the four sensors showed similar vibration characteristics.
The dominant frequency component is about 10 [Hz].

As will be shown later, the integrated value of the output
from the ceramic sensors during movement shows a clear
relationship to the movement. When sitting up, the integrated
value of the head-side sensor was a negative constant, and that
of the foot-side sensor was a positive constant. When the
subject was lying down, the value of the head-side sensor was
positive, and that of the foot-side sensor was negative.

0.5

0.
45 455 46 465 41 415 48 485 49 495 50
Time [s]

Figure 3. Sitting up movement
(Solid black line: upper left side / dotted green line: lower left side)

e  Getting out of bed and getting back into bed

In this movement, only the right side of the bed was used
to get out of bed and get back into bed.

During the movement of getting out of bed, the output
from the right-side sensors was positive, and then all output
was negative.

As the subject got back into bed, the output from the four
sensors was synchronized as the same phase.

The integrated value showed a negative constant for
getting out of bed, and was positive for getting back into bed.
Figure 4 shows the output voltage and integrated value for the
time from just before getting out of bed to just after getting
back into bed. It can be determined from the figure that the
subject was out of bed for about 13 s. Furthermore, the figure
shows the time that the subject got out of bed and back into
bed.

-]l() 1112 13 141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30

— Time [s

C ST T T T T T T T T T T T T
0 B
: | | | | | | | | | | | | | | | | | | |
;0411@&111lllllllll.lllﬂ
O R, S e
At R B R O RS
PeS | | | | | | | | | | | | | | | | | | |
‘;_0‘ 1 1 1 L L 1 1 1 1 1 1 1 1 1 1 1 1 1 1
- %0 1012 13 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Time [s]

Figure 4. Getting out of bed and getting back into bed movement
The upper graph shows the original output and the lower graph shows the
integrated values.

(Solid black line: upper left side / broken blue line: lower right side)
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e  Turning over movement Figure 6 shows that the subject moved his left leg from the
center to the left. The upper graph is a ‘lifting case’ and the
lower is a ‘non-lifting case’. The upper shows larger output
values compared to the lower.

When we asked the subject to turn over from right to left,
the left-side sensor output generated positive signals and the
right-side sensor output generated negative signals. For the
movement in the opposite direction, the output signals showed For the non-lifting motion, the right sign differs from the
converse signs. The amplitude of the foot-side sensors was left.
always lower than that of the head-side sensors. Figure 5
shows the output for the turning movement. The subject
turned from right to left at around 31 s, and from left to right .
at around 38 s. AN AR

When the subject turned to the right while sitting up in bed, . T ’i
the sensor showed a similar signal to that when turning over
while lying down.

Time [s]

The dominant frequency in the movement for turning over R AR
while lying down was less than 3 Hz. The spectrum for S S S PN
frequencies less than 3 Hz and that for about 10 Hz was ; A R S -
conspicuous for the movement of turning while sitting up. 0 ’ NN A

| | | |
The integrated values of the sensor output always show a S S
29 295 30 305 31 315

positive constant value when the moving direction is toward

the sensor and vice versa. This always occurred at any position. Time [s

0.5 Figure 6. Left leg movement
> 025 (Solid black line: upper left / broken red line: upper right
E / dotted green line: lower left / broken blue line: lower right)
E -0.25
_0%
os e Resting peacefully
T MR S S N S T S T L. S The output signals when the subject rested peacefully were
== | | | [ | | | | | | | |
E ASCAET T ‘ much less than those for any of the movements. There were
S 025 l peaks in microvibration for a period at around 1 s. The signals
03 l from the head-side output were proportional to those from the
Time foot-side output.
Figur h h rum during th ject’s breathing.
Figure 5. Turning movement gure 7 shows the spectrum during the subject’s breathing
The upper graph shows the head side and the lower graph shows the foot side. oL e e s s s s s s e B L RN B B R
. X . . 2-0_3—#+44—\—\—F#+44—\—\—>— Z1_57L447\7\7p4»447ppp+47
(Solid black line: upper left / broken red line: upper right 4 Mt - A O I
/ dotted green line: lower left / broken blue line: lower right) 0| S T T (5117 T S N I T
(‘,2; \w\\\\\\\\\\\f}- O T O A
O 12345 67801011120314157 0 12345678 09100112131415
— Frequency [Hz] — Frequency [Hz]
éG\\\\\\\\\\\\\\ 227\\\7\7\7\\\7\7\7\\\7\7
e Moving one leg L ey el B I RN
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The output signals of the foot-side sensor were large. This I I NIRRT (-7 AU ] Y Y O
was the clearest characteristic for distinguishing the different 2 plaiipdle smataiciaisd  Eoli i MWW S L
movements. The scale relationship for the output is as follows: 0123456789I01112131415 7012345678 9101112131415
Frequency [Hz] Frequency [Hz]
In the case of moving to the left:
& Figure 7. Spectrum for the signals when resting peacefully
{lower left} > {lower right and upper left} > {upper right} (Sky blue line: pulse oximeter / yellow line: low-frequency microphone
. C / red line: upper right / black line: upper left
In the case of moving to the right: / blue line: lower right/ green line: lower left)

{lower right} > {lower left and upper right} > {upper left}

In the case of moving to the center: . . .
From Figure 7 for the pulse oximeter signals, the spectrum
{lower} > {upper} shows a fundamental peak at 1.05 Hz and its harmonics. The

spectrum for the output signal from the low-frequency
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microphone shows a conspicuous peak at around 0.35 Hz.
These are the heartbeat and respiration components,
respectively. The output from the ceramic sensors included the
spectrum for both the heart rate and respiration rate.

We picked out the signals from the 3-6-Hz components
from the ceramic sensor output, and calculated their absolute
value and then low-pass filtered them by moving average. The
calculated output is shown in Figure 8. The components in the
frequency range from 3—-6-Hz included the same feature of the
pulse oximeter, which is nothing more than the heart rate
frequency. The top row of Figure 8 is the direct output from
the pulse oximeter as the reference for the heartbeat. The
signals from the second to fourth row on the left side of Figure
8 show the calculated output from the four ceramic sensors.
The right side of Fig. 8 shows the spectrum for the left signals.

From these, the calculated output from the four ceramic
sensors shows the same characteristics as the reference pulse
oximeter output.

\
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Figure 8. Heartbeat, output after calculation and frequency

(Sky blue line: pulse oximeter / black line: upper left / red line: upper right
/ green line: lower left / blue line: lower right)
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Figure 9. Respiration and filtered outputs

(Yellow line: low-frequency microphone / black line: upper left
/ red line: upper right / green line: lower left / blue line: lower right)

We also picked out the 0.1-0.5-Hz components. Figure 9
shows this data and the respiration rate reference from the
low-frequency microphone. The head-side output is
synchronized with the microphone output as the same phase,

whereas the foot-side signal, even synchronized, shows the
opposite characteristics during breathing. Although the subject
stopped breathing from 40 s to 75 s, the sensor output speared
some signal.

The feature of the inverse phase between the head-side and
foot-side output is also shown for the case of heartbeat rate.

C. Considerations

From the experiment on body movement, we could see
that the features of the signals for each movement were
different. Thus, it is possible to determine from the signals
which body movement is occurring. The sign of the signal
shows the direction of the motion, and the amplitude shows
the magnitude of the motion.

(1) When the signs of the upper and lower sensors are
different, the subject is sitting up or lying down.

(2) When the signs of all sensors are the same, the subject is
getting out of bed or getting back into bed.

Similarly, all other motions can be determined.

Furthermore, judging from a comparison with the
references, the heartbeat and respiration are measured. For the
respiration, there are signals during the absence of breathing,
due to some small body movement. The feature of the
heartbeat and respiration signals is the inverse phase between
the head-side and foot-side output.

V. CONCLUSIONS

A.  Results

The experimental results show the differences between
each position movement. They can be estimated from the
change in the vibration measured by the four sensors, which
yields information on the subject’s change in sleeping position
and movement during the night.

B.  Conclusion

We determined how the four ceramic sensors set under the
legs of the bed generate the output signals for different body
movements of the subject in the bed.

Heartbeat and respiration rate can also be measured by a
simple digital process.

The heartbeat rate is obtained by applying bandpass
filtering and moving average to the absolute value of the
filtered output. The heartbeat signal is clearly obtained by a
bandpass filter with cut-off frequencies of 3 and 6 Hz.

Respiration is easily measured using a bandpass filter with
cut-off frequencies of 0.1 and 0.5 Hz.
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Noninvasive Bed Sensing of Human Biosignals
via Piezoceramic Devices Sandwiched
Between the Floor and Bed

Shoko Nukaya, Toshihiro Shino, Yosuke Kurihara*,

Kajiro Watanabe, Member, IEEE and Hiroshi Tanaka

Abstract— This paper describes a novel bed sensing method for
noninvasive, constraint-free, subliminal detection of biosignals.
The sensor system detects the heartbeat, respiration, body
movement, position change and scratching motion of a person
lying or sleeping on the bed. These biosignals provide not only
basic medical information but also sophisticated details about
sleep conditions. Thus, the bed sensing method can be used to
monitor the health condition of people sleeping at home as well as
that of patients in the hospital. Furthermore, the bed sensor
system can detect emerging changes in the physical condition of a
person, whether at home or in the hospital. The basic device used
for sensing is piezoceramic bonded to stainless steel plate
sandwiched between the floor and the four corners of the bed.
Thus, no special bed is required. The device, which detects the
biosignals generated as mechanical vibrations, has a wide
dynamic range and high SN ratio enabling the detection of
microvibrations from the heartbeat by the change in acting force,
without saturation from body movements. It accurately detects
the person’s heartbeat and respiration as well as body movement
and even the number of scratching motions. The device is suitable
for various health monitoring applications including sleep and
medical monitoring for circulatory system disorders as well as
diseases characterized by itching.

Index Terms— noninvasive biosensing, bed sensing,
piezoceramic, heartbeat, respiration, position change, scratching
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I. INTRODUCTION

N THE aging society, it is important for senior citizens to

maintain and improve their health and to lead active lives

instead of lying in a hospital bed. Monitoring of biosignals in
various situations at home whether outdoors or in the bedroom
is helpful for daily health management. The use of wrist
actigraphy provides information not only on activity cycles
during the day but also on sleep cycles at night. Various studies
have been carried out in conjunction with activity and sleep
cycles [1], [2], [3]. We recently presented an ambient
intelligent approach to ubiquitous health monitoring at home
for detection of biosignals from a person on flooring, on a
tatami mat, in the bathtub, or in the lavatory at home [4] based
on the pneumatic method [5]. This method also detects
biosignals in the daytime. Furthermore, we expanded this idea
to outside the home through the use of a mobile phone by
designing a low-frequency microphone for detecting biosignals
[6]. A method that complements the detection of nighttime
biosignals is the bed sensor method, typical examples of which
can be found in literature [7], [8], [9], [10], [11], [12]. One of
the bed sensor methods detects body movement, heartbeat and
respiration through mechanical vibration using, for example, a
highly sensitive accelerometer, or pressure vibration within a
mattress into which a highly sensitive pressure sensor is
plugged. However, when the gain of the sensor was set to
detect the very small vibrations of the heartbeat, the large
vibrations from body movement saturated the sensing device.
Furthermore, even though the sensor is sensitive, a preamplifier
with high gain and filters was required to enhance the heartbeat
signal.

This paper describes a bed sensor method with a wide
dynamic range and high SN ratio enabling the detection of
microvibrations from the heartbeat by the change in acting
force when a person is lying on the bed, without saturation from
body movement and without a preamplifier, thus without any
voltage source. The sensing device generates voltage
corresponding to the biosignals of the heartbeat, respiration,
body movement, changes in position and scratching motions of
a person on the bed.
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II. BED SENSOR SYSTEM

A. System

Figure 1 shows the proposed bed sensor system.
Piezoceramics bonded to stainless steel plates are set beneath
each of the four feet of the bed to support the weight of the bed
and the person on it. Since piezoceramics have capacitive
characteristics, the output voltage in the steady state is
zero-biased and changes from zero voltage.

The variables and constants for the piezoceramic devices and
the system shown in Figure 1 are defined as follows:

[Piezoceramics]

A [C/m] or [N/V]: force factor of the piezoceramic device

M [kg]: mass of bed and person on it

k [N/m]: stiffness constant of the metal stainless steel plate

d [Ns/m]: damping coefficient of the metal plate

C [F]: capacitance between the piezoceramic devices

R [Q]: input resistance of the processor

t [s]: time

x(¢) [m]: resultant displacement of stainless steel plate

f(£) [N]: force generated by the devices

qi(?) [C]: electric charge generated by external strain or bend
to the ceramics

q(?) [C]: resultant electric charge in the ceramics

Xne(®), x01(2), x6(2), en(?) [m]: displacement of device plate set
at the head and right corner, head and left corner, foot
and right corner, and foot and left corner, respectively

end?), en(?), en(t), en(?) [V]: output voltage due to x,(7), xn(?),
x(?), xq(?), respectively

Py (f) [Vs]: integrated value of the difference of eg(f) — en(?)

Py(?) [Vs]: integrated value of the difference of ey, (¢) — en(?)

[Bed]

G, G’: center of gravity (CG)

Fy(H[N]: forces pushing the bed by heartbeat

Fr(#)[N]: forces pushing the bed by respiration motion

g [m/s*]: magnitude of acceleration due to gravity

M [kg]: weight of the bed with a person on it

L [m]: length of the bed

L¢ [m]: length from CG to foot side of the bed

Ly, [m]: length from CG to head side of the bed

W [m]: width of the bed

W, [m]: length from CG to left side of the bed

W, [m]: length from CG to right side bed of the bed

I(f) [m]: displacement of CG of the bed from the head to foot
direction due to change in position of person on the bed

w(f) [m]: displacement of CG of the bed from the left to right
direction due to change in position of person on the bed

dy [m]: distance from the heart to CG

dr [m]: distance from the diaphragm for respiration to CG

Om(£), 64(¢): sinking angle of the bed from the head to foot
direction and from the left to right direction, respectively

From the system shown in Figure 1, we measured the
heartbeat and respiration from output ey, (¢), en(?), en(f) or eq(?).
Furthermore, in order to detect changes in position and
scratching motions, we integrated the difference between two

P (t)=J.(:{eﬂ () —ew (D) }dr

PaC0~f e (9 () 17

PC

A/D
Converter

Varistor
diode

Foot of bed
Displacement and force

Fig. 1. Bed sensor method using piezoceramics

outputs ey(?), en(?) from the left side and e, (), e, (¢) as
follows:

B, (@)= _[:{eﬂ(f) - ehl('f)}dr

Plt:lhr 6
() = [ ew(®) - ey (D)7 0

B. Theoretical Model of the System

Figure 2 shows a situation where a person is lying on the bed.
The location of the heart is at distance dy from the CG and the
diaphragm for respiration is at distance dr from the CG. The
heartbeat and respiration motions push the bed via forces F(¢)
and FR(?) at these positions, respectively. Furthermore, the
person moves toward the foot side of the bed as well as toward
the right side of the bed and the CG shifts from G to G’ for
displacement /(f) and w(?), and the foot side sinks at angle 6,(¢)
and the right side sinks at angle 8, (¢) , respectively, as shown in

Figure 2.

First, we considered the bed motion and piezoceramic output
from the foot and head side. Suppose the shift /(¢) is very short
and /(t)<<L, L Ly thus the sinking angle 6g,(¢) around G and

G’ is the same. Assuming uniform mass for the bed with a
person on it, the inertia moment /g, of the bed around the CG is
given by the bed size and weight, then the damping and spring
for rotary motion of the bed are as follows:
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s

(b) Sole side view

Fig. 2. Model of bed

. .Lh+l. M5
R CRURS (e DL 3L(L +L) o

Dy =d{(L,~1F +(L, +1Pj=dlL +1,)
Ko =KL, =17 +(1, +1F k(L +1,2)

The rotary motion around G or G’ from a steady state condition
is then given by:

2
20,0

Ith dtz fh

+ K0y, (1) = Mgl(0) +dy, Fy () + dy Fr () + Lf (1)

€)

6, (1)
dt

The displacement of the stainless steel plate of the
piezoceramic devices at the foot and head side are given as
follows:

xp(t) = (Lg —1)0 () = LeOgy (1)
0 () = ~(Lp + )0 (1) = =L O () 4

The displacement drives the piezoceramic devices with
reversible characteristics between static and electrostatic as
follows:

()—Axf(t)—AL efh(t)

R0 L= Lo )
e ()= R 420
dt

f(e)=—Ae(t)
Figure 3 shows the equivalent block diagram representation.

The transfer functions are defined as follows:

~

it 0
1,

7%

Iy 1

Then, output e with respect to input forces Mgl + dyFy + drFr
is given:

sCR
1+sCR’

Gl<s>:§, Gy(s) = Gy(s|Ly) =

| SRLL A°
(1 +5CR)

(6)

¢ =G\(5)- Gy(5)- Gy(s | L) (Mgl + dy Fyy + d Fy ) )

Similarly, from Egs. (4) and (7), the output voltage from the
head side is given by:

€, :_Gl(s)'Gz(S)'G3(S|Lh)(Mgl+dHFH+dRFR) (8)

These outputs correspond to the outputs of e (), en(?), en(?),
and eg(?) in Figure 1.

C. Measurement of Heartbeat, Respiration and Body
Movement

Since we could select a large input resistance R such as 1 to 10
of Gy(s) is

MQ, which is usual, the cut-off frequency 1
27CR

sufficiently lower than the frequency range of the fundamental
and higher components of the heartbeat. Furthermore, we could
also select a resonance frequency

_ 1 3LkL§+Lf1 )
22\ ML+ L)

of the transfer function G;(s) around the components of the
heartbeat, so that output voltages ef?) and ey(f) include the
enhanced heartbeat signals. For the low-frequency range

1 |Ky +(LLAR)

f:27z' Iy

where " <

, from Egs. (2), (6), (7) and (8) in the time

domain, we obtained the following approximations:

L d
e(1)= AR CDd ZAMgl(t) + d, Fy () + d Fy (1)}
L d
e,(f)=—AR TAYAYT ZAMgl(t) + dy Fyy (1) + do Fy (1)}

(10)
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Fig. 3. Block diagram of piezoceramic sensor device with resistive load

Similarly, output voltages e|(f) and e/(f) due to shifting of the
body to the left or right side and heartbeat and respiration, can
be obtained as follows:

_ w, d
e.(t)=AR AT @ {Maw(t) + d, F,, (t) + dy F (1)}
W, d
()= ~AR Gy MO+ duFy(0) + di B (0] o

Thus, Eq. (12) can be derived:

P = [ {en(r) ~ ey ()7 = ARm{Mgl(r) +dyFy(0) + d (0]
Fy(0)= [ fe (0) ~ ey ()7 = AR ﬁ {Mgw(t) + dyFy (1) + d Fy (1)}

(12)

When body movements occur, because

Mgl(t) >> d F; (¢) + di F;, (¢) and

Mgw(t) >>d, F, (t) + dy F; (¢), Eq. (12) can simply be
rewritten as:

ARLM,
Pﬂq(t)zik 2 gz
(L + L)
ARWMg
2 "W

k(W + W)

1(t)
Pyt = (?)
(13)

where each is linearly proportional to the shift in the CG at the
foot to the head side and at the left to the right side, from which
we can estimate the movement of the person on the bed.

III. VERIFICATION EXPERIMENTS

A. Measurement Device and System

Figure 4 shows the measurement system. The piezoceramic
device, 20 mm in diameter, was bonded to a brass metal plate
with a diameter of 25 mm. This is the same device used for a
buzzer and costs half a dollar. The device was then bonded to
stainless steel plate with a thickness of 1 mm and diameter of 50
mm. A washer with a thickness of 2 mm, inner radius 15 mm
and outer radius 25 mm was set under the plate and the bottom
was covered by an aluminum plate the same size as the stainless

Aluminum plate for cover

:B al Stainless

: : rass meta

Piezoceramic plate steel plate
y. 25 mm 50 mm

A/D Converter

Fig. 4. Measurement system

steel disk above. Force factor 4 of the device was 1x10~ C/m
and capacitance was 0.01 pF. Four devices were set between
the floor and the four bottom corners of the bed, as shown in
Figure 4. The bed is a coil cushion bed weighing 60 kg and
measuring 1.0x2.1 m. The data from the four devices was
measured and A/D-converted at a sampling time of 1 ms and
scale range of £1 V using a data logger (NR-2000, Keyence Co.
Ltd.).

The noise level without passive low-pass filtering was 10 mV,
which is almost a humming noise. With the passive low-pass
filter the noise level was reduced to S mV.
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(b) Frequency characteristics of bed vibration
Fig. 5. Impulse response and frequency response of the bed sensor system

First, to determine the dynamics of the bed system, we lightly
hammered the center of the bed and acquired the output ey, (f).
Figure 5 shows the time and frequency response calculated by
FFT for 1024 data items.

The resonance frequency of the system is 10.73 Hz, which
shows the overall dynamics of the bed sensor system including
the resonance characteristics of the sensor device and the
natural frequency of the bed vibrations.

B. Signal Processing

The data e, (¢), e, (¢) and e (?), e;(t) acquired through

A/D conversion was band-pass filtered using a bandwidth
ranging from 3 to 7 Hz. The output signal from the band-pass
filter was full-wave rectified and low-pass filtered at a moving
average of 150 data items to obtain the heartbeat component.
Since the respiration frequency is around 0.3 Hz, the respiration
signal was obtained by band-pass filter with a bandwidth
ranging from 0.1 to 0.5 Hz.

IV. EXPERIMENTAL RESULTS

A. Heartbeat and Respiration

Figure 6 shows the heartbeat signal. Figure 6(a) is the signal
measured by a pulse oximeter for reference. Figure 6(b) is the
band-pass-filtered signal from the piezoceramic device set at
the foot, left corner eq(#). The signal level is around 10 mV, for
which the SN ratio is 40 dB. The periods of both waves are the
same and are synchronized. The output signal from the
piezoceramics includes the low-frequency components of
respiration. The other three outputs show similar waveforms as

w

Voltage [V]
g
N

2

15 (a) Pulse oximeter for reference
>
E 10
(]
gs
G
>

0 5 10 15 20 25 30

Time [s] )
(b) Output from ceramics

Fig. 6. Heartbeat signal

(a)Low frequency microphone

(b) Output from ceramics

Fig. 7. Respiration signal

en(?) and thus we can measure the heartbeat from any of the
four devices.

Figure 7 shows the respiration signal. Figure 7(a) is the
respiration blowing pressure from the nasal cavity measured by
a low-frequency microphone. Figure 7(b) is the
band-pass-filtered signal from the piezoceramic device set at
the head, right corner. The signal level of the e, (f) was 0.5 mV,
for which the SN ratio is 14 dB. The periods of both waves are
the same and are synchronized.

The outputs from the other three devices show the same period.
Both outputs from the head side are synchronized, but those at
the foot side are the negative value of the head side outputs.
This is because the diaphragm of the person was above the
center of gravity of the bed cushion.

B. Turning Over on the Bed

Figure 8 shows a situation where a person is lying on his back,
then turns over to the right side, to the left side and then returns
to lying on his back again. The outputs from the four devices
were not saturated by this movement. The graph in Figure 8
shows the change in Pg,(f) in the upper part and that in Py(?) in
the lower part. Since the head-feet motion was slight, Pg,(?)
changes only a little, whereas P,() changes following the body
movement. When the person starts turning over to the right,
P, (?) starts increasing from zero to positive value; when the
person maintains the same position, P,(f) remains a constant
positive value; when the person turns back to the center, Py(¢)
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Fig. 9. Sitting up and lying down motion without using hands

decreases to zero; and when he starts turning over to the left,
P, (?) decreases to a negative value; when he stays in the same
position, Py(f) remains a constant negative value; and finally,
when he turns back to the center, P,(¢) also increases to zero.
The change in P,(¢) is proportional to that of the center of
gravity of the bed or the moving direction of the person on the
bed.

Figure 9 shows a situation where a person changes from a
lying position to a forward sitting position and then lies down
again. The person sits up without using his hands. Again, the
outputs from the four devices were not saturated by these
motions. In the graph in Figure 9, the change in Pg,(¢) and Py(¢)
is shown in the upper and lower row, respectively. Since there
was only a slight motion from the left to right side when sitting
up, Py(f) changed only a little. In contrast, when the person
starts to sit up, Pg(¢) starts increasing to a positive; when he
stays in the same position, Pg(f) remains a constant positive
value; when he lies down again, Pg,(f) decreases to zero. The
change in Py (7) is proportional to that of the center of gravity of
the bed or the moving direction of the person on the bed.

Figure 10 shows the motion of sitting up and then lying down
again using the left hand for support. Again, the outputs from
the four devices were not saturated. Pg(f) shows similar
changes to those in Figure 9, whereas P,(f) shows a negative
value when the left hand pushes against the bed, which means
that the center of gravity of the bed shifts to the left side. When
the person made the same motion using the right hand, Pg(?)

Sitting position Lying position

Pa(t)

P rl(t)

Integrated value

-2005 5 10 70 73 30

Tirlnse[s]
Fig. 10. Sitting up and lying down motion using left hand

showed similar changes to those in Figure 10, but P,(¢) shows a
positive value when the right hand pushes against the bed.

C. Scratching

Figure 11 shows what happens when the person scratches his
belly on the left side using the fingers of his right hand. Before
scratching, the person had his hand at the side of his body on
the bed. Thus, when he began scratching, his hand moved
slightly to the head side. The lower figures in the graph from
top to bottom show the change in angular velocity of the finger
motion, Py (f) and Py(t), respectively.

When the person started the scratching motion, the average
value of P,(?) decreased. This is because his hand moved to the
left and the center of gravity of the bed shifted to the left. The
scratching frequency of Pg,(¢) and Py(¢) is the same as that of the
angular velocity of the finger motion and they are synchronized.
The finger motion and Py (f) and P,(f) under various scratching
motions were measured and compared. They show similar
waves, as shown in Figure 11.

V. DISCUSSION

From the aspect of the medical system design, in comparison
with our previous works [4], [5], the proposed bed sensor
system has the following features.

The system uses four piezoceramic devices sandwiched
between the floor and the bottom four corners of the bed. The
devices are distortion sensors that work without an electric
power supply; they generate voltage proportional to the
time-derivative of the distortion and they are highly sensitive.
The system A/D-converts the biosignals directly from the
devices without using an electrical preamplifier. We used the
system to measure the heartbeat at an SN ratio of 40 dB,
respiration at 14 dB, position changes without saturation, and
scratching motions of a person on the bed. The output from
motions of getting into bed and getting out of bed, which is not
shown, was of course measured as large signals, but without
saturation. The device has a wide dynamic range. Furthermore,
because the device is battery-free and generates the output
voltage, it can be used not only for biosensing but also as an
event trigger signal for a biosignal microprocessor, which in
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Fig. 11. Scratching the belly on the left side using the fingers of the right
hand, and angular velocity of finger motion and change in motion, Pp(f) and
Prl(l)'

practice is very effective for developing equipment driven by a
small-capacity battery for a period as long as a year.

From the heartbeat and body movements measurable by the
sensor devices, we were able to estimate the sleep stages [8].
The shift in the center of gravity of the bed with a person on it
was estimated by outputs Pg,(¢) and Py(f). The shift in the center
of gravity is proportional to the displacement from the
movement of the person on the bed. Information on the
different movements can be used to assist patients who are
trying to get out of bed, as just one example. In the case of
diseases, especially skin disorders, characterized by itching, the
bed sensor method makes it possible to measure the frequency
and intensity of scratching motions during the night, which is
otherwise very difficult to ascertain.

From the clinical application aspect, because the sensors are
set between the floor and the corners of the bed, it is more
non-invasive and unconsciousness for subjects than the
conventional bed sensing system in the literatures [7] - [12].

VI. CONCLUSIONS

This paper described a novel biosignal sensing method using
four piezoceramic devices sandwiched between the floor and
the four corners of the bed, which guarantees noninvasive,
constraint-free, subliminal biomeasurement. The devices are
battery-free and generate voltages corresponding to the
heartbeat, respiration, position change, and scratching motion
of a person on the bed. The wide dynamic range of the sensor
enables the detection of mechanical microvibrations from the
heartbeat as voltage of 10 mV to vibrations from getting into
and out of bed as voltage of several volts without saturation and
with a high SN ratio. Due to the high sensitivity of the device, a
preamplifier was not required to obtain the biosignals. These
features of the device are effective for developing biosensing

equipment with low power consumption driven for at least one
year by a small battery.

The devices clearly detect the heartbeat at an SN ratio of 40
dB, and respiration at an SN ratio of 14 dB. Furthermore, from
the integrated value of the difference in voltage generated by
the head-side device and that by the foot-side device, and from
that by the left side and right side of the bed, a change in
position of the person on the bed was detectable. Detection of
scratching motions of the person on the bed was also possible
with accuracy. As one of the bed biosensing methods, the
proposed method is valid in terms of cost performance, i.e., the
device is the same one used for a buzzer costing half a dollar,
realization of low power equipment, i.e., the device is
battery-free and driven without a preamplifier, and accuracy
and variety of biosensing, i.e., detection ranges from micro
biovibration signals to giant signals without saturation.
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Abstract: This paper describes a novel bed sensing method for unconstrained detection of body movement and
scratching motion through biosignal measurement. The bed sensing method can be used to monitor a person’s health
condition at home or in the hospital. Moreover, this system is able to detect the frequency of scratching motion.
Conventional methods that use infrared cameras or acceleration sensors impose physical and/or psychological stress
on the patient. We have developed an unconstrained biosignal bed sensing device using piezoceramics. Piezoceramic
sensors are bonded to stainless steel plates sandwiched between the floor and the four legs of the bed. The sensors
accurately detect body movement and scratching motions through the acquisition and measurement of biosignals. The
device is suitable for various health applications including monitoring of sleep and diseases characterized by itching.

Keywords: Unconstrained sensing, bed sensing, piezoceramics, body movement, scratching.

1. INTRODUCTION

Staying healthy and active is essential for maintaining
quality of life. Monitoring of biosignals, such as during
outdoor activity or while sleeping, contributes to health
management. The use of wrist actigraphy provides
information on activity cycles during the daytime and
sleep cycles at night. Hospitals often monitor nighttime
scratching motion as a mechanical reaction to itching
during sleep. Various studies have been conducted on
the motion of scratching and its detection, including in
conjunction with activity and sleep cycles [1, 6-8].
Scratching is typically measured by using an infrared
video camera, accelerometer or gyrometer. An effective
approach for detecting nighttime biosignals is the bed
sensor method, and several different examples can be
found in literature [9-14]. In these methods, body
movement, heartbeat and respiration is detected through
mechanical vibration using, for example, a highly
sensitive accelerometer or a pressure sensor that is
plugged into the mattress. This paper describes a
noncontact bed sensing method that does not rely on a
voltage source. The sensing device generates voltage
corresponding to the biosignals or motions of the person
on the bed.

2. OBJECT OF MEASUREMENT

Scratching motion is measured in order to estimate
the intensity of itching, especially during sleep. In
clinical practice, an infrared video camera is generally
used to monitor the location, pattern, and frequency of
scratching. This information is compiled into an index
referred to as TST%, which is the ratio of total
scratching time (TST) to total recording time during
sleep. The data is correlated to the degree of pruritus in
skin diseases such as atopic dermatitis [15, 16]. The
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more severe the disease is, the greater the frequency of
scratching by the patient. Furthermore, a characteristic
pattern in atopic dermatitis patients is that the head is
scratched most frequently [7].

Numerous methods have been proposed for measuring
scratching motion. They include the use of infrared
video cameras and other recording devices to measure
the motion or the sound of scratching and the
acceleration of wrist movement and its angular velocity.
An electromyograph can be used to measure electrical
activity of the muscles in the forearm. Other devices can
measure the change in pressure of the back of hand and
its expansion and contraction, motion of the fingers, and
so forth [7, 8, 15-24].

3. BED SENSING SYSTEM

Figure 1 shows the details of the built-in piezoceramic
sensor employed in this system. The sensor is 20 mm in
diameter and is firmly affixed to a brass metal plate,
which is 25 mm in diameter. This device is typically
used for a buzzer. The device is bonded to a stainless
steel plate, which is 1 mm thick and 50 mm in diameter.
Under the stainless steel plate is a washer, which has an
inner radius of 15 mm, outer radius of 25 mm and
thickness of 2 mm. The bottom is covered by an
aluminum plate that is the same size as the stainless
steel plate.

The characteristics of this sensor are as follows:
1x10° C/m, which is the displacement of electrical
charge by piezoelectricity. The capacitance is 0.01 pF.
Due to the capacitive characteristics of piezoceramics,
the output voltage in the steady state is zero-biased and
changes from zero voltage.

PR0001/11/0000-2317 ¥400 © 2011 SICE
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Fig. 1 Built-in piezoceramics sensor
4. EXPERIMENTAL SYSTEM

Figure 2 shows the proposed bed sensing system.
Four piezoceramic sensors are used, one under each leg
of the bed. The bed is a coil cushion type weighing 60 kg
and measuring 1.0x2.1 m. The output from ey(t), en(t),
eq(t) and eq(t) is measured and A/D-converted at a
sampling interval of 1 ms and scale range of +1 V using
a data logger (NR-2000, Keyence Co. Ltd.).

Converter

diode
Fig. 2 Bed sensing system

We assume that the center of gravity of bed and
subject follows his motion. It affects the force which
each leg push the floor. We think it has symmetrical
characteristics. For example, when the person on the
bed turns over to the right, it increases in right side, and
it decreases in left side. And the outputs are in
proportion to the force. So, in order to detect body
movement, we integrated the difference as follows:

Py () = [ {en(t) - e (D)7
Pi(0) = [ {e, (1) ey (D)7

(1

We made a video recording to be used as a reference
for this experiment. To measure scratching motion, we
used a conventional electromyograph and acceleration
sensor (RF-ECG, Medical Electronic Science Institute
Co., Ltd.), angular velocity sensor (FMS-001, Fujitsu),
microphone (MX4843A, Primo Co. Ltd.), ceramic sheet

(Flicker, Measurement Specialties Inc.) and strain gauge.

The subject in this experiment was right-handed, so the
sensors were set on his right hand, as shown in Fig. 3.
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Details on the sensors are given in Subsections 4.1-4.6.

EMG/
Accelerometer
sensor

Angular velocity
sensor

Ceramic sheet

Microphone
Strain gauge

Fig. 3 Scratching sensors on right hand

4.1 Electromyograph [22]

This sensor measures changes in myogenic potential.
We affixed it to the subject’s forearm, as shown in Fig. 3.
The two round objects are electrodes. The square object
is the core, which transmits data to a PC by wireless
Bluetooth. The core size is 40x35%7.2 mm. Sampling
frequency is 204 Hz. This is not a medical instrument.

4.2 Acceleration sensor [8, 20, 21]

This measures the acceleration of the forearm. It is
embedded in the EMG sensor and also uses Bluetooth.
Sampling frequency is 204 Hz and the scaling range is
+3 G. The output includes gravitational acceleration.

4.3 Angular velocity sensor [21]

This sensor is 40x45x13 mm in size and it also uses
wireless Bluetooth. The sampling interval is 2 ms. It is
fixed on the forearm by surgical tape. This sensor has
differential properties, so the output in the steady state is
zero-biased and changes from zero degrees per second.

4.4 Microphone [17-19]

This method is used to record the sound made by the
scratching motion. The system was originally developed
for mouse monitoring and was later applied to humans.

The microphone is fixed to the back of the hand by
surgical tape. The output is transmitted through an
amplifier (MX4836, Primo Co. Ltd) and A/D-converted
at a sampling interval of 1 ms and scale range of £10 V
using the data logger.

4.5 Ceramic sheet [23]

This is used to measure the change in pressure of the
back of the hand, where it is fixed. The output is
A/D-converted at a sampling interval of 1 ms and scale
range of £1.0 V using the data logger. The output
voltage in the steady state is zero-biased and changes
from zero voltage, due to the differential properties.



4.6 Strain gauge [24]

This measures the degree of finger bending. It is fixed
by tape, along the index finger. The register value of this
gauge changes from 1 to 2 kQ. It has a source voltage,
which is 9 V. It is designed so that the output is less than
5 V. The sampling interval is 1 ms and the scale range is
+5 V using the data logger.

5. EXPERIMENTAL RESULTS

In this experiment, we measured the motions for
turning over, sitting up, lying down and scratching. As
the starting position, the subject is lying on his back at
the center of the bed and his arms and legs are straight,
as shown in Fig. 2.

5.1 Turning over

We asked the subject to turn over from the center
position to his right side and then turn from his right
side to his left side and finally to return to the center.

Figure 4 shows the Py(t) and Pg(t) of the turning over
movement. The change in Py(t) is indicated by the
broken line and Pg(t) by the solid line, from Eq. (1).
P.y(t) changed following each turning movement,
whereas Pg,(t) hardly changed.

When the subject starts turning over to his right side,
P.(t) starts increasing from zero to a positive value.
When the subject turns back to the center, Py(t)
decreases to zero, and then further decreases to a
negative value when the subject turns to the left. When
the subject stays in the same position, P,(t) remains at a
constant value.

The change in Py(t) is proportional to the right and
left direction of the motion on the bed.

D Pm(n)

---------- o Pa)

Lying on
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Lying on left

Lying on Lying on right
side
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Fig. 4 P,(t) and Pg(t) of turning over movement

5.2 Sitting up and lying down

In this situation, the subject changes position from
lying on his back to sitting forward and then lying down
again.

We measured two cases. In the first one, the subject
sits up and lies down without using his hands. In the
second case, the subject changes position using his left
hand for support.

Figure 5 shows the Py(t) and Pg(t) of sitting up and
lying down. Figure 5(a) shows Case 1 (without using
hands) and (b) shows Case 2 (using left hand). The lines
are as defined for Fig. 4.

In Case 1, since the subject sits up without using his
hands, there is only a slight motion in the right and left
direction so P, (t) changes only a little. While the subject

is in the process of sitting up, Pg(t) increases to a
positive value; while he stays in the same position, Pg(t)
remains a constant positive value; when he lies down
again, Pg(t) decreases to zero. The change in Pg(t) is
proportional to the motion in the foot and head direction.

In the second case, where the subject uses his left
hand, Pg,(t) changes similarly to the first case. However,
P.(t) shows a negative value during movement. At that
time, the subject pushed his left hand against the left
side of the bed while in the process of sitting up. So the
weight on the bed moved to the left side, the same as
when turning over to the left side.

Contrarily, when the subject uses his right hand, P,(t)
shows the opposite shape; it shows a positive value. In
this case, Pg,(t) also showed similar changes.

"""""" Pr (1) D Pm(0)
g Lying Sitting Ly.il-lg
':% [mVs] position position position

> 2001
g 100}
= OpF—— . e,
fg" 100}
Z 500 . . . . ]
0 5 10 15 20 25 30
Time [s]

(a) Case 1 Without any hand

.......... T P : Pm(o)

Lying position

Integrated value
o

0 5 10 15 20 25 30
Time [s]

(b) Case 2 With left hand
Fig. 5 Py(t) and Pg(t) of sitting up and lying down

5.3 Scratching

Here, the subject was asked to move his right hand to
his right cheek, and use his fingers to scratch his cheek
twenty times and then return to his original position
with his arm at his side on the bed. Scratching one time
is one scratching stroke.

Figure 6 shows the results of one period of scratching.
From top to bottom in the graph, the change is shown
for the EMG, ceramic sheet, microphone, strain gauge,
acceleration (X-, Y-, and Z-axis), angular velocity (X-,
Y-, and Z-axis), ep(t), end(t), eq(t) and eq(t).

The subject scratched between about 2 s and 8 s. At
the beginning and end, from about 1 to 2 s and 8 to 9 s,
the subject’s right arm was moving, which generated a
large change in the output from all sources. When the
subject was resting quietly, the output hardly changed.
All sensors show a cyclic change following the
scratching motion.
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Fig. 6 Results for scratching motion
6. DISCUSSION

The sensors are set beneath the bed, so there is less
awareness of their presence compared to conventional
bed sensing and scratching monitoring systems [1-10].

Displacement of the person on the bed can be estimated
by Pa(t) and Py (t). This information would be valuable

for assisting a patient who, for example, is trying to get
out of bed. It is also possible to estimate the sleep stages
from the body movements measurable by the sensor
devices [12].

In the case of skin diseases characterized by itching,
this method enables contact-free measurement of
scratching frequency during sleep, which is normally
very difficult to ascertain. This system can measure the
period of scratching motion, and calculate the total
scratch time (%) automatically for objective monitoring
and the acquisition of detailed information.

Our system uses four devices which are distortion
sensors that do not require electric power supply; as the
devices are bent, they generate a proportional voltage.
In this system, the signals are converted from analog to
digital directly without using an electrical preamplifier.
This property makes it possible to use the system as an
event trigger signal for a microprocessor. In practice,
this is very effective for developing equipment.

7. CONCLUSIONS

We proposed a new bed sensing method using
piezoceramic devices set under the legs of the bed,
which guarantees subliminal measurement. The devices
are battery-free and generate voltage corresponding to
the motion of the person on the bed. The device is
effective for developing bed sensing equipment with
low power consumption.

Using the integrated value of the difference, P,(t) and
Py (t), a change in position of the person on the bed was
detectable. Scratching motions were also accurately
detected. As a bed biosensing method, the proposed
system is valid in terms of cost performance, accuracy
and variety of sensing, and realization of low power
equipment.
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Abstract

This paper describes a novel bed sensing method for
monitoring scratching motion. This bed sensing method
can be used to monitor a person’s health condition at
home or in the hospital. Moreover, the system can detect
the frequency of scratching motion. Conventional
methods that use infrared cameras or acceleration sensors
can impose physical and/or psychological stress on the
patient. Our proposed method applies an unconstrained
biosignal bed sensing device using piezoceramics.
Piezoceramic sensors are bonded to stainless steel plates
sandwiched between the floor and the four feet of the bed.
In carrying out the validation experiment, the total
scratching time (TST) was measured using this sensing
device. The results were compared with the TST obtained
from conventional and more constrained scratching
measurement devices, such as cameras, electromyograph
(EMG) sensors, ceramic sheets, microphones, strain
gauges, acceleration sensors, and gyro sensors. The
experiment indicated that the sensors positioned close to
the subject’s head, where the scratching points are closer,
were capable of determining the TST at an accuracy
nearly equal to or greater than that obtained by all the
conventional sensors except for the gyro sensors.

Keywords-Scratching; total scratching time; bed
monitoring; unconstrained sensing; piezoceramics

1 INTRODUCTION

Itching can develop as a symptom of various skin
diseases affecting patients, who scratch the itchy points to
alleviate the itch. Skin inflammation, however, can
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become worse from the scratching [1]. Moreover, since the
itch occurs irregularly, the patient unconsciously scratches
while sleeping.

The gravity of skin diseases accompanied by itching is
related to the frequency of the itch [2]. Therefore,
measurement of the scratching is effective in diagnosing
skin diseases. Since patients can control the scratching
while they are awake, a more accurate evaluation would be
made by monitoring the scratching motion while they are
asleep.

In one of the methods for evaluating scratching motion,
infrared cameras are used to capture images while the
patient is sleeping, and the ratio of the total scratching time
(TST [%]) to the total measurement time [1, 3] is used as
an index. This method, however, is not suitable for daily
monitoring, since it infringes on the patients’ privacy and it
also requires a large-scale system.

Given these circumstances, various smaller-scale
methods have been proposed for evaluating scratching
motion during sleep. For the most part, they are aimed at
recording the motion or the sound of scratching, or the
acceleration of wrist movement and its angular velocity.
An electromyograph can be used to measure the electrical
activity of the muscles in the forearm. Other devices can
be used to measure the change in pressure at the back of
the hand, the expansion and contraction motions of the
hand, finger motions, etc. [1-11]. These methods, however,
are somewhat bothersome as the sensors must be attached
directly to the patient’s arms.

This paper describes a novel system for unconstrained
monitoring of scratching motion during sleep, by applying
piezoceramic sensors.
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protection against high voltage, and through a low-pass
filter to eliminate the high-frequency noise. The data is
2 BED MONITORING SYSTEM then imported to a PC after A/D conversion.
2.1 Sensing device

Figure 1 shows the proposed system in which a
piezoceramic sensor is attached to the upper metal plate
and spacers are inserted between the sensor and the lower
metal plate. When the leg of the bed is placed on the upper
plate, the weight compresses the plates.

When a person is lying on the bed, the force from the
vibrations that accompany the heartbeat, respiration, and
body movements is transferred through the bed cushion to
the piezoceramic sensor, which then generates output
voltage proportionate to the force. This output voltage,
obtained as e(f), is the linear sum of the heartbeat
component Su(¢), body movement component Sy(f), and
high-frequency noise n(f).

e(?) = Su(0) + Sp(0) + n(?) (1)

If the person lying on the bed makes a scratching
motion, it appears as Sy(f) in Eq. (1). Therefore, this
component must be extracted from e(f). Since the
amplitude of Sy(?) is smaller than that of Sy(?), Sy(¢) can be
obtained by eliminating the high-frequency noise n(?)
through a low-pass filter of f; [Hz].

Since the output from the piezoceramic sensor is
proportionate to the magnitude of the conveyed force,
measurement taken under a single leg of the bed results in
a low S/N ratio when the patient scratches a point far from
that particular bed leg. Therefore, in this experiment,
piezoceramic sensors were placed under all four legs of the
bed in order to secure a certain level of S/N ratio
regardless of the point of scratching. As shown in Fig. 1,
the output data from the four sensors ey (?), en(?), en(?), and
eq(?) is transferred through varistor diodes that provide
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2.2 Calculation of total scratching time (TST)

After obtaining the total measurement time, 7y, and
the total scratching time, Tycacn, the ratio of TST [%] is
calculated as follows:

TST= (Tscratch /Ttotal )X 100 [%] (2)
3 VALIDITY EXPERIMENT
3.1 Experimental system and subject

Figure 2 shows the inner structure of the piezoceramic
sensor used for the proposed system. The ceramics in this
sensor is 20 mm in diameter and is firmly affixed to a
brass metal plate, which is 25 mm in diameter. This device
is typically used for a buzzer. The device is bonded to a
stainless steel plate of 1 mm in thickness and 50 mm in
diameter. Under the stainless steel plate is a washer with
an inner radius of 15 mm, outer radius of 25 mm, and
thickness of 2 mm. The bottom is covered with an
aluminum plate that is the same size as the stainless steel
plate.

The sensor has the following characteristics: 1710-3
C/m, which is the displacement of electrical charge by
piezoelectricity. The capacitance is 0.01 pF. Due to the
capacitive characteristics of piezoceramics, the output
voltage in the steady state is zero-biased and changes from
zero voltage.

Figure 3 shows the experimental system. The bed is a
coil cushion type weighing 60 kg and measuring 1.0"2.1 m.
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Fig. 2 Inner structure of a piezoceramics sensor

Four piezoceramic sensors are placed under the four legs
of the bed. The outputs ey(f), en(?), en(f) and eq(?)
measured using the piezoceramic sensors go through the
low-pass filter to remove the high-frequency noise
component. The cutoff frequency £ of the low-pass filter is
set to 12 Hz. The output signals from the low-pass filters
are A/D-converted, in which the sampling interval is set to
1 ms and the scale range to =1 V using a data logger (NR-
2000, Keyence Co. Ltd.).

In order to compare the accuracy of the proposed
system with that of conventional methods, we used the
sensors described below to simultaneously record the
scratching motions, changes in myogenic potential, 3-axis
acceleration and angular velocity of the forearm,
scratching sounds, pressure changes at the back of the
hand, and expansion and contraction motions of the fingers,
as shown in Fig. 3 [1-11].

For recording the scratching motions, a video camera
(EX-F1, Casio) was fixed on a camera stand to capture
images of the right hand of the subject.

Changes in myogenic potential of the forearm were
measured using an EMG sensor (RF-ECG, Medical
Electronic Science Institute Co., Ltd.) of 40'35°7.2 mm in
size that was affixed to the subject’s forearm. The EMG
data was transmitted to the PC via wireless Bluetooth at a
sampling frequency of 204 Hz.

Acceleration of the forearm was measured using a 3-
axis accelerometer (RF-ECG, Medical Electronic Science
Institute Co., Ltd.) embedded in the EMG sensor. Each
axis was set as shown in Fig. 3. The scaling range of the
accelerometer is £3 G. This accelerometer also measures
gravitational acceleration.

Angular velocity of the forearm was measured using a
3-axis gyro sensor (FMS-001, Fujitsu). The gyro sensor is
40'45’13 mm in size, and the data is also transmitted via
wireless Bluetooth at a sampling interval of 2 ms. The gyro
sensor was fixed to the forearm with surgical tape so as to
set the axes as shown Fig. 3. The gyro sensor has
differential properties, so the output in the steady state is
zero-biased and changes from zero degrees per second.

In order to measure the sounds from scratching, a
microphone (MX4836, Primo Co. Ltd) was fixed to the
back of the hand with surgical tape. The output data was
transmitted through an amplifier and A/D-converted at a
sampling interval of 1 ms and scale range of £10 V using a
data logger.
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For the pressure changes on the back of the hand, a
ceramic sheet (Flicker, Measurement Specialties Inc.) was
used. The output data was A/D-converted at a sampling
interval of 1 ms and scale range of +1.0 V using a data
logger. The output voltage in the steady state is zero-biased
and changes from zero voltage, due to the differential
properties.

For the expansion and contraction of the fingers, a
strain gauge was used to measure the degree of finger
bending. The strain gauge was fixed along the forefinger
with surgical tape. The measurement circuit for the strain
gauge was designed so as to make the output less than 5 V.
The sampling interval was kept to 1 ms and the scale range
to £5 V using the data logger.

The subject in this experiment was male,
approximately 170 cm in height and 50 kg in weight, and
did not suffer from any sleep disorders. Since the subject
was right-handed, the sensors were set on his right hand.

3.2 Experimental procedures

As the starting position, the subject is lying on his back
at the center of the bed with his arms and legs straight, as
shown in Fig. 3.

The subject scratched his right cheek 20 times, because
patients with atopic dermatitis most frequently scratch the
head area as a characteristic pattern [1]. He then returned
his arm back to the starting position. After a 5-s pause, the
subject once again scratched his cheek 20 times in a row.
The set of scratching motions was repeated 35 times.

Since scratching is a reciprocating motion of the
fingers, the sensor extracts the cyclically changing periods
as scratching time in its data output. The total scratching
time for all 35 sets is defined as Tyuaen, and the ratio of
TST [%] is calculated using Eq. (2). The entire procedure
described above was carried out using all the sensors, and
the errors among the sensors were compared using as a
reference the TST data obtained from the video camera
images.



4 EXPERIMENTAL RESULTS

Figure 4 shows the results from one scratching motion
example. The graphs show the data from the EMG,
ceramic sheet, microphone, strain gauge, acceleration (X-,
Y-, and Z-axis), angular velocity (X-, Y-, and Z-axis), and
the proposed sensors (en(?), en(?), ea(?) and ex(?). The Sy(7)
equals zero in Eq. (1) between 0 and 1 s in Fig. 4, since the
subject’s hand is stationary beside his body. The sensors
en(?), enl(?), eq(f) and eg(f), therefore detect the heartbeat
component of Sy(f), while the other sensors show no
indication of this component. The wave shape between 1
and 2 s corresponds to the hand motion toward the face.
During this period, the sensor e;(¢) beneath the right foot
generates Sy(¢), and the Sy(f) then appears at the sensor
en(?) beneath the right side of the pillow. The wave shapes
of most of the sensors fluctuate greatly during this period.
The wave shape between 2 and 7.5 s corresponds to the 20
times of scratching motion, and the Sy(¢) at ep(?), en(?),
eq(?) and eg(?) is synchronized with the scratching motion
and shows large cyclical fluctuations. During this period,
Sp(f) can be confirmed since it is larger than Sy(f). The
comparison among ey (?), enl(?), eq(f) and en(f) shows that
the outputs from ey (f) and e, (f), which are closer to the
head, have a larger-amplitude wave shape than those from
eq(?) and eg(7), which are closer to the feet. Moreover, the
output from ey (), which is positioned beneath the right
side of the head, becomes the largest among the four, since
the subject scratches his right cheek. Therefore, the more
distant the piezoceramics sensors are from the scratching
point, the smaller their output signals are. The other
sensors also show cyclical signals synchronous with the
scratching motions. The wave shape between 7.5 and 9 s
corresponds to the hand motion retuning to the original
position. During this period, rather smooth fluctuations
appear, similar to that during the period between 1 and 2 s.
Between 9 and 10 s, the subject’s hand once again
becomes stationary beside his body, and the heartbeat
component of Sy(¢f) is also detected again. The other
sensors show no indication of this component, which is the
same thing that happened between 0 and 1 s. Table 1
shows the scratching times obtained from all the sensors
and their respective errors with the scratching time
confirmed by the video camera images. With the EMG, the
wave shapes for the first arm motion and for the scratching
motion look similar, making it difficult to divide the time
frames. Therefore, the error resulted in +1.16 s. With the
ceramic sheet, microphone, and strain gauge, the wave
shapes for the first arm motion and for the scratching
motion are clearly different, making it easy to divide the
time frames. Therefore, errors of +0.02, +0.05, and +0.11 s
were obtained, respectively. With the acceleration, the
beginning of the scratching motion is not clear against the
X-axis, and dividing the time frames is somewhat difficult.
Its error was +0.06 s. Against the Y-axis, the boundary
between the arm motion and the scratching motion was not
easy to confirm, and the error was —0.22 s. Against the Z-
axis, the arm motion appeared smooth, making it difficult
to divide the time frame for the scratching motion. The
error of the Z-axis was +0.18 s. With the angular velocity,
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Fig. 4 Results for one bout scratching motion

the time of stopping the scratching motion was difficult to
determine against the Y-axis, and its error was +0.48 s.
Against both the X-axis and Z-axis, the arm motion and
the scratching motion were clearly identifiable, thus
making it easy to divide the time frames. The error was
+0.42 and +0.03 s, respectively. With the ceramics sensor,
it was difficult to divide the arm motion and the scratching



TABLEI
TIME DURING SCRATCHING AND ERROR IN FIGURE 4

TABLE II
Tcnnrens AND TOTAL SCRATCHING TIME AND EACH ERROR

Time durin Tscrat Error
Sensor scratchingg R Sensor ch Error ];ST of ST
[s] [s] [s] [s] | [%] (%]
Video camera 5.22 - Video camera 179 - 46.5 -
EMG 6.38 1.16 EMG 228 49 59.2 12.7
Ceramic sheet 5.24 0.02 Ceramic sheet 177 -2 46.0 -0.5
Microphone 5.27 0.05 Microphone 176 -3 45.7 -0.8
Strain gauge 5.33 0.11 Strain gauge 186 7 48.3 1.8
X 5.28 0.06 X 159 20 | 413 5.2
Acceleration y 5.00 -0.22 Acceleration | y | 151 | 28 [39.2| -73
z 5.40 0.18 z 162 -17 | 42.1 -4.4
X 5.64 0.42 X 178 -1 46.2 -0.3
Angular velocity | y 5.70 0.48 Angular y 178 -1 | 462 | -03
z 5.25 0.03 velocity z | 167 | -12 434 | -3.1
€ 5.20 -0.02 en 176 -3 45.7 -0.8
Piezoceramics ehr 5.37 0.15 Piezoceramics | ¢, 186 7 483 1.8
sensor en 6.22 1 sensor eq | 204 | 25 [530]| 6.5
e 6.34 1.12 eq | 201 22 52.2 5.7

motion. The errors were —0.02 s with ep(¢), +0.15 s with
en(?), +1.00 s with eg(?), and +1.12 s with eq(?).

The total recording time 7i,, was 385 s, and the total
scratching time T, Was measured with each sensor. The
TST was calculated using Eq. (2).

Table 2 shows the Ty, and TST measured with all
the sensors, and their respective errors with the Ty, and
the TST confirmed by the video camera images. With
regard to the TST errors in Table 2, the ceramic sensor ey,
the closest to the scratching point on the face, showed the
smallest error of —0.8%. The error with eg, near the left
foot, showed the largest error of +6.5%, eight times larger
than the error with ey;.

In comparison with the other sensors, the smallest error
was —0.3% for both the X-axis and Y-axis using the gyro
sensors; and it was one-third of the error with e,. The
largest error was 12.7% for the EMG, twice as large as the
error for e, which had the largest error among the ceramic
Sensors.

5 DISCUSSION

The reason that outputs e and e near the feet show the
largest errors (see Table 2) is due to the small amplitude of
their wave shapes during the scratching motions, which is
the direct result of their distance from the scratching point.
Thus, it was difficult to clearly identify the motion of the
arm returning to the original position from the scratching
motion. The errors with ¢, and e, were small because the
amplitude of the wave shapes from the scratching motions
were rather large, thus making it possible to clearly
separate these wave shapes from those arising from the
arm motions.
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The gyro sensors showed the smallest errors since they
directly measure the hand in the scratching motions. In
contrast, the proposed unconstrained method measures the
vibrations transmitted indirectly through the bed using
ceramic sensors attached under the legs of the bed instead
of directly applying the sensors to the hand or other body
parts. This resulted in the larger errors compared with the
gYIo Sensors.

6 CONCLUSIONS

In daily biosignal monitoring, it is important to carry
out the measurements under unconstrained conditions.

In this paper, we proposed a novel sensing device using
piezoceramic sensors to measure scratching motions in an
unconstrained manner while the subject is sleeping. This
device is composed of a piezoceramic sensor sandwiched
between metal plates and placed under the legs of the bed.
This device can measure microvibrations produced by the
scratching motion of the subject on the bed. Furthermore,
the TST, an important index for evaluating the scratching
motions, could be calculated from the signals measured
with the device.

In carrying out the validation experiment, the total
scratching time (TST) was measured using the proposed
sensing device. The results were then compared with the
TST obtained from conventional and more constrained
scratching measurement devices, such as cameras,
electromyograph (EMGQG), ceramic sheets, microphones,
strain gauges, acceleration sensors, and gyro sensors. As a
result, the sensors positioned close to the subject’s head,
where the scratching points are closer, were capable of
determining the TST at an accuracy nearly equal to or
greater than that of all the conventional sensors except for
the gyro sensor.



As future challenges, decreasing the TST errors and
automatically extracting the TST remain to be solved.
Another challenge is the establishment of a signal
processing method to count the number of scratching
motions for a more elaborate evaluation.
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Unconstrained Measurement SyStem for
Scratching by Limb and
Estimation of Scratching Area

Toshihiro. Shino, Yosuke. Kuri;hara, Syoko. Nukaya, Kajiro. Watanabe, and Hiroshi. Tanaka

Abstract—This paper describes an unconstrained measurement
system for scratching motion. We have proposed an url‘xconstrained bed
monitoring system by piezoceramic sensors that coutd detect heartbeat,
respiration and body movement. The system could measure the bed
vibrations due to the motion of the person on the bed. In this paper, we
apply this unconstrained bed sensing method to %the system for
detecting scratching miotion. The proposed sensors are placed under
the bed feet. When the subject is lying on the bed, the output signals
from the sensors are proportional to the magnitude of the vibration due
to the body movement of the subject. Hence, it is possjible to detect the
subject’s scratching motion from the output signals. Eurthermore, also
with output signals from the! three. ceramic sensors, the proposed
system can detect the direction of the body movement, which enables
us to estimate the scratched area. |

~ We evaluated three scratching motions using the propesed system
in the validity experiment as follows: Case 1 lis the subject’s
scratching the right cheek with right hand; Case 2 is the subject’s
scratching the back after turning over, and; Case 3 is the subject’s
scratching the shin with another foot. As the results o}f the experiment,
we identified the scratching signals that enable the determination
when the scratching occurred. Furthermore, the difference among the

~amplitudes of the output signals enabled us to estimate. where the
subject scratched. '

Keywords—body movement, itchy, piezoceramics, scratching,
unconstrained bed monitoring. ) ’

~ : T. INTRODUCTION

ITCHING can-occur as-a symptom of various skin diseases
affecting patients, who scratch the itchy points to alleviate
the itch. Skin inflammation, however, can become worse from
the scratching [1]. The gravity of skin diseases accompanied by
itching is related to the frequency of the itch [2]. So the more
severe the disease is, the longer the scratching. tifme by the
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patient, The scratching time information is compiled into an
index referred to as TST%, which is the ratioc of total scratching
time (TST) to total recording time during sleep. The data is
correlated to the degree of pruritus in skin diseases such as

atopic dermatitis [3], [4]. Therefore, measurement of the

scratching is effective in diagnosing skin diseases. Moreover,
since the itch occurs irregularly, the patient unconsciously
scratches while sleeping. Since patients ‘can contiol “the
scratching while they are awake, a more accurate evaluation
would be made by monitoring the scratching motion while they
are asleep. In clinical practice, an infrared video' camera ‘is
generally used to monitor the location, pattern, ahd,fréquency
of scatching during sleep. Using camera, however, is not
suitable for daily monitoring, since it infringes on the patients’
privacy and it also requires a large-scale system.

Given these circumstances, various smaller-scale methods
have been proposed for evaluating scratching motion during
sleep. For the most part, they. are aimed at recording the motion
or the sound of scratching, or the acceleration of wrist
movement and its angular velocity. An electromyograph can be
used to imeasure the electrical activity of the muscles in the
forearm, Other devices can be used to measure the change in
pressure at the back of the hand, the expansion and contraction
motions|of the finger [1]-[12]. Furthermore, RF-ID can be used
to measure limbs’ monitoring in sleep diseases [13]. These
methods, however, are somewhat bothersome as the sensors
must be attached directly to the patient’s arms or feet.

One of the effective approach for daily biosignals monitoring
is measuring patients’ biosignals without having to wear any
sensors| on their body. So, we have proposed a bed sensing
method enabling the detection of the biosignals of the heartbeat,

" respiration, body movement and changes in position of a

person on the bed [14]. -

This| paper describes unconstrained scratching detection
system|based on our bed sensing method as mentioned above.
Furthermore, proposed system can estimate where subject

' scratch during sleep.

11.BED SENSING SYSTEM TO DETECT SCRATCHING MOTION AND
‘ ESTIMATE SCRATCHING POSITION

Figure 1 shows the principle of our proposed system to
measufe scratching motion in which a piezoceramic sensor is
attached to the upper metal plate and spacers are inserted-
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between the sensor and the lower mefal ‘plate. When the leg of
the bed is placed on the upper plate, the weight compresses the

plates.
When a_person is lying on the

vibrations that accompany the person s body movements and
scratching is transferred. through the bed cushion to the
piezoceramic sensor, which then generates output voltage
proportionate to the force. Furthermore, as shown in Fig.1,

three piezoceramic Sensors are plac

estimate where the person scratches. By comparing with the
amplitude of the output signals from each ceramic sensor, we
can estimate the scratching position.

The output data from the three ceramic sensors ew(?), e,,,(t)
and eq(?) are- transferred through varlstor diodes that. protect
against high voltage, and through a low-pass filter to eliminate

the hlgh-frequency noise. The data ‘1s then imported to 2 PC

after A/D conversion, .

We assume that the center of grawty of bed and sub_;ect
_moves with the subject’s movements, It affects the force which
each leg push the floor. We think the forces have symmetrical
characteristics. For example, when the person on the bed turns

over to the right, it increases in righ
left side. And the outputs are in prog
order to detect the displacement of
integrated the difference of measured
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Fig. 1 Principle of proposed system

III. VALIDITY EXPERIMENT

A. Experimental System

Figure 2 shows the experimental
of piezoceramic sensor used for
ceramics in this serisor is 20 mm,
affixed to a brass metal plate, which

device is typically used for a buzzer. The device is bonded to 8

‘stainless steel plate of 1 mm in
diameter. Under the stainless stee
‘inner radius of 15 mm, outer radius

the proposed system, The

bed the force from the

ed under the bed feet to

t side, and it decreases in
ortion to the force. So, in
the center of gravity, we
signals:as follows:

)

system and inner structure

in diameter and is firmly
is 25 mm in diameter, This

thickness and 50 mm in
plate is a washer with an
of 25 mm, and thickness of

_ component, The cutoff frequency fl of the low-pass filter is set

72

Jan. 78,2012 Dubal

2 mm. The bottom is covered with an aluminum plate thatis the -
same size as the ss steel plate.

The senson following characteristics: 1107 C/m,
which acement of electrical charge by
plezoelectnmty he capacitance is 0.01 pF. Due to the
capacitive charactemtxm of piezoceramics, the output voltage
in the steady state is zero-biased and changes from zero
voltage. The bed used in Fig. 3 is a coil cushion type weighing
60 kg and measuring 1.0x2:1 m. Three piezoceramic sensors
are placed under the three legs of the bed. The outputs e (?),
en(?) and eq(7) measured- using the piezoceramic sensors go
through the low=pass filter to remove the high-frequency noise

to 12 Hz.

50 mmn.
Brass metal
plate
25 mm.

 Stainless steel plate

) -
Piezoceramics 20 mm
Fig. 2 Inner structure of a piezoceramics sensor

Fig. 3 Experimental system

The output signals from the low-pass filters are
A/D-converted, in which the sampling interval is set to 1 ms
and the scale range to 1 V using a data logger (NR-2000,
Keyence Co. Ltd.). The subject in this experiment was male
approximately 170 cm in height and 50 kg in wexght, and di
not suffer from any sleep disorders.

B. Experimental procedures

As the starting position, the subject is lymg on-back at
center of the bed with the arms and legs straight, as shown
Fig.3. The subject scratches three cases as follows.

(Case 1) The subjegt scratches his cheek 20 times. He th
_returns the arm back to the starting position. After a’5 seeu
pause, the subject once again scratches his cheek 20 tlmes ‘
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row. The set of scratching motions is repeated 35 times.

(Case 2) The subject turns over and scratches his back 20
times by right hand. He then turns. over .a:gain back to the
starting position. After a 5 sec. pause, the subject once again
acts same motion in a row. The set of scratching motions is
repeated 35 times.

(Case 3) The subject scratches his left shin 10 times by his
right foot. He then returns his right foot back to the starting
position. After a 5 sec. pause, the subject on¢e again scratches
his left shin 10 times in a row. The set of scratching motions is
repeated 5 times. Similarly, subject scratches his right shin 10
times by left foot. And subject repeated the sc}ratching motion §
times. o :

Since scratching is a reciprocating motion of the fingers, the
sensor extracts the cyclically changing peribds as scratching
time in its data output.

IV, EXPERIMENTAL RESULTS

A.(Case I) Results of scratching right chefek
Figure 4 shows the results of one period of scratching of

right cheek. From top to bottom in the Fig.4 (a) shows ey(s), .

en(D), eq() and in Fig.4 (b) shows Pu(2) and}P,.(t).

The subject scratchied between about 4 s|and 7.5°s. At the
beginning and end, from about 3 to 4 s and 7.5 to 9 s, the
subject’s right arm was moving, which generated a large
change in the output from all sources. Wheh the subject was
resting quietly, the output hardly changed. All sensors show a
cyclic change following the scratching motion.

Between 0 and 3 s in Fig. 4(a), since the subject’s hand is
stationary beside his body, The sensors ehl(t), en(?) and eq(0),
therefore detect the heartbeat component. The wave shape
between 3 and 4 s cotresponds to the hand ¢1otion toward the
face. The wave shape between 4 and 7.5 s corresponds to the 20
times of scratching motion, and ew(f), en(f) and eq(?) is
synchronized with the scratching motion jand shows large
cyclical fluctuations. The compatison among ew(?), ex(f) and
en(?) shows that the outputs from ey(?) and ey (f), which are
closer to the head, have a larger-amplitude wave shape than
those from eq(?), which are closer to the feet. Moreover, the
output from ey(#), which is positioned beneath the right side of
the head, becomes the largest among the three, since the subject
scratches his right cheek. Therefore, the %more distant the
piezoceramics sensors :are from the scra;tching point, the
smaller their output signals are. The wave shape between 7.5
and 9 s corresponds to the hand motion retuning to the original
position, During this period, rather smooth fluctuations appear,
similar to that during the period between 3 and 4 s, Between 9
and 12 s, the subject’s hand once again becomes stationary
_beside his body, and the heartbeat component is also detected
again.

The length of the scratching period can be confirmed as the
output signal changes with the scratching motion. When the
subject’s hand is stationary, both Pg(f) anjd P(¢) fluctuated
slightly centering around 0. Both Pm(f) and Py(f) largely
changed due to the arm motion, and slightlx‘y fluctuated in the

minus| area during the scratching motions. The Pg,(#) change.-

towarc%l the minus means the subject’s center of gravity shifted
towarcii the pillow, and the P4(f) change toward the minus
means the center of gravity shifted toward left: These gravity

changes correspond to the motion of the subject’s arm.

Voltage [mV]
Sod!
K

“Time [s}
(a) The outputs of piezoceramic sensors

" Integrated values [mVs] -
Lbomwar Ahona

. (b) The imegr;ler(rl| 35\]15 of the outputs
Fig. 4 Results.of the scratching motion:of right cheek by righthand

B.(Case 2) Results of scr_atching subject’s back after turning
over .

Figure 5 shows the results of one period of scratching of the
back. From top to bottom in the Fig.5 (a) shows ey(?), en(?),
eq(?) and in Fig.5 (b) shows Pg,(f) and P, (?).

The subject, lying on the center of the bed, turned over
toward the left side of the bed, scratched the back, and returned
to the|lying position on the back.

The output signals during the scratching fluctuated in
synchronization with the hand motion, as with the scratching
on the face. But unlike the scratching on the face, large
fluctuations were shown before and after the scratching motion,
due to the turning-over motion. Before the scratching, the
sensors on the left side of the bed, eq(f) and eq(f), showed
positﬁ/e output signals due to the subject’s turning over toward
the left; and the sensor on the right side of the, ey, (f), showed
negative output signals. Afier the scratching, the subject turned
over toward the right and returned to lying position on the back.
The output signals from the sensors became opposite from
those before the scratching: sensors on the left negative, and the
sensor on the right positive.

Pu(d) largely decreased due to the turning over toward the
left, apd .increased as the subject feturns to the original position.
As the arm movement during the scratching was small, there
was little change in the center of gravity of the bed. The change
in Pg(#), though small, corresponded with each motion.
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Fig. 5 Results of the scratching motion of the subject’s back by right
hand afier turning over

Integrated values [rnVs]

C.(Case 3) Result of the scratching left side shin by right foot
Figure 6 shows the results of one period of scratching of the
left side shin by right foot. From top‘ to bottom in the Fig.6 (a)
shows ey(?), ep(f), eq(¢) and in Fig.6 (b) shows Py (f) and Py(0).
As with the scratching motion above, cyclical output signals
cotresponding to the feet movements can be confirmed. When
the feet move, the outputs from the sensors near the feet
-becomie larger than those from the ones near the pillow. The
integral results showed the. amphtude of Pg(f) was larger than
that of Py(?). Since the scratching motlon of the foot is in the

head-foot direction, the output of Pg(0) largely changed |

corresponding with the motion. As there was little movement
toward right or left, there was little change in Py(?) due to the
transfer of the center of gravity, either.
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Fig. 6 Results of the scratch motion of the left shin by right foot

V.DISCUSSION

. The measurement. results from the scratching motions all:
showed cyclical signals with relatively large amplitude, which
enables the .measurement of the length of the’ scratching
motions, The length of the scratching motion is correlated with
the gravity of the skin disorders, and its index, TST%, can be
obtained as shown below.

"~ Let the total measurement time and the total scratchmg time
- be T, and T respectively. The TST% is calculated as follows

TST%:%S.xlOO

-tm

 This enables the unéonstrained measurement and evaluation
of the.scratching motions while the patients are asleep.
The sensors are set beneath the bed, so there is less
awareness of their presence compared to conventional bed
. sensing and scratching monitoring systems [1]-[12].
In the case of skin diseases characterized by itching, this
method enables. contact-free measurement of scratching
frequency during sleep, which is normally very difficult to
ascertain. This system can measure the period of scratching -
motion, and calculate the TST% for monitoring and the
acquisition of detailed information.
The Pg(f) and’ Py(f) in the equation (1) enables the
acquisition of the data on the transfer of patient’s center of
gravity on the bed due to the body movements. The data can be
applied to the estimation of the scratched area from the body
movement before the scratching,
The positive and negative output of Pg(¥) correspond to the
head-foot direction and the foot-head direction of the transfer
of the center of gravity: The positive and negative output-of
Py(f) correspond: to the left-right direction and the right-left
direction of the transfer of the center of gravity. If the Pp,(f) is
larger than the Py(7), the scratchmg is with a foot; and if not, it
is with a hand.
The amplitude of Pg,(f) while the foot is in a'scratching
motion is larger than that of P4(f), because the output signals
from the sensors near the feet are larger than the output signals
from those near the pillow. Further enhancing the difference in
the amplitude are the facts that; 1) there is little transfer of the
center.of gravity to the right or the left; and; 2) in the equation
. (1)y Pu(®)-only uses the output signals only from the sensors
near the pillow for the calculation, while Pq(?) applies the
output signals from those near the feet,
. As the experiment in Case 3 shows, the proposed system not
only -enables the .measurement of the itching through the
scratching .motions, but can be applied to observe abnormal
motions of the limbs such as those accompanying the restless
legs: syndrome, which can cause insomnia, The proposed
system has great advantage in its capability to carry out such
‘measurements without directly touching the sleeping subJect

o VL CONCLUSIONS
In this paper, we proposed a novel sensing device using
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piezoceramic sensors to measure scratching motions in an,
unconstrained manner while the subject is sleeping. This device

metal plates and placed under the legs of the bed. This device
can measure micro-vibrations produced by
motion of the subject on the bed. The TST%, an important
index for evaluating the scratching motions, could be
calculated from the signals measured with the ceramic sensor
devices. Furthermore, using the integrated value of the

a change in position of the person on the bed could be detected.
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Signal Processing Method for Extracting
Scratching Time

T. Shino, Y. Kurihara*, S. Nukaya, K. Watanabe, Member, IEEE, and H. Tanaka

Abstract—This paper describes a novel signal processing
method for extracting scratching time. Scratching motion is often
monitored in various ways to evaluate an itching which appears as
a symptom of various diseases. It is known that the altitude of skin
diseases accompanied by itching is related to the length of the
scratching time. Various studies have been developed to measure
the scratching motion. And we have proposed the bed sensing
system which is able to monitor heartbeat, respiration and body
movement involved scratching motion while a patient is sleeping
on the bed. In this paper, our proposed processing method, capable
of extracting the scratching time, is applied to many kinds of
measurement devices.

Index Terms—auto extraction, total time,
noninvasive bed monitoring, piezo-ceramics.

scratching

I. INTRODUCTION

TCHING can develop as a symptom of various diseases

affecting patients, who scratch the itchy points to alleviate the
itch [1]. However skin inflammation can become worse from
the scratching [2]. In the case of skin diseases accompanied by
itching, an evaluation of the itching is important; this aims at
diagnosing the gravity of skin diseases and monitoring curative
effect. There are various measurement sensors which are
developed for this purpose [2]-[3]. In general, monitoring the
scratching motions is used to evaluate the degree of the itching.
The scratching monitoring is based on the theorem that the
gravity of skin diseases accompanied by itching is related to the
length of the scratching time, and is effective in diagnosing skin
diseases [4]-[5]. Because patients can control the scratching
while they are awake, a more accurate evaluation would be

made by monitoring the scratching motion while they are asleep.

Recently, various measurement sensors have been proposed as
objective and quantitative systems. For example, they are aimed
at recording the scratching motions, or the acceleration of wrist
movement and its angular velocity. A strain gauge can be used
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to measure the expansion and contraction motions of fingers. An
electromyograph can be used to measure the electrical activity
of the muscles in the forearm. Other devices can be used to
measure the change in the pressure on the back of the hand or
the sound of the scratching [1]-[14]. We have proposed a
noninvasive bed sensing device, using sets of piezo-ceramics
under the bed feet, which is able to detect the heartbeats,
respirations, body movement on the bed, and other biosignals
[15]. The method for determining the scratching time, however,
is bothersome, as the scorer has to look at the output wave
shapes. This paper describes a novel signal processing method
for extracting scratching time. We applied the proposed
extracting process to the signals obtained from the scratching
sensors: piezo-ceramics sensors, a strain  gauge, an
accelerometer, and a gyro sensor.

1. SCRATCHING MOTION AND PROBLEMS

A. Characteristics of scratching motion and bed vibrations

Fig. 1(a) shows the vibrations occurred on the bed and Fig.
1(b) shows scratching motions and their corresponding
vibrations. When a subject is staying calmly, the hand of the
subject is not moving, but the bed is vibrated by cyclical
micro-vibration sy(t) produced by the heartbeat of the subject on
the bed. When the subject feels itchy, s/he moves the arm
forward to scratch the itching point. Then this arm motion
causes vibration sy(t) whose cycle is long. The scratching
motion oscillates the bed cyclically, and the vibration is larger
than heartbeat. Since scratching is a reciprocating motion of the
fingers, the sensor extracts the cyclically changing periods as
scratching time in its data output. We call this vibration to be
caused by scratch s¢(t). The bed also vibrates due to the forces
on the bed: natural vibration s,(t). When the scratching stops
and the arm goes back, sy(t) occurs again. Since the natural
vibration s,(t) could not stop immediately, two vibrations, sy(t)
and s,(t), overlap. After these vibrations stop and the stable
condition comes again, the bed is vibrated only by the
micro-vibration s,(t) of heartbeat. In practice, though heartbeat
vibration sy(t) never stops and does oscillate the bed, it is much
smaller than the other vibrations. So, other than under the stable
condition, the heartbeat vibration s,(t) could be disregarded. As
described above, the subject’s hand motion and the bed
vibrations during the scratching motion are characterized by the
frequency and amplitude. Especially during the scratching, the
signals are cyclical and larger in amplitude than the heartbeat
signal. These characteristics indicate that if the scratching
period T [s] could be detected out of the vibration s¢(t), we are
capable of determining the TST%, an index for evaluating the



(a) Vibrations occurred on the bed

Stable Moving hand| Scraching |Moving hand back| Stable
Condition | to itchy part to stable position | condition
Sn(t) Sp(t) So(t) | Sa()+Sn(t) | Sn(®)

(b) Scratching motions and each vibrations

Fig. 1 Bed vibrations from scratching motion on bed

itching. After obtaining the total scratching time T, we define
the total measurement time T, [s] and the number of scratching
periods N, and the index of TST% is calculated as in eq. (1):

N
ZTsi
TST% = % x100 1)

m

B. Sensing Devices

Fig. 2 shows the conventional sensing devices, described as
following:

Strain gauge measures degree of finger bending. It is fixed
along the index finger. The register value of this gauge changes
depending on the degree of finger bending. The measurement of
this register value makes it possible to monitor the scratching
motion. The register value of the gauge does not change unless
the finger bends. This device measures the signals sy(k), sy(k)
and s,(k) above.

An accelerometer and an angular velocity sensor are fixed
onto the forearm. These measure the acceleration and angular
velocity of the forearm respectively. The output of the
accelerometer includes the gravitational acceleration. These
devices measure the signals ss(k), sp(k), and s,(k) above.

Piezo-ceramics sensors are set under the legs of the bed and
measure all the vibrations of the bed. This sensor is with a wide
dynamic range and high sensitivity enabling the detection of
micro-vibrations from the heartbeat by the change in acting
force when a person is lying on the bed, and of vibration from
body movement without saturation. This device measures the
signals ss(k), sp(K), sn(k), su(k), and s,(k) above.

Accelerometer | =
Gyro sensor

Ceramic sensor
Foot of bed

Displacement and force

Fig. 2 sensing system

C.Signal processing

The analogue outputs from these sensors are measured and
converted into a digital signal named S(k) at a sampling time of
dt. The variable k is defined as the digital time. If the output
voltage S(k) is the linear sum of the each signal and
high-frequency noise s,(k) as shown in Eg. (2).

S(k) = 85(K) + so(K) + sn(k) + su(k) + s(k) O]

Fig. 3 shows the relation between the amplitude and the
frequency contained in the vibrations sy(k), sp(K), sn(K), sy(k), and
sy(k) respectively. According to the characteristics described
above, in order to extract the scratching period Ts, we exerted
the following steps. However, other sensors than the
piezo-ceramics sensor could not measure the heartbeat vibration
sy(k) or the natural vibration s,(k), so s,(k) =0 and there is no
need to follow the step 1 for these sensors.

(Step 1)

In order to attenuate the natural vibration s,(k), moving

average M(k) is calculated from Eq.(3). The value of q is degree.

M (k) 1 k+qs
- 2q +1i;q v ©

(Step 2)

The data for a certain period T are Discrete Fourier
transformed from time domain to frequency domain. The
frequency with the maximum spectrum during the period
separates the transformed data into the lower-frequency periods
and the other periods. The signal in the lower-frequency periods
is sp(K) caused by arm motion and other body movements other
than the scratching motion. The other periods contain the
signals sy(k), sn(k) and s,(k). This process continues until the end
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Fig. 3 Amplitude vs. frequency of each signal

of data, with the beginning of each T delayed by an interval L
from the previous T.
(Step 3)

The other periods which are interpreted as in Step 2 are
divided into sy(k), sn(k) and s,(k) using each amplitude. If the
signals for a certain period have larger amplitude than the
average amplitude value of past s,(k), these periods are sy(k),
which is scratching period. Otherwise, the signals are sy(k) or
Sn(K).

Through these three steps, the scratching time which mainly
contains the scratching signal ss(k) can be extracted.

I1l. VALIDATION EXPERIMENTS

A. Experimental System

Fig. 4 shows the experimental system. Strain gauge,
accelerometer and gyro sensor are attached to the subject’s right
hand, and piezo-ceramics sensors are set beneath the four each
bed foot as shown in Fig. 4. It is known that the more distant the
piezo-ceramics sensors are from the scratching point, the
smaller their output signals are [16]. The subject in this
experiment was male, approximately 170 cm in height and 50 kg
in weight, and did not suffer from any sleep disorders. We
explained to the subject in sufficient detail to give consent to the
experiment.

B. Experimental Procedures

We set the sampling interval dt of each sensor as following:
the piezo-ceramics and the strain gauge to 1 ms, the gyro sensor
to 2 ms, and the accelerometer sampling frequency to 204 Hz. In
this experiment, we asked the subject to scratch the cheek,
because patients with atopic dermatitis most frequently scratch
the head area as a characteristic pattern [4]. The procedure of
scratching is following:

As the starting position, the subject is lying on his back at the

center of the bed with his arms and legs straight, as shown in Fig.

4. The subject scratched his right cheek 20 times using his right
four fingers. He then returned his arm back to the starting
position. After a 5-s pause, the subject once again scratched his
cheek 20 times in a row. The set of scratching motions was
repeated 35 times. The total scratching time for all 35 sets is

‘& _Gyro/Accelerometer

Video camera
PC Low pass filter

Strain gauge

Ceramic sensor

Aluminum plate for cover

............. - Stainless
i | Brass metal
plate steel plate

50 mm

.25 mm

Fig. 4 Experimental system

defined as T, and the ratio of TST% is calculated. The entire
procedure described above was carried out using all the sensors.
While scratching, he pressed his fingers on the cheek
moderately. The series of hand movements were performed
smoothly. Sometimes he also turned over. In this experiment,
we setNinEqg. (1) to35and gin Eq. (3) to 250. Instep 2, T is set
to1s, L to0.5sand the threshold frequency was the lowest one.
Regarding the accelerometer and the gyro sensor, Z-axis and
Y-axis were monitored respectively, because these axes change
most largely. Using the results, Ts and TST% are obtained from
both the proposed and conventional extracting methods. The T;
defined from captured image is true value of T,. The root mean
square error (RMSE) [s] among the sensors were compared
using as reference the T, and TST% data obtained from the
video camera images. The error rate is defined from the ratio of
RMSE [s] to total measurement time T.,.

IV. RESULTS

A. Measurement result

Fig. 5 shows an example of scratching periods decided from
the captured images by reference camera, conventional method
in which scorer look at wave shapes, and the proposed
processing method. The gray areas mean the correct scratching
period T, defined by captured images. Fig. 5(a) and (b) show the
results of piezo-ceramics sensors, (a) is set under the head side
right corner and (b) is set under the head side left corner. The
results of two piezo-ceramics sensors set under the foot side are
the same as (a) and (b) respectively. Fig. 5(c) is the change of



the strain gauge fixed along the index finger, (d) is that of the
Z-axis element of the accelerometer set onto forearm, and (e) is
that of the Y-axis element of the gyro sensor set on forearm. The
conventional method needs the scorer to divide the signal of the
scratching motion from that of the other signals, especially the
turning over motion.

With (a) and (b), the subject stayed calm between 0 and 1 s.
At this time, piezo-ceramics sensor detected the heartbeat
component of s,(t). When the subject turned from the left side of
the bed to its center, between 1 and 3 s, the wave shape of the
sensor (a) under the right side fluctuated to the positive in a long
period. At the same time, the wave shape of (b) under the left
side fluctuated slowly to the negative. This is because the center
of the gravity of the subject on the bed shifted toward the left
side. In the conventional method in which the scorer looks at the
output wave shapes, the scorer was biased to misjudge that the
signal was not from scratching but from other body movements.
From 3 to 6.5 s, when the subject was stationary again, these
sensors detected the heartbeat component of sy (t). Between 6.5
and 7 s, when he moved his hand toward his right cheek, the
output changed slowly. While he scratched, from 7 to 9.3 s, the
output changes were cyclical and had large amplitudes, as
described in the second chapter. After scratching till 10 s, while
his arm moved back to the starting position, the output signal
contained the natural vibration s,(k). After the moving of his
hand, he stayed calm again. By the conventional extracting
method, the scorer had also judged the natural vibration s,(k) as
the scratching signal ss(k). Using the proposed processing
method, the scratching signal sy(k) can be separated from the
natural vibration s,(k), whose effect is attenuated.

Regarding the result (c), while staying calm betweenOand 1 s,
3and 6.5 s, and 10 and 11 s, the subject’s finger did not move,
so the output signals hardly changed. The strain gauge was not
affected by the turning over movement. The median of the
signal during the scratching motion was smaller than the other
periods, not because of arm motion but of his finger bending to
scratch. The changes of outputs during the scratching also were
cyclical and had large amplitudes, as described in the second
chapter. The proposed method, which applies the signal of
strain gauge, is able to decide only the scratching time.

Regarding the result (d), the signal of the accelerometer
hardly changed while the subject stayed calm; whereas the
output fluctuated largely while he turned over on the bed. This is
because the effect of gravitational acceleration changed with the
change of sensor direction caused by the turning over motion.
Before and after the scratching, his arm motion generated
low-frequency signals. During the scratching motion, the output
signal also changed largely and cyclically as described in the
second chapter. The proposed method, which applies the signal
of accelerometer, is able to define only the scratching time.

The result (e) is similar to that of (d). While the subject stayed
stationary, the signal hardly changed. When he turned over, the
output signal changed slowly and largely. Before the scratching,
the signal also changed slowly and largely along with the
turning over movement. After the scratching, the signal changed
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Fig. 5 Results of the scratching and turning over motion

slowly but smaller than before the scratching. During the
scratching motion, the output signal also changed largely and
cyclically as described in the second chapter. The proposed
method, which applies the signal of angular velocity, is able to
define only the scratching time.

B. Evaluation

Table 1 shows the RMSE and the error rate of each sensor;
and table 2 shows the TST obtained from each sensor, the
TST% and its error. The total measurement time T,, was 385 s
and the correct total scratching time T, was 179 s. By the
conventional extracting method, in which the scorer looks at the
output wave shapes, the wave shapes for the arm motion and for
the scratching motion look similar regardless the type of the
sensor used, making it difficult to divide the time frames. The T;
therefore included the time for moving the arm, resulted in
enlarged TST%. The RMSE of the four piezo-ceramics sensors
was less than 1 s, and the maximum error rate was 0.24 %.



TABLE |
RMSE AND THE ERROR RATE

Sensors Method RMSE [s] Error rate
Piezo-ceramics,  Conventional 0.40 0.10
head side left Proposed 0.68 0.18
Piezo-ceramics,  Conventional 0.64 0.17
head side right Proposed 0.74 0.19
Piezo-ceramics,  Conventional 0.92 0.24
foot side left Proposed 0.73 0.19
Piezo-ceramics,  Conventional 0.94 0.24
foot side right Proposed 0.79 0.20
Strain gauge Conventional 0.37 0.10
Proposed 0.53 0.14
Accelaration Conventional 0.64 0.17
Z-axis Proposed 0.83 0.22
Angular velocity  Conventional 0.31 0.08
Y-axis Proposed 0.54 0.14

Regarding the ceramics sensors set under the foot side, the
RMSEs of the proposed extracting method became smaller than
those of the conventional method. The errors of TST% obtained
from the proposed method became smaller than those of the
conventional method. With the sensor set under the foot side
right, the TST from the conventional method was long, while
that from the proposed method was short.

Both RMSEs from the strain gauge set along the subject’s
index finger were less than 0.6 s; both error rates were
approximately 0.1 %. The TST from the conventional method
was longer than that from the proposed method, which in turn
was shorter than correct TST.

With the T, of acceleration, the error rates obtained from both
methods were about 0.2 %. The TST% calculated from both
methods were at the same level.

Regarding the angular velocity, the RMSE from the proposed
method was longer than the correct time by 0.2 s, and the error
rates calculated from both methods were approximately 0.1 %.
The TST of the proposed method was shorter than that of the
conventional extracting method.

V.DISCUSSION

The errors calculated with the proposed signal processing
method and with the conventional method with a scorer’s
observation are at the same level. The proposed extraction
method can separate the scratching motion from the other
motions, thus making it operational without the judgment as to
whether a signal is caused by a scratching motion, whereas this
judgment is needed for the conventional method. With the
conventional method, the main reason for the T error is the
difficulty to separate the scratching motion from other motions
before and after the scratching. With the proposed extracting
method, the T, error depends on how long the period T is set in
Step 2, or how to compare the amplitudes in Step 3. Step 2 is the
process which separates the low frequency signal sy(k) out of the
data obtained for a certain period, using its peak frequency with
the data acquisition delay by an interval of L. In this step, the
beginning and the end of T, required elements to calculate

TABLE Il
TST, TST% AND THE ERRORS

Sensors Method TST [s] TST%  Error [%)]
Camera Conventional 179.31 46.57
Proposed - - -
Piezo-ceramics,  Conventional 176.12 45.75 0.82
head side left Proposed 168.50 43.77 2.81
Piezo-ceramics, Conventional 186.17 48.36 -1.79
head side right Proposed 184.50 47.92 -1.35
Piezo-ceramics,  Conventional 204.36 53.08 -6.51
foot side left Proposed 187.50 48.70 -2.13
Piezo-ceramics, Conventional 201.51 52.34 -5.77
foot side right Proposed 163.50 42.47 411
Strain gauge Conventional 185.24 48.11 -1.54
Proposed 174.00 45.19 1.38
Accelaration Conventional 162.62 42.24 4.33
Z-axis Proposed 160.00 41.56 5.02
Angular velocity ~ Conventional 177.78 46.18 0.39
Y-axis Proposed 169.00 43.90 2.68

TST%, depend on the period T and the interval L. Therefore, a
shorter interval enhances the resolution and accuracy of T. In
this experiment, the reason why the TST of the acceleration and
of the angular velocity were judged in a shorter period also lies
in the interval L. Step 3 is the process to compare the amplitudes
of sy(K), sn(K), and ss(k) with the average value of past amplitude
of low frequency signal sy(k). However the changes in the low
frequency signal s,(k) were different from each other; the Step 3
could be improved to be adapted to each sensor.

VI. CONCLUSION

In this paper, we proposed the signal processing method for
extracting the scratching time, and applied the method to the
piezo-ceramics sensors, the strain gauge, the accelerometer, and
the angular velocity sensor as conventional sensors to monitor
the scratching motions. The base of this algorism is the
characteristics that scratching motion generates cyclic
larger-amplitude vibration and signals. This processing is able
to calculate the TST%, which is the index of scratching
evaluation, and its accuracy is the same as the conventional
extracting method in which a doctor looks at the recoded wave
shapes to decide the scratching time. In the case of using
infrared video camera, calculating the TST% requires
significant time, about the same as the measurement time. The
proposed extracting method enables to extremely shorten the
time to calculate the TST%. In summary, the proposed method
can shorten the calculation time of T, and keep the accuracy of
extracting the scratching time. Shortened the calculating time
could relieve the doctor of some burden and increase the time to
care the patients. The proposed method can also be applied to
the electronic medical recording, and there is no fluctuation due
to the scratching time judgment, because it is digitally
processed.

Our future works are the optimization of Step 2 of the certain
time T for Fourier transferring and interval L for the
determination of the TST resolution, and the development of
comparison way for Step 3.
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