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Fabrication and Evaluation of Sensor for Measuring Pulse Wave
Velocity using Piezo Film and Conductive Textile

Jungchae Kim!, Sun Ha Jee2, and Sun Kook Yoo3+

Abstract

Arterial stiffness is causing the serious problems for human who is suffered from hypertension and metabolic syndrome. So it is
important that measure the arterial stiffness for early prevention. Many researches point out that pulse wave velocity(PWV) is the reliable
and simple method to predict arterial stiffness. In this paper, we developed the sensing parts that detect the pulse wave and ECG by using
piezoelectric film and conductive textile with elastic band. Our system could detect 3ch pulse wave and ECG. Simultaneously, our
algorithm extracts the features for calculating the delays among pulse waves. The delays are the significant parameter to estimate PWV,
thus we design the experiment for evaluating the performance of our sensing parts. The reference is PP-1000(HanByul Meditech, Korea)
that is good for performance evaluation. As a result, the start point of the pulse wave was the most reliable feature for comparing with PP-
1000(r=0.691, P=0.00). The results between two operators showed that there is only a slight difference in the reproducibility of the
devices. In conclusion, we assume that the suggested sensor could be more comfortable and faithful method for arterial stiffness.
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O QI AT Agto] MY ulgo] Fste Aol kA,
F 3 (arterial stiffness)E AEA 02 el & 4= A= Al
g6} SR %7} wobA|aL Slek5,61,

THASES S A AT A% 27)ATE 9f%t 7
[l ol &7 WHAlo] whef 25ukE o]§-ste] E it
Y5 5719k o] A4 9| HEkE 45 AL, 599 YA
T Fkehs Wubdut e (Pulse Wave Velocity; PWV)E 3
Aok= ‘jo“%ﬂ 5% E“—HQ] W} e 5 #Aok= Wi (Pulse Wave

1000(HanByul Meditech, Korea), VP-1000 & VP—2000(Colin,
Japan) 5°] It} 249 A= F4
AR 98 00, A&7t 57 S 4‘5 %‘ﬂi’éiﬁﬂ =7t
Shehal A A Qiek. skA|Rh dEsk= PWV $47]7)= AA9f 2
719} WAl SHoA Frhgo® ARgsl7] ol At ©f
£ B vy &2 3719 VS-1000(Fukuda, Japan)<
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Carotid—Ankle Vascular Index(CAVI)®} Ankle—Arm

Index(ABDE, SphygmoCor Vx(AtCor Medical, Australia)+=

Augmented Index(ADQ] 7 HIAE AAlete] FHAS =S

A}, sk ol gk A QI QEAS} FWAS T o] A4

of st} AR Aoz gets] Bref ek gicHg) 12t

Zu]o] 2719} vl ApA|shal FHAEE SR 7 8
afjo

3 Ao 2420 AFL B

B3} ol Mol A= S HAlolghs 240

B A4 gl T4 PWV 24 AR E $let AlA At
4 1 A% gt Bt Aol WA, Wu} AlS AAZE gHEE
AA(SDT1-028K, Measurement Specialties, Inc.)& AR5

t}. SDT1-028K:= LEER] Al oy -3l Wgw|a u): A
e F7 Fojglo] Wtdol Hojuth &l A= S4e
et ASE A=A A2 A shelom gd=e] 31 Heof ¢
Aol 1270 l Helste g AASHIT, Wt AS AlAe HAe A=
A ABAH)E Az A 8 Az T AolEo] Wik o]
2 010}04 PWV A& Aulo] 972 = 2=Ae) 7F 2,

A ATH= PP-100000A4 57 E= Hul Ho] 2] AAIZRS: vl wst

e B7He 473 sigleh o] W, 54 A5 Table 1914 & 4
150] Carotid-Femoral, Carotid-Radial, Femoral-Dorsal
WV 570l D ast Wuks s4jste] A8k,

30 2 J

"U

HAMY #5072 flgWo R FF7} YoM FHE 55t
orgo] AdE= AL Muk(pulse wave)2h 3HH, o] Sdo| 2Lt
7te g& mHA AA & £ 9l Fig, 19 %Zdé%"iw
(SDT1-028K)oll a7} ALEH Al(1)of oJgt M714 57} iy
slA ik

v = kf _ kfx m
C g6 A
where,

v . Voltage [V], k : piezoelectric constant [C/N]
f: Applied force [N], C : capacitance

&g, - Dielectric constant, A . area, X . distance

AL EAA Q] HH(A)= 28.6 X 11.2 X0.13 mm o]t £
A3 20 mV/g olch, o] A 58 &&= 4 0°C~170°C
oA AME7Hs sk, 1e]a, 2 AlA o] AFat SH4E e

JSST. Vol. 21, No, 2, 2012

9Jate] 10 MQ 3-8 1 o)Al Q& AetS AR ok atrHg),

Table 1. The name of pulse wave velocity and related

pulsation points
Name PROXIMAL Distal PP-1000
cfPWV Carotid Femoral (0]
crPWV Carotid Radial (0]
fdPWV Femoral Dorsal (0]
brPWV Brachial Radial X
baPWV Brachial Ankle X

Housing

f”;{vwwm«.wvx Piezo Film

UAAAAAAAAAAAA, at g

’/f//////////////////////// Silver Coat
LLLL i

Housing
Protective Coat

Fig. 1. Composition of SDT1-028K (Measurement Specialties,
Inc.) ; Housing, silver coat, and protective coat are for an
electrostatic shield, and also protect the piezo film from
mechanical stimulus.

2.1.2 M¥=(electrocardiography, ECG) &3

%= 54 Al R-peak7} YELH 244 553t o E
S o2 ot o]z sl H4l A dEo] e 4
B} o9, 5 MK aortic valve)o] BEjal, o] &7to] Wy
7t WO REE YxFWoR Hupr} AZtE= 7toltt, o]
g ol E £ Aoie HAEE A 7 BldlA 54 He W
o Az Ae 7|3 o8 A siglnt, dntdos AHE SAS
93t Ag—-AgCl A= Adl & (electrolyte gel) AHE-ol= tl&H
ol EEA AolH, wheha TRet H= Ato]o] HsjA /ol
L R R o i e i A 01‘?011*1h Fig. 20l FAIF A&/
f(conductive textile)s A4
electrode) @& ARG8T}, 714041 % HHE Ao 7hsshH, 3
=9 Fs Eol7] ot YRUAZHS FUsHA frAIsfoF et
9], A=A A= “P—OW % T Rek 24 HEeh AAE

=A< $J3le] B, £5(), WREND)IH AHA7IAES 4

*J%Ol

A=(dry and conductive

o
%

Fig. 2. ECG is measured by dry electrodes based on conductive
textile. The electrodes are attached on neck(-), wrist(+) and
ankle(GND).
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2.1.3 MM 18 fst 7|78 mIE
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B H=m9] Internal snap < A=A A4
HAE 8t External snap o I
mHolo] Az oulgs 7tAS Ho}oq 3X3 ecm(IZ X A2
o] 372 Raksldri9), o]d WAl0R Figure 3(b)Q] =
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(b) Elastic bands prototypes for neck, wrist, and ankle

Fig. 3. (a) It shows the composition of the assembled conductive
textile with elastic band. (b) The prototypes with
conductive textile.
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Fig. 4. The dual sensor (DS) is represented with prototype and
conceptual design. Each sensor can be movable
independently.

2.2.2 A& st=slof 7L

£ Aol A At sk AR S Wuteh Al - Eolet o
3|2 F3t 3k 0 Hz ~ 15 Hz, 0|5 40812 H;q]—s}mq A
Ae= B3 23l 0,5 Hz ~ 150 Hz, ©1%5 1000819] 28 A2
% 60 Hz A7 Notch ZEE -3l Fig. 49| A EAA
9] 7]12 A1 (PW GND)2 oFd 21 HX|(AGND)2} LE-Ech

ol FHFEAA £ A5 7% ghomut AFSE Fig, 59
M| HutAS 327} o5 FR-3tet, 229 A AFRE Table 2
o] f.oFaoiet,

Table 2. Design for instrumentation hardware

Target Bandwidth Gain Sampling rate
Pulse Wave 0~15Hz 40 1000 sps
ECG 0.5~150 Hz 1000 1000 sps

AZ A2He] HAAE Fig. 5ol &8st AlS AlAES 370
o] wim} 2o} he] HHE FERE LA skt 2 F R &
Al&+= NI USB-6216(National Instrument)?] oFg=1 1= A
Yol ¢17 =}, NI USB-62162 USB ¢IE|#0|AZ &3t} PO2}
gojg] FA1& 3, USBE §oto] A9 M3t +5 vV e &
o] 7k 7t opd R U Ad v Fet HEo] 9l
o NI USB-62169] +5 V A 82 95§ DC-DC ZIHE
(G0505D-2W, MORNSUN)E E3te] opd@ 1 sjzot [ ¢
AR} o] RofFIet, &, BEjHoR AFE} AS S22 A
4, AA= o] Al AF Al 714 g BAsict

Alzo) 30 A | £ AN AolES ol gatgltt 181
AR Aol A Wuel AHE AT R Lol 7 A g2z Ad
He}, AAES 49 8 £E dEA BE A5 24 Holof
stk 7 A 3|29 288 NI USB-62162 ©]-83t¢f 1000
samples/sec 2.2 PCE 74 4 A% ) NI USB-6216= USB
2 AYS Furon] EAo] PO Ho|E S Agdic) 2 o
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Sensor
Stage

Instrumentation and data acquisition

Plll‘v( Wave
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NI USB-6216
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Fig. 5. The block diagrams for entire system.
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= Aolt}, whea], At o]9]Q] M= efstA] JdgtoH, o]E ¢
3101 At 000 & B2 EloJEH|o] 20 A 23 FE3}9IT
Age 9lsto] A5 (carotid), L& 5H(radial), HEEY
(femoral), ZHl5 % (dorsal) oA Huks 383t o]+ PP-
1000(HanByul Meditech, Korea)ollA &4 3h= $IX|9} 5 Uatct,
ARlE Rsl7] A A3t dlolelE 4ab] flstel 7 Alet
Slofl A Ajteh= AR 220& g aL2stelthT]
AT PP-10007} 2 Aol 7id oF ANE g Ak A £

skl Ao F ulofA] HlolelE s=3stoitt, 121 vhaat 2
2 N2 LA o2 AP st F A2 A3} 2"

A A 245 Muo] At & 2E617] Yate] theal 72 &4
2 gojelE 448t Phase I 2 AW, 825 W, +HH5u“°ﬂ
A Wuks 2308}, 12|l Phase 2 & 9@%&“4 —E—i
/\i_ tHE]EﬂH o= £7;] E/\]oﬂ uﬂvq-._ /\7\151.1;],
=] A= A AL A EAIA Y HX]U}
o] IAYf AZZF A7) FreF Aesiglo
PP-10002} PRSI 4 & wimts E71§} aolck. A
T4 Fig. 601l YERASIT

Data Set

1 T r Pacse Fi e

Num. of R- peak [N] Low Pass Filter

Cut off frequency

20 Hz
Sample block of [ l
—» ata se sStwee i - -

pdi:l'] bf'l._b]('ll‘l‘\;tfrj Band Stop Filter
Ry Interya Cut off Frequency

1 59~61 Hz

Pre- processing €

l abs(Differentiation)

. st 2
— Feature Extraction [ Detecting MI
g l
‘ 1. Zero- crossing
Detecting FP
- . 2. Tangent intersecting
Delay Calculation Detecting SP

Fig. 6. The features are MP(Max slope Point), FP(First peak
Point), and SP(Start Point). This figure represents the
algorithm.
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919 06 B0 § 159004 124, 044 39 4k 4
FuolA 2714 $579] delE skt Aol 7kt o at
9] A= Table 3°ﬂ Aefstelct. WA, Age g7 Ade A
Abgol o<t AL IR 2HAS AL F 33 o AYS
Fopoich, 1ea ooz AN H7E AL AR o] olsehA] &
© 299 HARAZE o) AR AT 52 o eAbd e
FUT AL 02 3914 SshES St
Table 3. Biographical information of subjects
N=15 MeantSD Max Min
Age(year) 27.78+4.6 37 22
Weighttkg)  67.11+12.86 88 50
Height(cm) 171.78+6.70 184 160
Sys.
+
BP(mmHg) 126.33+8.44 140 116
Dia. 82204731 92 71
BP(mmHg) ’ ’
Phase 1 Phase 2
DS1[Carotid , ECG(-) | ??; DS1ICarotid , ECG(-) 1
f" L‘\
|’ iy _‘
DS2[Radial. ECG(+)]  ¢/f< @ ® DS2[Femoral. ECG(+)]
W
DS3[Dorsal, ECG(GND)] ¢ ® DS3[Dorsal, ECG(GND) ]

Fig. 7. Experimental design is described in this figure, and the
pulse points are marked at selected points on anatomic
position.

AHIEAIN = FH Q7be= () Ee dE @)l s A
25 WAL &, B R ?F—H Hgl7E 22 Fote] 4
a2 A H Fo] FHIFANE WIAH =N WG A
ojch, webA, YHIBAN T A= Ao ofguuto l—l%#
oz ZAHTHI6), Fig. 8 PP-10002] Tonometry AlAZ
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A E o wmtet 2719 vy e glek 12 Fig,
90l LB of ot W} 3ad ) HAE 1219 o] 2 1000
sample/sec 9] £EE HolE7F SAlo 47 € A0S B 4 9]
o}, agAke g wiulo] g 7] AHE O R-R peak Ato]oflAl &
AEh= 7L sho] 8 2 Qi) 2|1 sjHetR o AR slo g
FE 2 AL 8ho] 3} 2= 9t}

E

5lo] &
3t 2)90] Wbk WA £ 4

n:>4>

Fig. 8. The pressure pulse with tonometry sensor and its first
derivative wave.

Fig. 9. The results of signal acquisition show that our device could
simultaneously measure (a) ECG, (b) Radial, (c) Carotid,

and (d) Dorsal.
312 SuH 25 Ymals 4% A

Flg 102 Fig. 69] dargjsgo] gJsto] =41t Ao E4HE
% ot 2435 e WA, R peak® £2] H Sample block
OHH 7 3749 EZJZE'.‘ SP, FP, MP)o| 3&%]1, PP-10002 At
£ vlusp] flsto] A DollA 75 W- 255 (carotid-radial,
FAN T AE 2)0l|A o%‘%“ o &5 H (carotid—femoral, &),

Fig. 10. This figure shows the results of feature extraction
algorithm. The features are represented by marking with
pulse wave.
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0| 52~ 2 (femoral ~dorsal, SHA])ollA1e] Al 545 & o

—4’14 0]/\] 2k (4 tpzem—MP/FP/SP)% _%_%‘8]‘93‘]:}

3.2 MM 4SE7t

Fig. 10% giulo] vjRutee| djdsles AvE el & 4
et 71& Aol 2JsHd Tonometry AA=E &4 H Wake] 12}

Al /\]XW = 1ntersect1ng tagent tH[11 171& o]g-ste] 2
A

o A = 74] ‘?_PE} 19,
45301 orejwute] wjEukaolet U
JA SPe= 14} 45119 AR, FP=
12 A1k A 7]%7]X4 Jea MPe oEWate] 12} 53
ol g-&-etciH(18], 3HA%E Tonometry AIA(PP-1000)2F &
AN e8] A% ‘ﬁr AlAf o] S 2 4x7} *P°]°P‘:’§, ZARs
gz IOW & 4= SIThH). ThetA,
A4S tet “%‘ Ans

Flg- 1 Atpp—lOOOX "'i'T) j”} 4t p1e70—MPy 4 them—FPs 4 tp1e7o—SP

%) w2 RS BB 7 Fig. 119 24 7127
7HQ Aoz, 2] dold s 7 A At 9T 45
olet. olofl et Ay, 10002k Abyieso-ypirpisp & T T

Pearson®] AHHAEA ATHE Table 49 Ae|stolch 1 A7,
Atyieso-yp e D €0.02, Abyey-ppisp= p = 0.0009] foJ2HE
oA BAH 02 Solujghe Shelaleltt, o 744 H, < A
3 &S uf3tt). Pearson® AHATE Atye0-sp 7t
0.691, Ates0-pp 7F 0.407, Atp0-yp 7+ 0.216 ©]2H,

Abiermsp 7 Aty 00 B FHE FH AFTAZ BT,
Table 4. Statistical analysis for three features
MP FP SP
Pearson’s
. 216 407 .691
Correlation
p-value 017 .000 .000
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At PP-1000 (mSec)

At_SP (mSec)

T T Y T v T v ¥ ¥
7000 W00 000 10000 19000 12000 13000 14300 15000

At_PP-1000 (mSec)

Fig. 11. The At comparison between PP-1000 and Piezofilm by
using MP, FP and SP.

322 &% 2908 HMMSEA 21}

SA47 ¥ AR At SPE o83 A $40] PP
10009] 2742} 7H4 35 AHTAS RS & 4 ek o] Aol
A SPE ol g3lel A H 5918 vskrlol Az PP-10003}
Haach, Fig, 128 AI(AEU-0.259), 5 (350
S5, S e 5u- S E ) 02 PP-10009] AE /1%

O 2 AEPE 95 % oA A YT, AR Y] Bt LAl
7.4 %, HeHo] Bt L= 4.3 %, 121 3A]9] Bt k=
8.3 % olt}. Z+ H4¥ al=(Mean+SD)2 Ao Al 0.359+
5.83 ms, HEMofA] 0.884+3.87 ms, 5FA|91A] 0.825+7.94 ms
arct =34 H_(Htﬂ /\1]/\1/\5]‘5_15!_/;41 754 EHEEHOﬂ/“] 7};} zo Heo

A wh, SO A ATiA ez 2 o7k SAE .
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10,00

11

6.00

. T

X4 (%)

0.00° T

‘ r
=34 [FE BiXI
LD

Error Bars: 95% CI

Fig. 12. The pulse transit time for three types of arteries is
described in this figure. The aorta shows small mean error
and variation than arm and leg artery.

3.2.3 AEX1Z riid Hot

AAAL 2F Q@A vlastr] st b A5 H SPE o]8s
o, PP-10002 AL FAAE o83 AulE HAFRF A% B7F OF
108 74 08 5 g FAlof Bl F2ksto] g 33] A
3 AAERIT) A%l Aabe= Table 500 A2jstgith WA, A=
PP-10000] ~0.85+3.77 ms, YHALEAA7} 0.95+3.27 msO]
t}, tf5 W2 PP-10000] —0,78+3.18 ms, GHZEXA 7} 0,27
+2.70 msolt}, 3}A%= PP-10000] —1,03+2.32 ms, ¢FAZEA
A7F -1.5144.42 ms ot} 4 Aa} AL EMAE o83t A
/o] PP-10002}F 2 2fo)7} gl elskitt,

Table 5. The results for reproducibility between operator A

and B

(mSec) PP-1000 Piezofilm

Car-Rad -0.85+3.77 0.95+£3.27

Car-Fem -0.7843.18 -0.27+2.70

Fem-Dor -1.03+2.32 -1.51+4.42

4, 8=

S Aol AT 2B NPHLS oZ T 4 Uk Fa
ARjoleh, A7) 287} 2 ok MAS 0|83 wA5H S
o] g3 5 A3t Ak o] wo] 2 Elojgitt, 11 FojlA, o
YL (Pulse Wave Velocity; PWV)7F GAM o2 A=A 9l
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