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Flexible ultrasonic transducer array for arterial blood pressure monitoring

Liu Chang' ,Sun He',Ren Jiahao',Cheng Huanyu’,Xie Mengying',Liu Yang'

(1. State Key Laboratory of Precision Measurement Technology and Instruments, Tianjin University, Tianjin 300072, China;
2. Department of Engineering Science and Mechanics, The Pennsylvania State University, University Park, Pennsylvania 16802, USA)

Abstract: As one of the important vital signs, blood pressure is a risk assessment indicator for cardiovascular disease. Central arterial
pressure has a strong pathophysiological relationship with target organ damage and cardiovascular disease. Arterial blood pressure
monitoring has high predictive value for cardiovascular and cerebrovascular events, which can provide a basis for clinical diagnosis, such
as human cardiac function and arterial elastic characterization. The proposed ultrasonic piezoelectric transducer array has the
characteristics of flexibility and being able to fit the human neck compared to traditional rigid ultrasonic probes. The 1x 16 linear
ultrasonic transducer array with low frequency (2.5 MHz) and high frequency (4.5 MHz) is produced and compared. Both arrays are
imaged on ultrasonic phantom, with penetration depths of 90 and 40 mm, respectively. The transducer array has achieved continuous and
repeated blood pressure detection of the carotid artery in the phased array-focused emission mode. Compared with the measurement
results of the medical central arterial pressure detector, the average relative error of the blood pressure waveform measured by the flexible
array and the medical detector in the resting state is 3.83% , and the average relative error after intense exercise is 5.47%. The
measurement results of the arterial blood pressure waveform are accurate and the medical value is rich.

Keywords : flexible ultrasonic transducer array; ultrasonic imaging; real-time blood pressure monitoring ; arterial waveform characteristics

AR YIARDE S Bt W T RS g A S
B EARAL A7 B T4 0 il L B B RE T, A
PRB J2 RS A ) o b SRR b e R Bk, bk sh

ﬂ%mr%%ﬁmﬁwmfﬁ%%ﬁﬁ BrRT M ST T eSO W AEANER K TR
(B, BT R ELMI R 5 5 A2 e S0 A R & PO SRR HE A T B A T e A I R A

0 3l

T

S H 9. 2023-03-07 Received Date; 2023-03-07
* FEAIH  E R A RFLE R4 (61773283) T H 9T B



226 f# £ ¥

a4t

E, S BkEE T 3k, HE g il 42 5 B2 b e 5
WK T . BRI, 36 8 30 80 BikVE b 30 2 1 e 0 79
POE"-38

Foe UL A I T T Sl v A R v
FNWFIS A, wli 2 FURE ) B B it ot R 1, 9
— PG R T e sh kS B A AR K 2h bk 54 A
BBk, 5 — kM R A R i e i S i
ik PRI 32 i T i ) T R e R o I B AR
BRI AT BER I K AE , AGE A 16 TG B A I e A5
H H el B Ui Ay TR R AT I i S
D AR L, oA S i FE 5 T e A O, 2R
BEE A A8 28, 8 i 20 AMA B 0 A I AR
KR , HARIEIE Ry E i R e AR, A
B A U A0 ] 0 3 A 2 o 2 4 e Tk U
WA KU1 o —Bh AR 4R A D 9 2 T B )
2, Nt 0 3 o8 20 ok 3 T AE - i 2 g 4% IR ol I 2 3
JRE D SR, AL B T TR g A A o R O
Bz 2s s i R, B T AR R S
AR 3 v A | 35 B 9 i Al B 2] T T2 8
FgE ) kP g E AR ] 2 AME B R e S 2
V) 4 EF [ 0 SR A, 300 2o A U 22 o 2 0 5 1S ik v A% i
FIIAF ] 5 1 R 22 18] (4 56 B AT 7 ot s ) e o A
TR A IR BN [F A S BRI A B R Y
R, 5 HE T AR H B 240, 3 86 Ty v 5 i AR B
38 sh O UER, S g T 5 R T 00 B E TS 3hi
T IR I b, 5 T 25 0 2% f 1t s 3000 7 1k B S
5 R VA SR A o R A A R0 (P T R AR Y )R
PR BIRIAZ AL P i A it — 20 3 R D2 S i)
A& R L ARG, T H T EE2 W,
AR LA . Weber 2562 53T —ANE Sy Bk Fn#E
FREIN R G0, R BR300 P 2 2 ik, 7 000 Y I
JEE AR A s ) A oA 2 B 4 e af 97 S 50— R
FEAE, T MEER B FE )1 3R A BBk 1. Seo 4517 11T
TPl R AR G, 2 a0 A I R R T
BRI . BFFTUEI T 3T /9 3h ik i & A 1
AATE, BRI, T RS 2% A R X 13 W
MEFFABSE,

UEAF KB 2 P H T H AR B e & i, 2kl 1 2
PREIAERE A T A HEGE T Rk R —
BB M T A ©OF T4 B IA YT O R AR A R AE
B BRI S R TS ARG A, T o
#3525, AT LD SR B 30 A i R S, A X T
TAES Bt T —Fh B AT 2 A /N ) S M e e
FEHRERERE S, T o S Wi R, SRR B e e R
SRR 7 I S A R A A 3 st R O A4 56 Tl A L
R I S A AR 1 S R I 5 A% 22 ) 14 6 A AR T

PATS BN TSR LA BT . SRS X i 25 112 20 BR 1
AR/, Sy ST e I O Sk A 1 Al 2

1 IR 2

AU 31 J 353 309 18] 44 3 Jok B 48 1T -5 1 0 AR st ik s P AR
St R ke, T IR S sl kR 4 i ) A Ak ok AR il
WeH . shIbK AR ER T rT DR IS s bk A9 B4k af e . AL
s B R 7 3 i A P 0 R e S I o sl Bk Y ELAR AR Ak, oE
A5 2 s ik 1% i sh 25481k,

1.1 ZhHIERSEEHNXZ

SRS IS 30 bk I R T 5 A9 TR 3 7, s bk o R B
ZE W4 A LA = AT sk SRR A AR BRI Bl . sk
B T AR s sh BRI R R sh . e ST i, shk
MR Y T LA G TB 4 MK, & i ge e, M0 =47
SR, Pk A h ik s 4 | HE Bh R e AN R R Bl
HERRETIR R . ARLLIE 7 2Ok S /D R 22, (R R M 3l
AR RE o

ShKE SR E A Z B R REHT 25, iR
APE PSR R APE Y BFSE, Meinders 251" 5 1 B
kAR S Z B R FE B &R SR AHE R A5 8 &
B, AN ERETE P IRBUE I TE . MERE p(1)
S DRHER A A (0) 19 BREE R T L5

p(1) = ppe”” (1)

Hodr p, My HER, p, WEPIKRE A, RHEFTRARWIB)
Pk R AR, p, S A A WSO AR 3 Bl R e AL
Hi py = poe” " Fil p, = pye”™ K p, 1 v 135

In(py/py)
ﬁ(A(t) -Ay)

p(t) =pee (2)
Aln(p,/
% a =# WS (2) TR -
d A
w0y
p(t)=pe (3)

Hr o MH 8 RIS RIE RS, Bk sh ks

TR 2 e R RR Y, SRR T A () v LA B BTE

d(t) = (4) BB,
wd’(t)

, (4)

I, AT ORI AR BOE d (o) THRMEREIE p (1) o

A(t) =

1.2 EBEWNEE

AR T AR 3 Mok v [l v A I S s ok ELAR Y BB
W 7 A ARG 3 s PR SO S B, S FEL K 2 7E — S
s AL R BN AR 5 o A A B AR AR B . [T
TERFE AL 451 3 0 4R 2 S ML AR RE F H R
FARH B A48, e R B O B4 i sl AR 43S il i i 2 D) A



5512 1 X

Wy S5 < 1T Sl Jo iR M 00 ) S A 7 A R4S 51 227

PR3l A IR A RERA RSl 4 PRI AR SUREAR B
AVVZFE, BT LU e AR S PR BEAL 3% , PR A
AR HE PN 1 TR A A i sl

TEFPES TR, 7 BT E SO A o B — AR 1Y
P 2 AR R IR B 22 b, sl A T
XA IR BB ) AR K S8 A 75 ik o A, e
TR AR A URIE 5 ) 75 BT A (8], o 7 30 A 7 LT
ANFELER) S P A R BRI 1A BELH ZURTH A
JE I R 4 P BEUA AR 22 57 P SRCTE LAY ) B L
b5 P I &1 BN Sl T g O e SO (SR I
FEAR TR 7 T8 A 2 T 7 2 AT TR 90 2 48 0y WL A
o M TR R I AR B W] LR AT S sl K i A
LA, A 2R (R, R A S A bk i 880 ok b EE
SR R P R RE RS $2 15 T 1A ik o e A A0 5 R S K g
A0k FER i 90 A 5 T A A 80 LA AR 1Y R A, 3 0 DL B
AT AT i A2 f £

2 FEHihE

fii ] Field 11 AELURR 7 0 e RE45 BRI E 4T 75 05 L
Field 11 & T 2k Pk 7 22 66 4008 75 4 g o 75 3, ]
Tupholme-Stepanishen J7 % 1158 25 [a] Jik #f ) 700 AR e
RO I P O DA TR R T S AR B AR R Bk
7 ARSI BT R AR g e SR B AR U S 4R
il 22 AR 8 I S0 R [R] , 75 SRCAT L ) AS [ D7 v i 5
T IR B P A4 o AT DA T B RO e 1 R L iR
FHARAE R L 7SR A 05 5, 7 ot b 8 s e 0 % T o ot 3k
T, 75 U A AR R AR A T & SEBLAE H bR X fE
F{IE S

TE Field I % 5 75 37 4 B v, S8l 3 vl i s
0.81 dB-em™ - MHz B B AE AR A 1 1, A i3
TEA S BRI 5 DB R B 50003 0 IE T, 25 i e
Sl PR Z AT G . 1 2 i AR EESRAEA
R B S ) S 22 0 1 A 4 1o 1 B 8 B e ) R
5PN 2 mmx2 mm,, BEAE AN, AR AR A IEOR
B4 PR T AT | il 2 BRI

BE2E g ff ] 4~ 8 MHz 1R FFIR S Ko e 351 50 ik, XoF
TR A AR I A A 2.5~ 5 MHz [y /)
i 5™ PR SK AT N e AR AR RE T KA 2.5 MH2
FE 1M PETESR Y 4.5 MHz AF Ry oc A5 400 36 e 24 16
IR, HRedR ISl 1x16 (1 —HE L AERES Moo
FEFER 0.8 mm, [EI0E B 13 mm, FEIGE BG4 0.2 mm,
PR BE A% BRI 7ETE B TR -1 b1 R 35 1 ) 43 A
i 2 iR,

TEVE 2 Fv 7 09 75 3 o0 A B b, A B 91 1 SRR T
40 mm PREEAL , TR Ry 2.5 MHz (9 B3 41 76 45 2 b 1Y

/2 /2
2n/3 /3 2n/3 /3
5n/6 w6  5m/6 /6
T . 0 = - 0
-20 -10-6-3dB -20 -10-6-3dB
(a) 2 MHz (b) 3 MHz
/2 /2
2m/3 /3 2n/3 /3
5m/6 /ﬂ\ w6 Su6 [ﬂ\ 6
T - 0 T - 0
-20 -10-6-3dB -20 -10-6-3dB
(c) 4 MHz (d) 5 MHz
n/2 w2
2m/3 n/3 2n/3 /3
5m/6 ‘q w6  5m/6 0 /6
n 5 0 = 0
-20 -10-6-3dB -20 -10-6-3dB
(e) 6 MHz (f) 7 MHz

B AR [RIBSER AR RE s 7 017 B A0 4 P
Fig. 1 Directionality diagram of sound field simulation of

transducers with different frequencies

1) P B /mm
> 8 8 5 2 2
Halr 179 B B /mm
3

-20 0 20 -20 0 20
#Em FE B /mm A FE B /mm
(a) 2.5 MHZR} 51 5 355 43 4 (b) 4.5 MHzF§: 51 7535 53 A
(a) 2.5 MHz array sound field (b) 4.5 MHz array sound field
distribution distribution

K2 FygfiEAE

Fig. 2 Sound field simulation diagram

BERHEOIR R 4.5 MHz [R5 2. 38 %, FANFES)
TE 40 mm G A IR 3 Bz, SR F IR 56 5 A 55
PR R A 0 R DR S B S TN 5 7 R (B A
Xof P AR 7 1) AR ORAE % 3 dB Y BE R, T AR
2.5 MHz 1% B 21 % o 96 B R 2. 11 mm, H 0 350 %k
4.5 MHz HIFES R FEBE N 1. 34 mm, S538%% N 7357
A5 & Hh B K 55 9 IR — 1R 00 B, oo SR N
2.5 MHz f9 5 41 55 M 2% A - 9.70 dB, .0 B R
4.5 MHz (RS 35384% 9 —6. 99 dB, 75 HAth 4140 151 i
HIEE T, w00 75 e RE 2% 7T LARAS T A% (1 R S BE , (HLIR]
A 25 e gt 2518



228 % # X

x E AR LR

-20 0 20

-20 0 20
17 B 2 /mm 1) B 2 /mm
(a) 2.5 MHz[} 31 75 3% 43 41 (b) 4.5 MHZF§ 51 75 35 43 A
(a) 2.5 MHz array sound field (b) 4.5 MHz array sound field
distribution distribution

B3 40 mm BRI G0
Fig. 3  Sound field distribution at 40 mm depth

3 FESIRMESRG
3.1 BEFISIME

FEVEAB R AL AR V9 th b R P
RALA, ST RO 2R A 4 7R

PDMS
PI

T R
PZT-5H

T AR

PI
PDMS
K4 HaEar TS

Fig. 4  Structure of transducer array element

YEFHML R A R B = 9 PZT-SH AL, FEot i R
S 0.8 mmx 13 mm, FEICAY GRS 1 mm, B
JUAR ST A ) A S AR, A A R ) RIPLs K
TR R R P i de 5 RO, B de 8 7 1 = etk b
e 2 55 JRARRL, LAl ST SR RN R Bk B o8, dn ot
LA EAESE AR I, AR TAERHAT 100 wm JEE9 R
W FERE 4 BE ( polydimethylsiloxane, PDMS) i Jig 38 p4: {4
IR A 2 1 BRI, LR LR Ry 350% , A% R A iy
1. 2 MPa, TESZHEHUAORA (14 [R] I CRAIE R A g A 2k
PDMS SR BT 1.4~1.6 Mrayls[m REPN N AL
FRHBT (20 1. 57 Mrayls) #3f, HEF WA, EHE
FNEAFETCH) M AR R RV MR (Y B SR A, R
PEE B B 20 pm JE Y Cu A 20 pm JE ) B Bt A%
(polyimide, PT)JZ41AL, f#iH AutoCAD i HLRIEIR, £
SMBOCUIRIPLKG 2 R S TE DD F O HR g e AR . H ok
o S AR H AR A i AR R = U T B AT

SE R RERS K5 51 ) S AP 5 Btz il A S8 i)
HeBE R PR T 1 58 5 1) HoAy SRk, nl DR 4y M i
A AU B T A S

{1

M“a

10 mm 10 mm
(a) 2.5 MHz i 23 B 51 (b) 4.5 MHz#t fig 38 [ 51
(a) 2.5 MHz transducer array (b) 4.5 MHz transducer array
K5 HaEasEs) Scy el

Fig.5 Physical diagram of the transducer array

3.2 BEFUR&

fefi FH v IR 2 B 75 2 AR T i 3 9 KS107BD (L) 74
5 L 2 P AR T A T 95 1) 2 45 R P8 T 3 S 56, P AR
5K GURE /34523, KS107BD ( L) 24 75 A
AR 10 mm A mHEE, WNE 6 Fin

@«
~
®
©
=]
»
®
IS

6 KS107BD( L) B {5 2H 4 75 A
Fig. 6 KS107BD(L) tissue mimicking ultrasound phantom

KT SR R & g’ T PR
6 45 B2 51 (A 17 T e A5 B0 e s A 1 B AR 7 R
A 7(a) AI%0 2. 5 MHz 94 BE 45 BE 51 AT LRI 2] 9 A4~
YN0, RIBESCHL 90 mm BB IR ; & 7(b) Al
4.5 MHz B3 RERS 45l LAFRI 2 4 A2 100 48 05, Bl fig
SEHE 40 mm B S EIRE

BN KB TE R R 10~ 15 mm, ¥ 1F 5% 5
kA e AR (6. 7+0. 8) mm , 20 P 1F & 208 3 ik 45 s N A2
(6.3+0.7)mm"™ | HEEIEREABERZAEN Wl #5145
F A2 G K E 40 mm BRI 2 i A B Y, i B
ABRMGTT LA T il 4 ) 22 1 46 RE 25 5 1) HL AT #4830 351
Bk fE



2 12 1 X W A5 T Sl kR W 4 2 PR S e e AR BT 229
0 0 -
— WS —
L ®
20 10 130 b —mmmmm e P2 -
P1
o 40 o 20 guo
£ £ £ 110
E“E 60 &E 30 .Hg:l 100
= =
& & 90
80 40 <0 [ PO DBP
100 50 -
2l VWW MV'
120 60
-10 0 10 -0 0 10 ‘ ‘ ‘
A 1) BE B /mm B 1) BE B /mm 0 0.2 0.4 0.6 0.8 1.0
(a) 2.5 MHZBF 5B AR (b) 4.5 MHZBESIBAB L I IR/

(a) 2.5 MHz array
B-ultrasound imaging

Bl 7 BeRERSFES B AL

Fig. 7 B-ultrasound imaging of transducer arrays

(b) 4.5 MHz array
B-ultrasound imaging

4 MEN=

BSOSk SRS KB 1, 18] 8 (a) FRidE T HUE
Sy A7 FE RS 6 Y R 57 L A I S B R 1 Sk
B ZE S s bkGE [ 3k S . SUE sk LB
PR, T IeAR T ful s 2 Sl k2l AR TE 51 D B or
B, R 0 ST RE A ) O TR A AL
R0 5 il R R R R S O S CBE AT e I A
P 8 (b) g BEAT RN S 560 14 7 S5t 1T, 3 A D e B
ARk,

GRALAN

A B ) ik

U EN ik
> e G ——
(a) BN BKALE 5 5 WAL B (b) B E
(a) Carotid artery position (b)Experimental scene
and position to be measured diagram

K8 ik &5 S g 14

Fig. 8 Common carotid artery diagram and experimental diagram

ML RS A 2 R AL B4 RSP S B R B R,
25 AL 2 ) L YR 2l By g o R LA % T
B LA D0 3l I B AR S 1 A0 s Rl L A
4 A0E BT DU S5 — A0 0 F . ARG
PG T0 MR IR, — Q0 5 P s Pt 4R 230 7 2R 5 —
O BRAE AR IR TR AR o 3 Bl IO G P s -0k 2
PR T AR S AR IR, 30 R 3145 Bk
FERYRZ OB RS OF RSCR N 9 R,

I RIE D Bt e 1 N DA MV e
Fig.9 Cardiac cycle, arterial blood pressure and

phonocardiogram

DENEBIRTAr R 1) O W s 1, 45 3 440 ©
LRSI s QPREUR 1S5 s Dutg B i, 2) L E A K
W1 ALHE 4 A @SR AET N @PUE TR ; ©nig
B O i 4E . SBP AU FE 46 T, MAP {t %
Yshlik R, DBP (R £ 473K K, PP ACE IR, M50 50 5
U A s 220 0 o 225 i) 1 2 Jhk R R £ 3l kO B fR s
W 5 /S A i o I8 R 1 A RS A IS S It 4 45
P& 9 Hp (14 1 PO St 32 Bl kR R S5 1 300 1 - 4 st
6], 45 P1 R D AFYCAR 5 1RGSR 1 NI, A5 P2 2R H
B IRRAY S A 2 AN, 5 P3N F2 Sh ko 56 4] 28
15 IR S5 AT P 38 80 bk & —A~ 0 sh R g 3h
ik ML A S 40, 2 s bk ot s i £ i AR AR A, ol R
SR R W I Dy g A LGS 5K T LA B A% Tl A 4R

PEE R IMRE B, BKIE PP =SBP - DBP | 5.0 IEA
M SRR ZAR ) B8R 8% (augmentation index, AI)
BosE SR
Al = P2 - Pl (5)
PP

Horf AT 2SS A B A AR bR, 322 S i 3= B ik Y
US4 AT JEE 67 7 0, IF 5 B WA AL 2 Bt 55 4 % 1) 34
INAS K, °T LAAR 4 AT A9 (ECK 3l Bk B OE 43 3 Fh2k
HIHOT KA 1 AT>0.12; 257 2 0<Al<0. 12; 257 3,
AT<0, WFFEFEI, AT (5 B 25 47 1 B9 384 Inmi 88 K, HLE
TG e R AR ol kR Ak RS A PR BB Y AT (E
KFfa e AR AT,

ok wp EE R RS AR EE SR —, ki
TR, B BT ] P 3 B 2% 2 59 1 Dk b E50ER 22 |
FIT R INAS 2] A9 1045 A2 2 T) %) s ] ] B /1N, AR X6 iz
W4 S ) Bl /)N (L ik v B S A0 R e X R A 2
BB AE  [R R R A, AR G Ak B ] 3K



230 % # L %

a4t

ik b EE SRR B 100 Hz , SR FAH % P SR AR A A
AR BB K 14 B T TR AL A ELAR A e R TR . A
Tl RE A5 51 ) S50 A7 5 v B BB sl ko A7 i B D 1
JERERO EAR S, ik 10 s

24»..' A % ",
22t I ) B
g 20+
=
& 181
¥
161 ' M B
14t
2‘0 4‘0 60 8b 160 1éO
R RE
(a) 2.5 MHzZH# e 45 I 51 S e 45 512
(a) Experimental results of the 2.5 MHz transducer array
24 " S vesten,
’ g
E 20
=
£ 18
¥
1 6 ........ m%ﬁﬂ_%
20 40 60 80 100 120
R KB
(b) 4.5 MHz#e i 25 K7 51 5125 45 5%

(b) Experimental results of the 4.5 MHz transducer array
P10 25020 K 1L R I BE F 7 A
Fig. 10 Position signals of anterior and posterior

wall of the carotid artery

BT Rk 10 mp ol AR JE BE B A B AR S ik — 2P Ak
PRAG B 1A~ 3l Ja] S 30 1a] 7 1l 3T

HUOIR S 2.5 MHz 19 B4 510 300 45 1) 1L 38, BP
Bl 11(a), &£ — A0 3 8 B W ¥ 3 ik & 8
93.39 mmHg, FF.OE K 4.5 MHz B9 FE50) 045 5 1fi &
B, B 11(b) , 78— >0 3h 8 30 10 57 25 3l ik o8
92.77 mmHg, XF LA LAFE H =5 500 %) 46 G 45 75 51 300 2 1.
JE AT LAFRAS 50 0 =5 & A9 Il R % T8 45 AE S5 R AR T i A
A I B R B, A TR DN 251 B Jok B Bl 1 43 PR A
BB A% T Ay VA 0 b B2 B0 A A T S BE R, R 11(b)
THEAREIR AT R -0. 44, JR/D kb 8 & 450% Sk 50 Hz,
B 12 S7s T 4.5 MHz #6885 BF 510 00 A5 21 1) — B it
[ P9 A 2l ik R g i 2k AHECAE 100 Hz ik b 55 52 40 %
A A B KO 2R 50 Hz bk b 5 A2 48R X N Y
KA B B 38 I T — R, B A X R B I T R AE I A

0 02 0.4 06 0.8 0
i [R)/s
(a) 2.5 MHz¥ GE 2R [ 31 {5 5 Ab BE G5 R

(a) Signal processing result of the 2.5 MHz transducer array

‘ 02 YR 06 ' 0.8 10
i [R)/s
(b) 4.5 MHzH#e e 85 BE B (5 5 Ab L4551

(b) Signal processing result of the 4.5 MHz transducer array

B 3t bk i %

Fig. 11 Measured carotid blood pressure waveform

120 F MAP=99.5 mmHg

1 JE/mmHg
c = =
[~ (=} (=}
1
1

«©
(=]

70
0
i i /s

Bl 12 4.5 MHz A8 FE51 Frl i e
Fig. 12 Blood pressure waveform measured by the

4.5 MHz transducer array

A A I A e R A PR
AJe BB R L B hn e 18] 13 SRR LR
SR AE , T Wb AR B 0 3 ko R R
B 95 N 5% FE AR LR B AR A2 A 1 i B E I O, LA
RIBURE X G

H P 12 7 B9 I s 8l LA 3 i s i B it Hs f)
ARAEAE L, BEAE 1 A2 I PRACI AR5 5K o (AR XS P 13 A I
FEBIE | P12 i S sk, B D AT R R ) i A



55 12 3] X5 A T Sl bkl S ) S P A RE 41 231

H 4.5 MHz ZMFEGHI1E 58 U 4 A N, % gk
T2 0, 16 2 %o [a]— Bl I %o 52 (fe B 41 4ok ) 1Y
ME 25 R, B 16 AT %1, 220 Ad FH 22 PR 20 i A5
IR T R HLA — B

SBP --f---c-mmmmmmeg e 124 mmHg

MAP -f - -t --FA--1-N--F -\ -1-%-- 95 mmHg

[9) 21 20 (RPN JRPIP A S S T 72 mmHg

K13 ARk =5 IE

Fig. 13 Invasive radial artery blood pressure waveform

HE PR RE AR RS 5 S R R 2 1) R RO AN il
FH A JEC A 6 LA K B8 i P 2 DG e 202 22 0 1) SR PE R3]
A ]

Ry 6 UE 2 A B A R4 51 00 2 25 0 Jok I 38 ) 1 Ay
P, R Complior = Uy 21 ik A A IS 5t 351 50 fik it
FEAE AT, FEANRPIRE N 4. 5 MHz 19 2 PERES R
P A DASCI 3 1 30 30 Bk i PR B . TR 14 Sk Rk
A WA 20 Y 1 He 0 | 22 1 B 51 5 R FEASE IS0
LR EIFINHR 2R 3. 83% , 1/ 15 M2/t s
WY TR | 221 R 51 -5 P R D0 A4S 3 45 S 19 °F-
PIMXHR2E R 5. 47%

1301
— 5

120 - - - - AR AX
= A /
= 110’I
g 1
B 100
.g i

90

[*3)
<

0 05 10 15 20 25 30 35 40 45 50 55 60
i ) /s

P14 i EORAS TR I A i B R L
Fig. 14  Comparison of blood pressure waveforms

measured under resting state

140 ¢
—— AR
- - - F AR
130
en 1"\
F ¥
E 120 + i
=) 1 \‘
g :
110 :
100 ,

0 05 10 15 20 25 30 35 40
i [)/s

F15 oz sl e i i i I X e
Fig. 15 Comparison of blood pressure waveforms

measured after exercise

120 ¢

115

JﬂlE/mmHg
o o o =
W (= wn S

o
<

850 01 02 03 04 05 06 07 08 0.9‘
i /s
P16 RIS T A [ B ] 54 ot P i e 45 2R
Fig. 16  Flexible array for blood pressure measurement

results at different times

AR S5 M i S 2 R A ) 00 A REL 7 1) R 38T 2 5 i)
BRI, Qn gl 1 it | A0 R4S BH 7 | K 2 bk RE vk
ANAGER AL i — AL T3 SRS, e 16 HoR
(][] P9 000 R T A 25 5 Sz, Sl ik i e i 3 it &
A DS W E B A1 JEL B A 205 B2 AE R 9 i sh bk i
JETE 5 PO B P12 S O 2 I 4 68 1 £ 75 1
JEGHE E T, Rt A RS kol D2 | B i
W O LSS 1 R SR SR AR 5 a5 P ARR A
R e, LA AT LA e AR JELBEL 7 A JE B 7 e D)
JE R W B, R ey v, P2 B P3, LA KOS, P3
Z e ML RS 43 A s 5 A8 A BEL T R R 2 Ik e v
AHSEDT2 R A B Y R IR I R LA R B
B AR PR R 2R R Sl bk e il 245 21 2l
B A= 5B, W B AR i R S
5 & i

A H] PZT-5H BAORHRIAE T PRI Rh o035 232 53 31
2.5 MHz F14.5 MHz (MM S R R R BE AR RS, Hafig
N 1x16 RS, ot RSER 0.8 mmx 13 mm, BfIT
HUC B 1 mm 39 BB B 5 118 22 1 56 e A 22 1 H Al
Wit BRI NG A TE T R AN I g A A 50350 e ik | -3k
AT K IR )2 22 W 38 R AR SR A R
AR SEBR T A 7 I R A T SR A A i, 1 AT LR
DA N R EE R FRE T SRR G 76 () 2 S0 7 A As 0
7 B B A RS K, B O B AR R T R N
2.5 MHz FZR R4 AT 528 90 mm B 253 IR BE , iy
4.5 MHz (LR S2PE 40 mm AYZE B IR, et



232 i & % ¥ a4tk
BE#8 M5 3 1 1 T L HE 3R 0 45 6 RN 45 5K R 1 A48 X AR [10] SOLA J. Continuous non-invasive blood pressure
e ST P LB T S . 7 0 ELAR 25 Pz 3) estimation[ D]. ETH, 2011.

J5 A3 M FE R R P S i R ARG T 48 R 22 e 1 20 ) £ 25 [11] SALVI P, LIO G, LABAT C, et al. Validation of a new
KL, PRI ZS T fo8F FE R o 3 0 A5 %) 30 JOk it & iy non-invasive portable tonometer for determining arterial
LRI PR X 22 4350k 3. 83% 1 5. 47% , T2 Mk MRS 3 pressure wave and pulse wave velocity: The PulsePen
Tk L 30 T I 5 SR e 0 VKL T 1T LA e U device[ J]. Journal of Hypertension, 2004, 22 (12) ;.
TR LA KR B IR BLBRAFE A S B R, KT 5 2283-2293
W 7 460 Al B ) 4 50 K I ) LA A F B A 1Y [12] MEINDERS J M, HOEKS A P G. Simultaneous assess-
st e X2 B AR BT LA TG B M AR ] 2E M 9 4 ment of diameter and pressure waveforms in the carotid
LR REESREN ko 26 4 Tk WD 55 JE 20 5 4 gyt Medieine & e, 2008
*:)I%ﬁ—ﬂ}%%&%ﬁg{ﬁ?%ﬁ’#EB%$H%EI$%EPE‘ [13] DING X R, ZHANG Y T, LIU J, et al. Continuous
AR - cuffless blood pressure estimation using pulse transit time
S 3Tk and photoplethysmogram intensity ratio[ J]. IEEE Trans
[ 1] PORTALUPPI F, TISEO R, SMOLENSKY M H, et al. Biomed Eng, 2016, 63(5): 964-972.
Circadian rhythms and cardiovascular health[ J]. Sleep [14] JADOOEI A, ZADERYKHIN O, SHULGIN V I
Medicine Reviews, 2012, 16(2): 151-166. Adaptive algorithm for continuous monitoring of blood
[ 2] KUSUNOKI H, IWASHIMA Y, KAWANO Y, et al. pressure using a pulse transit time [ C]. Electronics &
Association between circadian hemodynamic charac- Nanotechnology, 2013 297-301.
teristics and target organ damage in patients with essential [15] HUU H T, ROOZBEH ] R, WAN-YOUNG C.
hypertension [ J].  American Journal of Hypertension, Noninvasive cuffless blood pressure estimation using pulse
2019, 32(8): 742-751. transit time and impedance plethysmography[J]. IEEE
[3] AVOLIO A, BUTLIN M, WALSH A. Arterial blood Transactions on Bio-Medical Engineering, 2018, 66(4) :
pressure measurement and pulse wave analysis-their role 967-976.
in enhancing cardiovascular assessment [ J |]. Physio- [16] SPULAK D, CMEJLA R, FABIAN V. Parameters for
logical Measurement, 2010, 31(1): R1-R47. mean blood pressure estimation based on electro-
[4] ROMAN M, DEVEREUX R, KIZER J, et al. Central cardiography and photoplethysmography [ C ]. Intern-
pressure more strongly relates to vascular disease and ational Conference on Applied Electronics,2011; 1-4.
outcome than does brachial pressure-The strong heart [17] ZRilgde, 0, 2EE. FET A Joa) %2 m =
study[ J]. Hypertension, 2007, 50(1) ; 197-203. WETRETISERF T[], ANE AN ¥4k, 2020, 41(7) .
[ 5] HUANG C, WANG K, CHENG H, et al. Central versus 224-234.
ambulatory blood pressure in the prediction of all-cause WU H Y, Jl ZH, LI M Z. Study on non-invasive
and cardiovascular mortalities [ J |. Journal of Hyper- continuous blood pressure monitoring model cluster based
tension, 2011, 29(3) ; 454-459. on pulse wave [ J ]. Chinese Journal of Scientific
[ 6] ZAKRZEWSKI A M, ANTHONY B W. Noninvasive Instrument, 2020, 41(7) : 224-234.
blood pressure estimation using ultrasound and simple [18] s, B, skig, &, BEHE %A BP Mk
finite element models [ J ]. IEEE Transactions on SRR AR A TR (D], B A AR
Biomedical Engineering, 2018, 65(9) . 2011-2022. i, 2021, 35(7): 53-59.
[ 7] SAUGEL B, SESSLER D I. Perioperative blood pressure CHUN X Y, ZHENG X J, ZHANG CH, et al. Genetic
management[ J ]. Anesthesiology, 2021, 134(2): 250-261. algorithm optimized BP neural network non-contact blood
[8] RIAZF, AZAD M A, ARSHAD ], et al. Pervasive pressure estimation method [ J]. Journal of Electronic
blood pressure monitoring using photoplethysmogram Measurement and Instrumentation, 2021, 35 (7).
(PPG) sensor[J]. Future Generation Computer Systems, 53-59.
2019, 98: 120- 130. (19 9K, B63555, BR/hE. T DU {4k XGBoost )

(9]

LE T, ELLINGTON F, LEE T Y, et al. Continuous non-
invasive blood pressure monitoring: A methodological
review on measurement techniques [ J]. IEEE Access,

2020, 8. 212478-212498.

JORI L A WU 7 ik (D). BT R, 2022,

45(7) : 68-74.
SUN B, CHU F F, CHEN X H. Noninvasive blood
pressure  prediction method based on Bayesian



5512 1 X

Wy S5 < 1T Sl Jo iR M 00 ) S A 7 A R4S 51 233

[20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

optimization XGBoost [ J ]. Electronic Measurement
Technology, 2022, 45(7) ; 68-74.

WRIGE , M3, & TR0 U9 46 BRI 265 f) JC 4 it 1 30
). BTIEEOR, 2022, 45(4) : 139-146.
CHEN X, YANG Y. Noninvasive blood pressure
measurement based on long-term recursive convolution
network[ J ]. Electronic Measurement Technology, 2022,
45(4) . 139-146.

WEBER S, SCHARFSCHWERDT P, SCHAUER T,
et al. Continuous wrist blood pressure measurement with
ultrasound[ J]. Biomedical Engineering/Biomedizinische
Technik, 2013, 58(SI-1-Track-E) ; 000010151520134124.
SEO J, PIETRANGELO S J, LEE H S, et al. Carotid
arterial blood pressure waveform monitoring using a
portable ultrasound system [ C ]. 2015 37th Annual
International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC). Milan: IEEE,
2015 5692-5695.

KWAK S, KANG J, NAM I, et al.

deformable energy storage as a forerunner to next-

Free-form and

generation smart electronics[ J]. Micromachines, 2020,
11(4): 347-371.

YU X, MAHAJAN B, SHOU W, et al.
mechanics, and patterning techniques for elastomer-based

2017,

Materials,
stretchable conductors [ J ]. Micromachines,
8(1). 7.

WANG C, WANG C, HUANG Z, et al. Materials and
electronics [ J ]. Advanced
Materials, 2018, 30(50) : 1801368. 1-1801368. 49.
LEE J, CHO I, KO K, et al. Flexible piezoelectric

structures toward soft

micromachined ultrasonic transducer ( pMUT) for applic-
ation in brain stimulation[ J]. Microsystem Technologies
2017, 23(7) . 2321-2328.

LIU H, GENG J, ZHU Q, et al. Flexible ultrasonic
transducer array with bulk PZT for adjuvant treatment of
bone injury[ J]. Sensors, 2019, 20(1) . 86.

SHI G, LIU T, KOPECKI Z, et al. A multifunctional
wearable device with a graphene/silver nanowire
nanocomposite for highly sensitive strain sensing and drug
delivery [ J ]. C-Journal of Carbon Research, 2019,
5(2): 17.

SCARPA E, MASTRONARDI V M, GUIDO F, et al.
Wearable piezoelectric mass sensor based on pH sensitive
hydrogels for sweat pH monitoring [ J ]. Scientific
Reports, 2020, 10(1) . 10854.

WANG Y, YANG B, HUA Z, et al. Recent advance-
ments in flexible and wearable sensors for biomedical and

healthcare applications[ J]. Journal of Physics D Applied

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Physics, 2022, 55(13) . 134001.
RAMACHANDRAN B, LIAO Y. Microfluidic wearable
electrochemical sweat sensors for health monitoring[ J].
Biomicrofluidics, 2022, 16(5) : 051501.

CHANG J, CHEN Z, HUANG Y,

ultrasonic array for breast-cancer diagnosis based on a

et al. Flexible

self-shape-estimation algorithm [ J]. Ultrasonics, 2020,
108(1) : 106199.

GREENFIELD J C, PATEL D J.
pressure and diameter in the ascending aorta of man[ J].
Circulation Research, 1962, 10(5) . 778-781.

BUSSE R, BAUER R D, SCHABERT A, et al. The

mechanical properties of exposed human common carotid

Relation between

arteries in vivo[ J]. Basic Research in Cardiology, 1979,
74(5) ; 545-554.

KAMENSKIY A, DZENIS Y, MACTAGGART J, et al.
Nonlinear mechanical behavior of the human common,
external, and internal carotid arteries in Vivo [ J ].
Journal of Surgical Research, 2012, 176(1) : 329-336.
STUDINGER P, LENARD Z, RENEMAN R, et al.
Measurement of aortic arch distension wave with the echo-
track technique[ J]. Ultrasound in Medicine & Biology,
2000, 26(8): 1285-1291.

GIANNATTASIO C, SALVI P, VALBUSA F, et al
Simultaneous measurement of beat-to-beat carotid diameter
and pressure changes to assess arterial mechanical proper-
ties[ J]. Hypertension, 2008, 52(5) ; 896-902.
ARAKAWA M, KUDO K, KOBAYASHI K, et al. Blood
pressure measurement using piezoelectric effect by an
ultrasonic probe[ J]. Sensors and Actuators A ; Physical,
2019, 286. 146-151.

TRAWINSKI Z, HILGERTNER L, LEWIN P A, et al.
Ultrasonically assisted

evaluation of the impact of

atherosclerotic plaque on the pulse pressure wave
propagation: A clinical feasibility study[ J]. Ultrasonics,
2012, 52(4) . 475-481.
JENSEN J A, MUNK P.
simulating ultrasound B-mode and CFM images [ M ].
Boston: Acoustical Imaging, 1997, 75-80.

XULTE, PrilRfe, #AEF, 55 85 AR P A 10 I
JUIE] ER LU BT R R R A [T ], A D SR
#H, 2022, 36(9) ;. 132-139.

DENG J Y, CHEN ZH H, DONG D X, et al. Analysis

and isolation method of crosstalk

Computer phantoms for

sources between
ultrasonic phased array sensors[ J]. Journal of Electronic
Measurement and Instrumentation, 2022, 36 (9 ).

132-139.
skt BUACEASWEE(M]. 5re: BUNEH 2,



234 O % 2 i B a4k
2008. [50] MULDER M P, BROOME M, DONKER D W, et al.
ZHANG W. Modern ultrasound diagnosis [ M ]. Jinan; Distinct morphologies of arterial waveforms reveal
Modern Ultrasound Diagnosis, 2008. preload-, contractility-, and afterload-deficient hemody-

[43] LA T, LE L H. Flexible and wearable ultrasound device namic instability: An in silico simulation study [ J].
for medical applications; A review on materials, Physiological Reports, 2022, 10(7) : el5242.
structural designs, and current challenges[ J]. Advanced [51] LIU CY, WEI C C, LO P C. Variation analysis of
Materials Technologies, 2022, 7(3) . 2100798. sphygmogram to assess cardiovascular system under
[44] ZIRK. BEBR/BHESFERE(M]. Ll REBEHR meditation [ J ]. Evidence-Based Complementary and
7R, 2013. Alternative Medicine, 2009, 6(1) : 107-112.
LI Q SH. Superficial organ ultrasound medicine [ M ]. [52] WALSH J T, GREGORINI L, MANCIA G. Evaluation of
Beijing: Superficial Organ Ultrasound Medicine, 2013. an index of peripheral vascular resistance in human
[45] LONDON G M, BLACHER J, PANNIER B, et al. subjects [ J]. Journal of Hypertension, 1985, 3(6):
Arterial wave reflections and survival in end-stage renal 621-629.
failure[ J]. Hypertension, 2001, 38(3) . 434-438. EEE N
[46] MURGO J P, WESTERHOF N, GIOLMA J P, et al. X4 ,2020 4F T R B MR R 2= 3015
Aortic input impedance in normal man: Relationship to 22 6 I R ARG B AN S L T
pressure wave forms [ J]. Circulation, 1980, 62 (1) I e e 1 S A e - 1 S [ B S
105-116. A RERR SRR
[47]  Z=Fh. o BhIOR SR IR S i A5 S LR i IR () 4 O E-mail ; liuchangl311@ 163. com
PESMHT[D]. VA% SEIUAEEE K4, 2009. Liu Chang received her B. Sc. degree from
LI J. Correlation analysis of central arterial reflex Nanjing University of Aeronautics and Astronautics in 2020. She
enhancement index and its influencing factors [ D ]. is currently a master student in the School of Precision Instrument
Xi'an: Fourth Military Medical University, 2009. and Opto-electronics Engineering at Tianjin University. Her main
(48] EFH. ALISKILE(ABP) /) W A 43 [ EB/OL]. research interests include flexible ultrasonic transducer and
(2020-12-21) [ 2023-05-06 ]. https://www. sohu. com/ imaging algorithm.
a/439646527_370598. X GREEHR) 2014 £ T RERES
WANG X. Monitoring and nursing of invasive arterial BRI 7 R E A 22 06, o KRR
blood pressure (ABP)[ EB/OL]. (2020-12-21) [2023- YR, BRI O WA G RIS B A R
05-06 ].  https://www. sohu. com/a/439646527 _ TR KRR = A PR AR BR
370598. ‘ E-mail ; ultrasonicslab@ tju. edu. cn
[49] FUJITA Y, SATOH S, YUMOTO Y, et al. Fetal aortic . : - Liu Yang ( Corresponding author) received

distension waveforms for evaluating cardiac function and
changes in blood pressure; Fetal lamb validation [ J].
Journal of Obstetrics and Gynaecology Research, 2006,
32(2). 155-161.

his Ph. D. degrees from Pennsylvania State University in 2014.
He is currently a professor at Tianjin University. His main
research interests include sound field theory, ultrasonic sensors,

and ultra-high resolution imaging technology.



