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Abstract

In order to accurately and non-invasively monitor cardiovascular health status, this study de-
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signed a cardiovascular health monitoring system that combines flexible piezoelectric sensing
technology with peripheral arterial tonometry (PAT). Firstly, a wearable flexible piezoelectric
sensing finger cot was designed, and an STM32 microcontroller was used to control the 24-bit
analog-to-digital converter ADS1298 for A/D acquisition, achieving accurate measurement of the
finger arterial volume pulse wave. Secondly, the collected finger arterial volume pulse wave signal
was digitally filtered, envelope extracted, and smoothed. Based on the smoothed envelope curve,
the reactive hyperemia index (RHI) was calculated as an evaluation index of cardiovascular health
status. Finally, the data was wirelessly transmitted to a mobile intelligent terminal via Bluetooth,
and a human-computer interaction interface was designed for real-time display, storage, and
playback, achieving the monitoring of cardiovascular health status. The research results and
analysis show that there are significant differences (P < 0.001) in the RHI measurement results of
the young sample group and the middle-aged sample group, the RHI threshold value of 1.036 cor-
responds to a sensitivity and specificity of 93% and 82%, which are statistically significant. The
correlation coefficient between the RHI and age is r = -0.71 (P < 0.001), showing a significant neg-
ative correlation. This system has high accuracy and low cost in diagnosing cardiovascular health
status, and the human-computer interaction interface based on mobile intelligent terminal devic-
es is easy for non-professionals to operate, making it very suitable for monitoring and manage-
ment of cardiovascular diseases in home and community hospitals.
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1. 51§

UTAEske, TR A W AFI AR fE B B 3R FF SR AT OO R 7, O LB SE e 2R N BE T
FRE b T BoHEass, dERE O g R Ty O BB AR AT PR I B BRI 1] i N B ThRe it
J2 o I S W PR ) Jok o 5 T A 3 3 i R v (1 IR B 2] I A PN 2 4T B T e B i 2 3 BUIML AT 9 5k g
NBE, I Bh KRR AL KUK, RS R A . BRI JORESE S R AR BRI BERLRE, 515 Ak e bk
EBAESEIERRE, FADIEG[3] [4]. Rk, Wi Py 52 40 B Th RE ST T o I 5 LA B B 3L
[5I1[6][7].

e G P A PO 57 40 B 0 i P 3 8 9 i 24 A S A TR 98 P 57 4 R i — 4R 1K U (NO) AN A 1
YA, XL AT DM R M £, REMA A 9K J[8]. [ N AMF TR A LA P B A BT RE VR A
MTIERIRZ, EATRST LA SO BNERIE QR RS, Bk T

1) JEAR BRI F2E(Coronary Angiography, CAG)RAEM X 5t 2k AR HAK EHEE O IR Bh
fiko SEIETEREIR B K A VES CBERRR AHER H I ECE IR S, RSEEN A R i T Re, WS
st PR 2 Rk ) AR R ML I8 T P PR 784k, RO P 7 4 M D e FRTR AR [9] 0 X2 PPy A Bz 400 ) B 1) S
AER—MEUNITE, FEMTOFENAFTAR, H & WREEMIERE, HAAL R FERE
K, TENGR R P AEEIR KR PR

2) I SR T 5K (Flow-Mediated Dilation, FMD )& ish il & Ifi 5 75 5 8 B ML J5 P 5 40 e il —
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FALE T R M SR, SRVPAl PR 40 L BT DR 7 (0 [ AR RE, 1207 1R 18 5 T I3 ik el
Bk, Omron 2w () UNEX EF ¥ FH 5 73 Fe el 4Rk, & F T ALK i /i 5 &7 5K D) Ge(FMD) )l i€
PR b2z e AR B v I 2 D REAT VB, AT S I PRSI IR L 45 A B IR ] () A8 AR AR 0 [ 1070 AH B ik R Gt
PR 200 PIHR S i, AECE ARSI B R AN K T 15 B R B Ol

3) ¥ FMD fali#1 PPG Wl & AH 45 & 177 I B AR s KA 5[ 11] [12]. ZIE 7L 7R 2% 18
HRIR A 5 (3 S 2T B 1 )R B S S G R R o G SR I AR I A B R AR A, 22 BRI
WIEER AR J R A A4k, AT S0 ' SRR K A 5 IR BERREOR 33 7 5 T 1200 62 07 9255 P 2 4 g
DRe AL i HERfA 1 .

4) Endo-PAT & | Itamar A &) H & F)3E T 40 & 8 ik sk 730 52 7% (Peripheral Arterial Tonometry, PAT)F]
WA D Re 12 W R ge, Bk B 4R v sh Ik ak 70 80384k, VP AG R v 2 Ik B A I PR B N R T RE
Endo-PAT J2ME— 55 05 ik 1 K DhREAT I IEAT b ) LU R 48, HLAIE B L BURAE R 80%, Fr7PEA 85%
[13]. Framingham /CoJJEAF 78 A0 25 2 AN SRR S A O 5E 9 s I D RE,  BRiE 1% 3R 40 BoA v v] 5
P HiZ&ES T RERMH, Bk, skZ®aeskiing, MaEaiE. X EAKEMEH, AFT
IR E SR .

ARG N AR EEOR S PAT A ARSS &, WS S K I W 1 5 14 s sh ik S AR ke, vHE
R AT BT AR AR A B, AR L B ik e Wr T 5 18 i Zh AR A AR AR AR A &, I DL D IV Y 2
A THRERI P FE bR, O I i R G HEAT WA I o 32200 M0 R M) 2R 0K ) 24 bits =147 #E R ADS1298
R AT R RBOR, fRife 7 BT, JFRIA STM32G431 B HLER IS T A B 4, @id i
I BT R B (1) 48 v K AT 5 AT R A% SR IS Se i A 3, B R AT ok AR s, fERS S Bl
Lot AWAS BLA . Won it AT I AR AR R, AT S BRTO ML 4 BROIR VLR AT H R s, 3
WEEGTRZ. HXET U KEGA .

ACTRBEHR AR J T S s P A SRR RO ML R B 2R G 68T A

1) RV AR RS PAT REAHZS &, %O L& @ BOR DLIEAT VAl

2) Wik 1R R s AR SRR, AT R i S K A AR KRB A T R A

3) HIFHIE A AR b P 5 s AT o Zed i,  JRAERS 2R Re 2 umxt ML N S DO e s k478 L,
A SEILEREIZ WA RR R YT, X LA B dEAT A AR I, FIBT o I PR R A

2. LIME RSN AR G R Rt

AV BT T 3K R R AR R, ARG ok R 408 ADS1298 B
Pt HC-05. F4EH AL STM32G431 MR e L, 2% 1 — 35T F 1t He AR B AR I o L5 {
WM RS, %R T R = | Fron. i m] 2 SR v e i Ag B B I 24 v 30 Ak A AR Bk Bk
{55, &hiuy ADS1298 AT R, FRERETE 5IEN STM32G431 F A ML HATH IR . 551
FLEEFREL . P AT DL R NS N R ThREVEAGHR AR I TH L, PRI I W BG4 (5 5 AR AR 45 R Ae i &2
B e, Wik AHIASEH GV, K48 b 2 Ik 75 ARk i 60 48 O AT o A0, PP 4R ARk
ITEBNHT, LB Re W, ZRFEAEERINET IR, 0] LSOO IS IR H i sl .

2.1. PAT YRR 580

2.1.1. PAT REER
PAT J& ¥ BEsh liohn i s B Pk i, BE S RE o BER,  TLYR A0 87 72 )8t 7 P Bz 4 e
NO ZE MG AL B9, A A7 KR P3G K o AR R 1ok I &8 ks 20 koRE: s I 418 it 2 Bk 28 AR ok 48 % i 2 5
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I ok A DR S T 95 i 3 K 7 AR PR e 5 (R ARx 0 B, RTAT 3R A B ML FE 1ML £ (Reactive Hyperemia
Index, RHI), RHIE#, FRaxills W DiReRils; RHIEBAR, SRR MAE P B DIRERT BE 32 4 [13]

SEXFMESR = .
femirmiy |- | i
l | ez i ) | 5
| | ~—
A/DAESR {lll} e e e [ =
STM32G431
e : A
|
* | B
| S Lo B
%?@/& = = I Ay
2| e | esnm |waew| | 2
| 5¥gsteE ol
| e ik J
| D1 | :
' |
' |
'L DSPi&k |

Figure 1. Block diagram of the overall design of the cardiovascular health monitoring system
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2.1.2. ¥mrE%k

R4 PAT (PR, AU FH wh s in & BELBST R Bl s Bk s, B S, R s 1 0 2 it &
BNO, AT EFIRRA, FF8 I Ze M i oA S 2 0 o 6 ity 2 Jk 28 FP ke e 2 (X A8 Ak . ELAO B IR U R

1) # R B s AR BB ZRE WA TFER L, MERKBRREENKETZREN
EPORIE[14], FRELRAE 3 20 Bha i sh ik BRI S 5

2) R KR L A B 52 R 2 R R & 200 mmHg B T 52 i 146 & 60 mmHg,
S 2 Jik AL 38 BELIT 345 o SR 3 B L, SRR R4 5 Bl R it sh ik S R K3 45 5

3) WEW: IATFA BB PORR I, RREERESR IS KA KA S, B2 K R 0E Tk R i
SHPRAS .
2.2. 1IN ER RN IEHR

AR UK s B 78 I AR B (RAT) PO U i FERAS o 238 bR v 55 75 AR HUR b 2 bk S A Kk A5
SHEGIER, THE RSNk L f R 78 LR 5 48 S 5 ik 2Rk 408k 108 R () AR o) 18 B K/
_h—h

h
N, Ay S 5 SR i 20 ik R TR R P YA, by A2 87 78 1L 8 it 5 Jok 25 A Bk % A1 i 7
YN
3. IFRRMERERIEERT

AR E1 SR BETE T — B R R A IR, M e R ORI AR ) B T T AR
B, Hb, e H R B S A RER (W9 £ % (Poly Vinylidene Fluoride, PVDF)fill ik, %465 a4
2 7R o

RHI (D
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Figure 2. Structure of wearable flexible piezoelectric sensing finger cuffs

2. AFHRMERARBIEESE

FEE BT A 2 1 i A K 38 3% ] TE Connectivity 23] (1) SDT1-028K, & A& — B e 724 Hi 78 A A% 8k
w5, FHZEME R H AR PVDF fili, PVDF & —F B A5k AR R SRl mT LU ) 4k
HAE S, JFHEARBEE . mBEER, RN mER, TSR S[15], 74, SDT1-028K
BAE MR NAE RZE L — A ER g, SR S AERE, T B RS A L TR, ERIE S
T4 2 MK A AR KB A5 S A

Y221 PVDF & HLE NG P TE TR B I BE, B T2 0E fa g —ml, I8 a0 55 S0 32l g7 s &,
M FE A e xt S BER A, AFHE g & T 52 EF Ik &, B fR T 3t PVDF Fk AL 5 4 1 50 42
G, 1SR B Ak A AR KR R 08 Bl v R =

AR B ()T PR SO AT 5 2 A 2 Sl KRR 38 I 0 7= 26 ) BAME B R B, T BT Pk 08 £ 1
FISMNEZNRK E[16], 51w s Bk e 0 & B &7 ok, A5G B E 38 I8 i S P s P v e L ) 0 1
MRAHE S, %G5 RN R S K A K 5 .

5 G148 v sl Bk 25 AR KA 2 AR LG, AR PRS0 T 5F B M R R AR SRR A DL A

1) [ESERBE A2 RE B IR EAF AT R, MR T MEMEZE R

2) PVDF JEHME A6 S, BEARFVN, s, ISR, ETMEERE L, dEam
1 B K A ARk

3) PVDF s H v i B A vy R R s i S B, ] AR A 42 21415 i 20 ok 25 AR AR08 1 8 A R AIE 5

BT UL RARSA, AR T AT 2F R R M T rRL AR B ER  8 vE f Hh  = AR i B AR A AR K A S

4. 1LIMEREREN ARG R ERT
4.1. A/D FEER
T 48 vt S Bk AR KA I A — M, AR S S, AWECRR TI A B A= 105 B s AR HEOR AR
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Figure 3. Flowchart of ADS1298 timing control software
3. ADS1298 B HIER A A2

4.2. EF STM32 B8 K isH &tk
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Figure 4. Flowchart of main control program
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5. {RinFIBk A RBKERIES 4R

e TR 1O P2 JBE B RS 1 KL P R 5 K R 3 ) PR AR SR (18] AR RS BT 08 ) A R
SDT1-028K Jis HLJZ & BT 1.6 um, SREEEIIME 5 By i sh kA AR BRI A 5 (K — B S 2K,
P e 2L T I — I SR AT By R B RN AL B, 15 2 IR (V45 sm sl ik A AR KB Y, AR5
R SRS AT A = X B S TR PR IS S B 4%, FFXI 15 2 A G4 sih 2 o F v (L D 8 VR HEAT 13 A
B, BJEiHE RHIPPUMERR,  SEHDGG I (@ BER DL I .

5.1. RN EREKEE —HSHEANESHRFBRESRS

FEAR [ EL I AR i 2 Bk A BB A5 5 (IR P AR IR B R T30, B EEME A YA 50 Hz T
B SELIER A TR PIENAE, TR R B 2 2R P AE 0.5~16 Hz [19], PRISLAUREIEH] 1 il
BV DN 0.1~30 Hz (1 ERRFIRIr T B BE AR HEAT By I, TR s A A0 Y0 P A A2 i . g 2 5 K
BREEPIH, BARUE MRS . Bl Geit kel — B @ IR BRI Bra 108, #ie He o3 5%
fEha S SR, THHEBY, AR SR i S KR R R .

5.2. {RImFNBKE R ESHERENMEELERE

H T 7 B4 B o 3l R A AR R e L 2%, AR URAEUR A ) PR (ELAS T (201 = IRFE SR A B AN o
EIEBEE, XHIEBR ME S AT B SN 1T A B, HLJF PR E

1) J=) e A A V5§ A i 50 ik 7 Rk e Ve

RRCFE T %@ RIE D AR KT8], AR D] A SRR S AR OR R A, R AR KA R i B A A
IR RE, By SR B g i IR R e Bt f0.2% . 0 T — 4P 4 x,x,, oo, » FEZGSE B H AR IR i A
AR R AT AL

X; > max {xi—w’xi—w+1 5 "xi+w—1} )

MR x, X AEAE, RQ)F o NE DKE. BT ZERE T AMEROR 245 60~100 1K,
LSERER N 1000 Hz B, ¥ 8 % LKA 700,

2) ZUMESRAG RIS a2

R AT 20 1 Jr) R VA m M8 P = IR S (B AT AR E A . S(x) R — D Bik i, T X EEAH =
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Figure 5. Mobile intelligent terminal human-computer interaction interface
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Figure 6. Human-computer interface function distribution

& 6. AZEFHEINEES T

7. LIERRENARAGORNERS D

s Ji PR LA S P 78 LA P B AR E (0PI, S NP 7 L i K B i 1 LA PN B 4RI Eh g . TR
WA BE B RS (G K, I P9 R NI R 1B R [21], X2 BT AR I RSB SR E A0 R A 8 Py
3G S, IEREMRRE, b ThRE T FESE — RIBATIEAAL, MO M (AR . Dy 1o oL i 5 M0 2
GURHAT AT ARWE T, A PREURYE 5210 SE R I A TR AL 4R, &841 30 N, BN BEARECE
SR S, JE M S, AR S, PRTTBE R e K 52 13 Do A R SR AT MR AR A T 5K
(R A 2 RN B DL

SRR 2 TSR I A SR AR ) T R S0 28 8 0 )5t P AL S A AT DU . R R A
SINUAAREE,  THE RHIL RT3 6l AL Y B DD BE, 58 O O L6 (B R (KT I o 524X (14 s PR K
PEFFIEINE 1 .

Table 1. Clinical information on subjects

= 1. ZFRFIRKER

s ECIE N HHEA AR
FEAHL 60 30 30
(%) 34+13.79 21+1.38 47 +4.96
JVE LA (%) 51.67% 43.33% 60%
L2 Z (bmp) 67.75 + 4.81 70.00 + 5.54 66.77 +4.19
#F ik & (mmHg) 76.53 £9.21 73.03 + 7.48 80.03 +9.56
BMI (kg/m?) 22.75+2.67 22.23 +3.08 23.27+2.10
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Figure 7. Fingertip arterial volumetric pulse wave first-order derivative curves
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Figure 8. Typical fingertip arterial volume pulse wave curve
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Figure 9. Before and after curves of fingertip arterial volumetric pulse wave signal processing
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Figure 10. Outcome statistics of RHI in both groups
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Table 2. Results of t-test for RHI in both groups
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Figure 11. Correlation analysis of RHI with age
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