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Smartphone-Attachable Vascular Compliance
Monitoring Module

F A AAE
Se-Hwan Yang, and Ji-Yong Um’

Abstract

This paper presents a smartphone-attachable vascular compliance monitoring module. The proposed sensor module
measures photoplethysmogram (PPG) and reconstructs an accelerated PPG waveform. The feature points are extracted
from the accelerated PPG waves, and vascular compliance is estimated using these extracted features. The module is
powered via the smartphone’'s USB terminal and transmits the acquired waveforms along with vascular compliance
values through Bluetooth. The transmitted waveforms and vascular compliance value are displayed through the
smartphone application. This work proposes an assessment method for consistency of PPG instrumentation, and it was
implemented in a processor of sensor module. The proposed sensor module can be easily attached to smartphone that
does not support PPG instrumentation, providing simple measurment and numerical analysis of vascular compliance.
To verify the performance of the implemented sensor module, we acquired vascular compliance and pulse pressure
data from 29 subjects. Pulse pressure, which serves as a representative indicator of vascular compliance, was obtained
using a commercial blood pressure monitor. The analysis results showed that the Pearson coefficient between vascular
compliance and pulse pressure was 0.778, confirming a relatively high correlation between two metrics.
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Fig. 2. Block diagram of smartphone—attachable vascular compliance monitoring module.
O3 2. ADIEE SAY it B DLUHEY 289 28k
B3 WS4 a, b, ¢, d, eolH 119 194= WH5A Adadol gud 7S duks 9 34 34 o

a a
o} byt FAISFATHO-12]. M a®t b= PPG ¢ 4l
29 §435] 7ok kel gt 7= v YE
H& b/a= 89| e F=E vk
SeH8l EH9] ST =2 AR A9, b A9
Adiglo] AHdoz 31, b/a9l Adig2 IVl
vhHo], dyto] a4, b 39 Adigto] H|w A
2o, b/a2] AHigtE AR ZopxIcHy]. 4
| b/ax= Framingham®] 483 Y= H7Kscore)2t
=2 AEHAE AYH, b/a FAE @9 @4E
(vascular compliance)g th¥lok= AHEZ AR 7hs

SIEHSI.

2. ARtel: €AY 3 2 HUER B\

O 2+ £ =04 Aiftsks d3 v ZUE
50 EELE Yehdth oid E555+= PPG AlA, A
AR, AUPEE ojEEAolH o R FAdH. &t o
HEZ B9 PPG ASE ASSH] Sldl, WA Bl
PPG AVJRE HAASIGE. ZEAAS A2 &
PPG ¥4 H7HE, vl AR, 3t d9A 39
(infinite impulse response, IIR) T¥, 3 &4
4 Ak, EFFA BARHC-00E g€ &
o BRIt Bl W] o], A47] AleAe] F= of
Fo| Yi=(Arduino Nano, Arduino) tHfo]Ao] =
A=A
PPG AllM= g, =85, 1983 T = g
S THgolA E719] mARE 221l ofs 54 =
Qlor, olE AASE| 8l Sallen-Key 1L

ARGRITE ZRAA Q] A2 E B 7}
sl 23} mlE-Z sk, wliE QA
a3t Q7] Wil A5 2
g5Zo|t}, ul&E 9 LEFo] osf

fr 1o f»

2 I

2

L
i
oZ,

o M

(¢}

oft

~{
Houg 0
Jo Loy

4
il

1
o 12

d
.

10 rlo b 18
B
°
;
gl',
Ir

1
X
Jzoi i
= o
2
oo
el

AHEof| o5 Sxj7] ALk

AHLEE ojEA0]d2 IER0|E ARHRE o]
sto] AZEQch AREE ojEgAo|dL ERERA &
4, BAAE g5 g9, dHoly 9 oy fAEdo]
715 AY¥sk= A4 AEH o] A(user interface, Ul)
£ As3lth. AMEELS USB ZES 53f 5V AU
AlA Hgo 3gTlt

1% 29] PPG AlAF<= <F 550 nm 9] LED?}
T4 AZHAPDS-9008, Avago)s AREsto] AAE G
th LED +&579} PD $=8+50f AR8H A a2 27
47003} 12k@oltt. ASH PPGY 3= 4 HEHHS
Aol AARSZ7|(MCP6001, Microchip)E ©]-&5}o]
Sallen-Key 119 &3 & AAloIth

( Start (power on) )
v

| Bluetooth connection |

e P

Command
from smartphone,

Yesd
| Record PPG signal |

PPG Quality check

Yes

No

| Derivative & filter |

v

| Calculate b/a |

v

| Transmit data via BLE |

Fig. 3. Flow chart of processor.
J3 3. Z=NM =ME

(223)



102 j.inst.Korean.electr.electron.eng.Vol.28,No.2,221~227,June 2024

I8 32 Z2AAQ AEE Yepde: Aol Q17t
H 5 AvEED ERRA AZZ St AvfEE
o] Ulell <5k *”iﬂ"]i AS A3l tigt ggo] Z=A|
Aol RI7FE A%, ZEAM= PPG 4159 ASE 49
ohY, 5o O}gﬂ-‘q;‘]‘@ H3}L7](analog-to-digital
converter, ADC)°ll &Jsl PPG Als+= UAY A=
tﬂfﬂr%‘:} g A 4doe= AARE Adgsh, A4k

HL ppG 4159 3 HrlE 435It}

©: inflection point

PPG raw signal

PPG raw signal

Time

()

Fig. 4. (@) PPG waveform from compliant artery
(b) PPG waveform from stn‘f artery.

J8 4. () BEU= SUCELE] ESTH PPG I
(

I_
b) 43l sHo=Z

OZHE| S5t PPG I3

2 %9= PPG A129] 4 Sl A oF-E 37t
s7] e, PPG 4159 #F4ES B7HPPG quality
check)si= BAIE AIRKRITE & A= PPG 4159 1
2F vl& 19 JH wAHzero crossing) g F71
Aoz RUEYsh= s 7|He® PPG A9 F4<
w}eict

a9 4= %= S Aok sl 2Rt PPG
1ol /=g yehdth PPG Al27t 8 A &
B2 A5 A 7] St v 271 B 4707
A 7Fssit. 2 A9 13 vl 3HgolA 1671 571
A&Ho T FUTN TN FH AP Y AF AS
9] Y3tyo| YX|E= Ao7 TATIT)

PPG #d Wbt Bk A9, BW ¥4 X A5
< Slol 23 Dl eto] STk vl Qe Y 4
59] 80 B, ol Tele WA © 415
nhg Ago] Washth T 124 Ho) BB &
S8 ARgShE, B gAlo] OfFt e AAZ 94 1

2} g5t [IR ZEE ARSI

¢ 54 4] b/as= 7L Wuke] uf 7] uit &
Jol A53lek & AP g0l O A 278 Fo)
98, B0, o) AZS 168 Ak0m AP T
] N18S olgelo] W WA A 35 B
HEat, meAML BREAS 56 Pu YR
29} S W) TR AntEEOR A4

ox

> ﬂJlO ot N

42cm

Smartphoﬁe

(b)

Fig. 5. (@) Implemented vascular compliance monitoring
module (b) vascular compliance instrumentation
using smartphone attached with sensor module.

O3 5. (a) 78I 2 Bty DLHY 28 (b) MM 250
HZE ADEES 018% &t BY A=

1Y 5(a)= 3 w4 BUHE nEo 71E Ans
Yehdch E3 g mUEE 2ES 18.9 cm? WA
ol4f 3]2 7)¥Kprinted circuit board, PCB)& 7|40
2 FEEgen, I 29] PPG AlAE, Z2AA, EF

T4 HEZ IR PCB Aol 7dE PPG AIARS]
Foke 9=2 (0.6, 15] Hzoloh @8 ZE2 3
24 mAS] 5T AudTh B A7 BEA0R AN
IEo] AREEE As 7HSH, AREES] Uyl

djEle] Bake Teld ), A& FH5E Sz Aesn

¢

2 AN 2%, AlFEe] 1S B9 dolHE ¥
B9] A EQEF% HEZ JEE A4S nE 7] 9

AEARe At BHHY o o,
a9 SO A BE AviEEY 9 2 BB
g Az NS Uehdh, 2utEE olSeeld
java AelE olg3te] AAEIRon], BREA A7,
2 A i, ASE 1Y 1 A9 asdelg A

A o rm

(224)



Smartphone-Attachable Vascular Compliance Monitoring Module 103

Z9] AJ7to] AQEH,
7] 9l PPG A5V}t dEE AL Jk&E win) b}

-
P T AT RS e E HAEYo] gt
12 /] \\ ‘ |:|Melasured values
;[ \ — — —Gaussian fitling
10 ' 4‘{
]
)
8 i
tl \\
= 6 | ] u=-09763 |
+ i 6=0.0204
L ! \
4 i 3
n
L /!
2 K \
, AY
0 - -~

-1.05 -1 -0.95 -0.9
Vascular compliance

Fig. 6. Histogram of repetitively estimated vascular
compliance index.
a3 6. U= ASS Soff &5st

[

=

il
il

n

EINE 43| SIAETH

-0.4

-0.6

-0.8

O
&) R=0.7780

Vascular compliance index

-1.2

40 50 60 70 80
Pulse pressure (mmHg)

Fig. 7. Relationship between pulse pressure and vascular

compliance index.
. HONI} SE BHYE 71O A

.
o
~

8 W94 DUHY 259 AZ0 duy
o, 2 re B SR S oAb U
slgom, s 2ok 19 604 AN
FAS R 3 300 B8 B SIS
- 959 98 gy SLRIY 4T
-0.9763+ 0.02040]c}. S S4BT
3] A 4xlol, B S 4% o
WA EeS LR
A 4H(b/a)e BRO] A, 3}
5o el thshA A7EIgicie-13]. AnEd

-
ral
rﬂ
ko o

2 axY
o o\
i %
4y =
o j‘l

J

(

I

ot
ol
1o
_El
1; mlm

ot
mlly
ol
8,
T

|

AN
&
Wi

]_

rlr

1o
-
rlr
5 %
[T

= ol
©
S,
o)
ox,
o)
E

.

r

N
%
el
rJ

[13] S70] 29, WAl Uoloh B BAHE 24
b/a) JRBAE FAH0E ShHolelch, & wE

o mERsy 24E 9% 94 SN0/ u

(pulse pressure) 7+9] AIAS EAst1A} et W
U2 $57] YT o] Y 7t Aol 2 vEhd
ok o 3= AeS7] 9t A @ uasF
of vlgst, ] sd=e] vhalRieH14].

2 A7 SEEe-F ety Ag-aeiolelds=
FE QA dlolE]l g5 thgt 5902 Mk (202305-
HR-003-01), & 2999 q3AE o= wWelx &
I BT XS 242 FEsinh Weke AxFEA|
(HCR-1602, 9__E) ol-gsto] ASsiglon, E¢ &
e FEE 2 o]gsto] FE3I3H. A7l + &
2]9] scatter plotZ& I8 7914 AR} 19 79 2
NE AWEH, o] =2 HIRUSE FT =
F219] dfjgio] ZolA|= 76“’&"5 gRIg 4= Stk 3
A& 283t 23, Foj& At AR A= 0.778

om, ¥ A 71| UG JUTAE EAGOR &
% ok, TR v BAE SXo) B9 B4 Hwet

A AL A, WY J 2L 5 U A= Ay
= e 4 AlAH
< U yF ASZ 7Ivte=w A3t X]—’F—(stiffness
index)e F4o1, 0.83 =9 75’@ AE Ado

. A e} Hnd o, 2 At AS ] H| 14
RO]O o, £5% 24 143]’5* M% Ao FIHE,

v. 88

2 e ZolEo] o] ZisT B € B
g BES AR AISKe AN EES QkEgol

E ojEeAol e AUsHe Pole] AntERe] o]
Psste, Ay AT HEoE B A% e A=
S $82 1Eid e AF AAE ST 2
7ol A4 REE PR AL50) A A% 9 02
£ SR, PPG 4159 Iy Gl AS oBE o
ek, PG AZel 9E Wbl S, o 9
el B B VIGE s Besh, g 2t
256 o W b 9Y 5L F2500], AFHoE @

S
T ebg (b/a)e PSIT A] AR AA BB
ZRAMERFOE Ln)g olgsto] S, gl
ARH Fo= AZT JST unie} W vy pAS
E2EAE B AnfEEZOR ALTICH

Albsk= A4 ZE2 PCB 7|99 32 HAE B9
AAEUCH, PPG AIGE, ZEAlA, EF5A HEs
IRttt o] HiEEE ARSSHA| o, AnEES)
USB 25 53 de¥s s3¢<tt

(225)



104 j.inst.Korean.electr.electron.eng.Vol.28,No.2,221~227,June 2024

o, A&l d3d B7ReF Wt I e 7HY] A
TAE 24010 Y 338AE o= I B
£ ¥E A& A3, v|wd 2R 2EHEAK0.0204)7}
58 AL ERIT + At 2989 DARE e
2 el g A E A5 ESsiglon, Wk A
& AAEYAE olste] ASsIlt:. WAy S &
Ak F2] 7H] mojd A= 0.77801H, H|H
=2 AT Rl
References

[1] M. Elgendi et a/, “The use of photoplethysmo-
graphy for assessing hypertension,” np/ Dig. Med.,
vol.2, no.60, 2019.

DOIL: 10.1038/s41746-019-0136-7

[2] X. Ding et al, ‘“Pulse transit time based
continuous cuffless blood pressure estimation: a
new extension and a comprehensive evaluation,”
Sci. Rep., vol.7, pp.11554-11564, 2017.

DOI: 10.1038/s41598-017-11507-3

[3] F. Sarhaddi er a/, “A comprehensive accuracy
assessment of Samsung smartwatch heart rate
and heart rate variability,” PLoS One, vol.17, no.12,
2022. DOI: 10.1371/journal. pone.0268361

[4] H. Y. Lee et al,, “Smartphone / smartwatch-based
cuffless blood pressure measurement : a position
paper from the Korean Society of Hypertension,”
Clin. Hypertens. vol.27, no.4, 2021.

DOI: 10.1186/s40885-020-00158-8

[5] Gallup Korea (2023, July 13). 2012-2023
Smartphone Usage & Brand Survey.

[6] M. Elgendi et al, “Detection of a and b waves
in the acceleration photoplethysmogram,” Biomed.
Eng. Online, vol.13, no.1, 2014.

DOI: 10.1186/1475-925X-13-139

[71 L. Wang et al, “Multi-Gaussian fitting for

pulse waveform using weighted least squares and
multi-criteria decision making method,” Computers
in Biology and Medicine, vol.43, no.11, 2013.
DOI: 10.1016/j.compbiomed.2013.08.004

[8] A. Chirinos et al, “Large-artery stiffness in
health and disease: JACC state-of-the-art review,”
Journal of the American College of Cardiology,
vol.74, no.9, 2019.

DOI: 10.1016/j.jacc.2019.07.012

[9] E. Wowern et al, “Digital photoplethysmography
for assessment of arterial stiffness: repeatability
and comparison with applanation tonometry,”
PLoS One, vol.10, no.8, Aug. 2015.

DOI: 10.1371/journal.pone.0135659

[10] S.-W. Kim et al, “Comparison of peripheral
vascular compliance between normal and diabetic
group using second derivative of photoplethy-
smogram,” Journal of the Institute of Electronics
Engineers of Korea. SC, vol.44, no.4, pp.15-20,
2007.

[11] M. Theodor et al, “Implantable acceleration
plethysmography for blood pressure determination,”
[EEE EMBS, pp.4038-4041, 2013.

DOI: 10.1109/EMBC.2013.6610431

[12] Chung-Luyl Lee, and Kyung-Ho Kim, “A study
on estimate vascular compliance using acceleration
photoplethysmogram,” The Transactions of the
Korean Institute of Electrical Engineers, vol.62,
no.6, pp.840-844, 2013.

[13] K. Takazawa er al, “Assessment of vasoactive
agents and vascular aging by the second derivative
of photoplethysmogram waveform,” Hypertension,
vol.32, no.2, pp.365-370, 1998.

DOI: 10.1161/01.hyp.32.2.365

[14] R. E. Klabunde, Cardiovascular Physiology
Concepts. Indianapolis, IN, USA, Wolters Kluwer
Health, 2020.

[15] J. Joseph et al, “Technical validation of
ARTSENS - an image free device for evaluation
of vascular stiffness,” /EFE J. Transl, Eng., Health
Med., vol.3, Art. n0.1900213, 2015.

DOI: 10.1109/JTEHM.2015.2431471

(226)



Smartphone-Attachable Vascular Compliance Monitoring Module

— BIOGRAPHY ———

Se-Hwan Yang (Member)

2024: BS degree in Department of
Medical IT Convergence
Engineering, Kumoh National
Institute of Technology

2024~Now : MS degree candidate in
Department of Medical IT

Convergence Engineering, Kumoh
National Institute of Technology

Ji-Yong Um (Member)

2006 : BS degree in Electrical
Engineering, Pohang University of
Science and Technology (POSTECH).
2008 : MS degree in Electrical
Engineering, POSTECH.

2013 : PhD degree in Electrical

“ Engineering, POSTECH.

2013~2014 : Post Doctoral Researcher, POSTECH.
2014~2016 : Senior Engineer, SK Hynix.
2016~2021 : Assistant Professor in Department of

Electronic Engineering, Hannam University.
2021~Now : Associate Professor in Department of
Medical IT Convergence Engineering, Kumoh National
Institute of Technology.

{Main Interest) Medical Ultrasound, Biomedical
Circuits and Systems

(227)

105



