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Abstract

This study focuses on the structural design and signal characteristic analysis of
piezoelectric sensors for radial artery pulse wave measurement at the wrist. The effects
of piezoelectric sensing element geometry, support structure, and probe design on the
output signal were investigated. In wrist-based radial artery measurement, the sensor must
detect small mechanical deformations induced by arterial pulsation within a limited space.
Therefore, the fixed structure and contact surface of the piezoelectric element may
significantly affect the output voltage and signal stability.

To establish repeatable testing conditions, a piezoelectric sensor testing platform was
designed and fabricated. A servo motor combined with a linkage mechanism was used to
drive the probe for periodic pressing, simulating pulse input applied to the sensor. The
output signal of the piezoelectric element was recorded using an oscilloscope, and signal
processing was performed to calculate the mean peak value and mean response time
difference. These parameters were used to compare the signal strength and stability of
different structural designs.

For circular piezoelectric sensing elements, various sensor bases with different
support structures were fabricated using 3D printing, and their effects on the output signal
were compared. The results showed that the ring-shaped support structure provided more
stable support conditions. The effects of probe hardness and long-term repeated pressing
on signal performance were further investigated. In addition, a theoretical analysis was
conducted on a double-layer circular piezoelectric disk with ceramic layers arranged on
the same side to evaluate its potential for enhancing the output signal.

For rectangular piezoelectric sensing elements, piezoelectric plates with different
widths were tested. The influence of piezoelectric ceramic length on output voltage was

analyzed through theoretical derivation and finite element simulation. A wearable
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piezoelectric sensor for wrist measurement was further fabricated for preliminary pulse
signal measurement. The probe shape and configuration were designed to improve signal
measurement stability.

Based on experimental results, theoretical analysis, and numerical simulation, this
study investigates the signal performance of piezoelectric sensing elements for wrist
radial artery pulse wave measurement and analyzes the effects of support structure,
piezoelectric element configuration, and probe design on the output signal. The results
can serve as a reference for future selection of piezoelectric sensing element geometry,

support structure design, and probe configuration optimization.

Keywords: Piezoelectric sensor, Pulse wave measurement, Radial artery, Wearable

sensor, Finite element simulation, Direct piezoelectric effect, Cantilever beam
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B 2-1 Ultimaker 2+ Connect 3D 71| & %

% 2-1 F|E fdk
Print Settings Value Print Settings Value
Layer Height (mm) 0.1 Top/Bottom Thickness (mm) 0.8
Line Width (mm) 0.4 Top/Bottom Layers 8
Print Speed (mm/s) 40 Printing Temperature (°C) 225
Infill Speed (mm/s) 40 Build Plate Temperature (°C) 60
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B 3-1 FIR i jpik B2 45 5 DR E
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(Stress) > S, 5 &% (Strain) > E 5 % 3 (Electric Field) > D, 3 ¥ 4 (Electric
Displacement ) - % %_% & %2 % & H (Electric Enthalpy) 3
H=U-ED, (5-2)

#(5-2) 7 M A T BH(5-1)78 &~ (57 1018 3

SH =T,5S, - DSE, (5-3)
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z *“85 ) 5E LIERE . F T I ED
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1 ~ I 5~ =~
H= 2 yle Skl_ekijEkSi/_EgijEiEj (5-7)
PR R - R A HEEE RSN S S R A LA BRI ETH TR T L
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& » FT®T 2 4 % h#(Dielectric Constant )> ¢, » B % i # % #c( Piezoelectric

.
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HA(S-T)3% Wil s 3085~ (5-6)5% 16 7 IR T A AR5

Zj cyle ekyE (5-8)
v -
D, = ejk,S +é&; E
#-sk ¥ oot e B AL ot 2 (Voigt Notation )
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e T p g=1~6 A w0, ki=11,22,33,23,13, 12> ® ¥ 4=1,2, 3 pF
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T, |0 0 0 ¢& 0 0,0 —e 0 |]S,
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ip eiqsqp

2o osr ZHATLTHET 23 AR ¥ B (Compliance Constant ) » d,, = B T Ji % ik
( Piezoelectric Strain Constant ) » g, = B & @ /& % #k ( Piezoelectric Voltage
Constant) » &; » FAZE+ T 2 4 T fhdic (Dielectric Constant ) o 3+ A2 $& i e

LR TR ST Ol SHE] ~ E & P (Poisson’sRatio) v > B 7 11 iE— 4 {1
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— E _ E  (E _n(E_ E
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# 5-1 BTBILHFY
Material Property Symbol Value
Mechanical
Density (kg/m®) P 7130
p
Elastic Modulus (N/m?) sE 1.867x10™"
§F 2.151x10™
33
Poisson’s Ratio v 0.43
P
Dielectric
Relative Dielectric Constants el /g, 2258
el /e, 2497
Dielectric Constant in Vacuum (F/m) , 8.854x107!2
Piezoelectric
Piezoelectric Strain Coefficients (m/volt) d,, 5.50x1071°
) -10
d,, 1.54x10
-10
d 6.38x10
Coupling Coefficients ks, 0.80
ky, 0.24
ks 0.55
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TcSeE
{ oo “ (5-17)

D = eS+gE

Jki
PR BRI RT A RS LR v 8 D, 284
Bk Fl T i i 13488

D, =e,S, +&5E, (5-18)

.Nt
™
pi
T
=N
ET
)
@H
=

TREFaA e o k2 BEG - AES

bt} bt;
[ =—LL [ =2 (5-19)
P12 V)

MRTRELARNRGz=0 T L ERE e P A1 PA K2 EG A0 mE VT L4

T
4 t
__ pbr . _ b,r _
Z,, = 5 Z,, =k, + > (5-20)
LRE G
Ap,r = tp,rb * Ab,r = tb,rb (5‘21)

ER - DARTEY S ER T Y IR EF SRR LT TRy

Bado f0 Wl F YRS KL MR G AR B Y B T

+ = ¥
* 7T &

7 Apr pr+EbrAerb,r
. E A +E, A,

p,r=p.r

(5-22)

He o E SE AHIBRTRAAEEHA 2P ik P LI BRTHIAE S
S NE I NN 258 " A

Ny =Zy, —Z, > M, =2, —Z, (5-23)
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BENY T AL MAF LR BB A RIRE T S AR BIR 2 B

(El)eq = ZEi,r I:Ii,r + A7‘,r(Zi,r _En,r)z:l (5-24)

1

bl
3
[
-
I

(EI),, =E, (I, + 4, )+ E, (I, + 4, 1) (5-25)

FRAFE A L FIL R S F(r)=Fysin(or) (F% PF o BEALTE T h x Al $4E

M (x,ty=F(t)(L-x)=F,(L—x)sin(et) » 0<x<L (5-26)

N

A
=

CAF B R EDW ST L SRR Bon g RIR 2 M TR E T S

M
K(x,0) = = sin (o) (5-27)
BT R FIE A 2 2 phe R G
=— = 0( ) » 0<x<
S, (x,t) =—n, Kx(x,1) (E ) —————=sin(wr) * 0<x<a (5-28)

BT EARR Y RTBAA FIFY AR 2T

[l
A
e
!l
ki
g

fhre G2 Mg IE S

Sme(x)==—ner%%£6i?l (5-29)
B{(5-20) % ~(5-18)¢ 5 B R G w2 T HT A1 5
D,(x,t) = e, S, (x,1) + £5,E, (x,1) (5-30)
FEYRY PBRERTE 2T EHBLE R EEES
Qmwhﬂwhﬂglﬁ (5-31)

(EID),,

A RTALFBAL L ATFHEQ,, ()7 4 TEBHTIES fHfh 4 RE-
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AR FABRTA T A FEI FLaFHFEATCIRTRITARD L

B

O (@) = [[ Dy gy (¥)dA =D D, (x)dx = by, (E]) (5-32)
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LS RO T AP R SR
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BREIBILETHRZ - TFEFEFTF BT FER
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C,(a) :3;— (5-35)
p.r
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dv av v(a,t)

i (a,t)=C — A
@0 =C@ 74 C, . (5-37)
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91

) B, cos(wt )+ B, sin ()

=1,(a)cos(wt)

(5-45)

(5-46)

(5-47)

(5-48)

(5-49)

(5-50)

(5-51)

doi:10.6342/NTU202602185
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BEF ORITHERFZ LGRS FO)E* THHRTBIA Zdhe BT d 2 i

F@)(L-
Sl(x,t)z—np,r%eqx) » 0<x<a (5-58)

SRR L PR R A AR 0 AR RN~ 4 d Fsin(wr) 22
HEF AT F()od WP i " ERTEBAX NS 9742 2 70 7

PEERZ e RESY I BRERE S L T

F(t)(L-x)
D3 m(x ZL) e3lS (x t) = 31 prw (5-59)
HTEBHETHACT affA  TIRTHLAL L KT F
0. (a,1) = j j D, (x,0)dA=b jo” D, (x,t)dx (5-60)
(R INNC NI RERI
_ F(t) ¢e
On(@:)=~bestye o - — | (L—x)dx (5-61)
BImis i
F() a’
Qm (aat) = _be31np,r (El)eq [La _7j (5'62)
RHTEETRS AN T RERTEIE R R SR SRR R 2 5 T

% K(a)

K(a)= bemnp,r L a’
(a)——w a—7j (5-63)

Flp o REMIAALZTRYT 27 5

O, (a,t)=K(a)F(?) (5-64)
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AT BRICPERT A AL LSRR T T AR

+ Y
EAI R

Q dF

i (a,t)=—"=K(a )— (5-65)
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PASTERT AL RARTATLHRI R F BT LS TR ED
I RAEE R BERT KA AT AR B R BT AR TR 0

MEREOARTALAAZTFILESIFRLFC D v RTER KK
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é;\.a

AHE O AR YR ETF C v ET R HE TR R - BT R

C dv v(a t)

dt X —i,(a,1) (5-66)

RS AN TRERART AR R oA F o BN T B A

~E

ﬂig?lt':i.féé:—% cF STV EME Bl L BA R BEAAEN > R B 5 G

A
(B e i o #o(5-65)5 1%~ 15 T (8

dv dv va1) v(a, t) dF (t)

-K -
“a TR (@) —— (5-67)
ﬁé’Pﬁ“*,uC VORI LR - PR AR
dv v(a,t K(a) dF (t
dv @t K@ dF(@ 5.68)
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EO TR o A P
a= ! 5-69
Rfo (- )
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3D 7| E°# Ultimaker 2+ Connect w3t

Properties

Physical dimensions

Ambient conditions

Technology

Print head

Fused filament fabrication (FFF)

Single extrusion print head with swappable nozzles

Build volume (XYZ)

223x220x205mm (8.7 x 86 % 81in)

Nozzle diameter

Layer resolution

XYZ resolution

0.4 mm (included)

0.25 mm, 0.6 mm, 0.8 mm (sold separately)
0.25 mm nozzle: 150 - 60 micron

0.4 mm nozzle: 200 - 20 micron

0.6 mm nozzle: 300 - 20 micron

0.8 mm nozzle: 600 - 20 micron

12.5,12.5, 2.5 micron

Nozzle temperature

180 - 260 °C (356 - 500 °F)

Build speed

<24 mmifs

Build plate

Heated glass build plate

Build plate temperature

Operating sound

20-110 °C (68 - 230 °F)

<50 dBA

Connectivity

Dimensions (with Bowden tube and
spool holder)

Wi-Fi, Ethernet, USB (Remote connection via Digital Factory only)

342 x460x 580 (13.5x 18.1 x 22.8In)

Net weight

Operating ambient temperature

103 kg (22.7 Ibs)

15-32°C(59-90 °F)

Non - operating (storage) temperature

Relative humidity

0-32°C(32-90°F)

10 - 90% RH non-condensing

Air Manager

Filter technology

EPA filter

Filter efficiency

Filter replacement

Up to 95% of UFPs

Recommended every 1,500 print hours (approx. 1 year)

Front enclosure

Separate front enclosure included with the Air Manager

Electrical requirements Voltage 100-240V AC
Frequency 50-60 Hz
Power Max. 221 W
Software Ultimaker Cura Our free print preparation software
Ultimaker Digital Factory Our online printer and print job management solution
Supported OS Windows, MacOS, Linux
Warranty Warranty period 12 months
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