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ABSTRACT

In the traditional Chinese medicine (TCM) diagnosis, pulse is an important
indicator for medical diagnosis. However, when TCM doctors are taking the pulses for
a patient, it is hard for them to quantize the pulse data. Without the quantitative pulse
data, it is hard to obtain the past pulse history. Current measurement devices mostly
focus on developing single pressure pulse measurement, making it less flexible to
measure the pulse. As for the current reproduction devices, the size of the devices is
large, which makes them unhandy and immovable.

Since the portability is the key element in device development, this research
develops a small-size pulse measurement and reproduction system. When using the
measurement device, users are able to apply multiple pressures and adjust the position
of the device according to their needs. In the measurement device, the pressure sensor
is used to measure the pressure force, and the piezo film vibration sensor is used to
measure the original vibration signal of human pulse. This research also applied
Taguchi method for the measurement device optimization. The pulse signals obtained
from the measuring device are further reproduced by the proposed reproducing device.

This research uses an artificial neural network to establish the conversion
relationship between the voltage input signal of the reproducing device and the pulse
reproduce signal. The experiment results show that the three-finger pulse reproducing
device developed by this research can correctly reproduce the human pulse vibration

signal accurately.

Keywords: pulse measurement, pulse reproduction, Taguchi method, artificial neural

network
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BRA T g s TR K 28.7% T B 3 7.8%- % F oAt (f Paeen® b o il ok

REE O NS ERLE ERRERLA -

Force signal

| Electronics

Driving current

B 2-12 £3m%% %ﬁfﬁﬁf % Bl(Carneiro et al., 2018)

222 RRBRIARE

Lee et al. (2017)& = 7 — 2w o F HdR b 2o o] 2-13 #0% « o % a7 43
PpPRAE i Ay s L SRR R R R B RACE TR LI o JUN W fa i BoS R
SERA I RENATAFRE L FY oI BN BB R RIFITL
AR LI R R ¥R B AR T g B RIS AR R
BT oA w FRHERE AR FREER TS EREE s E

RARH e KA AL G R SRR RE RS SEY
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W 2-13 < F BBk 57 & Bl(Lee etal., 2017)

Koo et al. (2018)FF 3 — i ac 59 A 2 &R L2 TR R > 4Bl 2-14 #7177 o
Hpm gy & % gon % (magneto-rheological, MR ) im#8 kgt i » 41 % T R4
RAF IR e 2 MR EHIRE T BN R EF R Gt B foiedr o &
BB 2 B eppE P & 5 RT3 ks 22 Al B (augmentation
Index, Al) » AL i 3 sk - # % 3035 #45% sk F A R chiied o Jfd AL ET Mg d
Boia BN ARR > RHETETE § v B AR R R DiEdy o MR PRI O E R
% R R % (pulse width modulation, PWM ) ehdkjis &k #2413 & in#» «h MR
S F kS % 2 MR "MEBHREL AL HET B &L R B

250 AL BAREL T AV £ 33%0T -

Peristaltic pump

Microcontroller Board: ||
Input PWM Signal

Radial Pulse
generated on o
Artificial Wrist

5 MR Fluid

Reservoir

Electromagnet

B 2-14 MR %8 H-38% « su7 48 Bl(Koo et al., 2018)
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S RD BT RN E

WA ER AR F f RS

S SR =08 EOFE SR

/)2

Boo 2R Gl

YR KAl F 8RR

xR R

FeR BHOHL AR R 'F»'

="

ok

VY SN 0 ) WL S

@  Left
ventricle
simulation
module

Pressure transducer
for measuring
left ventricle pressure

~
High-speed |
stepping motor

Linear
ball screw

|

(@ Positive/negative
pressure control
reservoir module

Cylinder
+"and piston

Air

Mitral cylinder

. valve
o (inflow)

°Y* Pressurizing

ey
ot

Reservoir

... Aortic valve

NER ALY = H

Buend AR o FEd KR

£ plen®FE R > Yang et al. (2019)iF = 7 A&

WEHEM A EIREE o 4oB] 2-15 #97 ©

e

-1 (outflow)
\ v
H : Subclavian 2 H Aortic
| artery =2 resistance
4 : éa valve
"’\ :

Compliance
chamber E
(]

Silicone
thoracic aorta

Silicone
abdominal aorta

(@ Aorta simulation module

Pressure transducer
for measuring
radial pressure

Wrist

Wearable 3

: Peripheral
sensor ee?

Voo RO :
Radtt resistance valve

under test artery

Bl 2-15 o # R

223 FRARS

Yang et al. (2019)#- RTS %
HER L BE 1 kR A RY £ aer
B4R R

3‘7%{'7%’

L LF A

gi/?'ﬁ‘\ﬁ;%‘ﬁi ’ @ «flj’ﬂ

WL GRS

Si(robotic tonometry system, RTS)3k

LA |

T K e IR Rk 4B

Y

”

LU

4.9%% #p i~ it

15

SuAL 88 78 1 Rl(Yang et al., 2019)

ay\

~pd R

> 4o 2-16 ()77 o RTS k seig * 15
BRI BT S PR U B i o

FEBE FERF BBEAL ORGH W
o MR E o oW 2-16

BEEL 32% -
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LCD Module for real-time Pulse Pressure Display ...
including Heart Rate, Pulse Pressure, Diastolic Pressure
& Mean Pressure

DC Motor with Hall Sensor -
Three-Peaks Cam

Cylinder & Piston
for Pulse Pressure Generation

Small Piston & Cylin:der 3
for Diastolic Pressure Control

Dial for Heart Rate Control -~

Artificial Human Hand
surrounded by Silicone Skin

(@) (b)

Bl 2-16 MR £ AR F W E(Yanget al, 2019)

224 “EEREE BB
222 LB ERER 2 Rw Y o RE BB
AV S UERFESRER VI A HERFL LI P AL ERERT FE
B R AR B LA 0 KA S £ IRE R s R A
AT ANRBEEREE VETRIRFE - RTIRGET FMTR P
Bpe 2 R A p R M E R ER SR EE £
FoRFEIRY A ARFRBEIRAEHAMEFER - AERKE A HE

RO ERIERATERITRENG > WP HELR

W
e
‘g;
(N
&
1+
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22 RPERKE v v AR L

T/ 28 i % e S
Shin et al. (2011) B3/ VCM AR gl gl ) S T 2k
A p

Liu et al. (2018) B 5/ VCM WA A 3.65% Bk

Wu et al. (2017) #8 7Y/ piezoelectric | % i8 EMD #2 ANN = ;2 & L% 42 iz 3

Carneiro et al. (2018) # 4% 5%/ solenoid A ] D AR EEa

Lee etal. (2017) /% B 3%/ hydraulic N LE A S ok o T

Koo et al. (2018) /% & 3%/ hydraulic TIRE ESRK AR LA Ekd
Yang et al. (2019) /% B 3%/ hydraulic T L &K AR e 38 A =

Yang et al. (2019) F /& 3%/ pneumatic Al B34 5 4.9% kS
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¥3x Y R

ARERE e R e R B3R Y B 20HZ 1T o %{#ﬁ?%ﬁ HE 2 A B
B¢ 3% O 5 (Che et al. (2015) ~ Suguna et al. (2019)) » % * &7 1R 4 T s
APE S R4 A i 8-10Hz 7 3 iv £ #-¢ 3 4r (Thakker etal., 2010) o F]p »
PSP RIREME A B DA T RS RILFA AT h- 3R o Y g TPk gL

PHOAWMEEZEAAERZE EMNREAEHL FalE  AF S BN KA

Ieks

RIEE 2 EIER AR R FRP AL L AR

\w

i
S1AMER

311 mEEREE

%% Luo et al. (2016)s"%F /R + & A i 5 35 mmHg ¥| 350 mmHg - @ =
B PR R L W9 5 1 em? o 1 mmHg S 4 3 5 5 1.36x10° kg/em?
Rl3cR 4 R £ 8 =5 548 gw 7| 480 gwe F]t F B %3 ¢ 5 12 35(< 90 gw)>
#(90~150 gw) ~ (> 150 gw)= fE 7 Fe e Bl ende B 4 B o A e 4 BT 90 R IR
PAREAA > BRI EEZER Y BRARPLPE BFHRRS R enBcEH B UK
RE TR R R ULEER A PLE Y R BRI B 7 TR i

Pod FRRPELRPFRERRES 2 RFPH T DT AR AR 3-1 47T ¢

pulse measuring device

v

pressure sensor

force signal

pulse vibration signal

v

piezo film sensor
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312 mEELERER

ARE B R Z B EE R S BT B R D B R & (Suguna
etal,2019) > 3 TR AERI P B AUk ERER R L o7 A ko
Wi AT R 20Hz 11T 0 KR hRE B R ik E R s TR R
BegdmEE %16 ZFARBERDREFB2 b2 Fo ZBRARPIERRR

£

RABRES B> bl S R4 R T EIRF RS g

pulse reproducing device

pulse vibration

v

piezo actuator

force signal

A 4

pressure sensor

B 32 ELMKE FHRF

327 #H

AL e S A ) 3-3 o o F AR P AR BRI R o Bl 4 et
B~ % 7 R g SR B D PC S (FIUELAJE o B P T
BAUBLIE 7T I 15 0 B MRUBLYE Bk I R AR A AL (B IR A UL
e R ERRE S FESNERKETRIE A PRERF LA ZERK
ﬁﬁm%@aﬁiﬁﬁ@ﬁ%ﬁ’ipf%?41#@$%ANNﬁﬂiﬂ$ﬁ
gt o gd NN HEI S &l & 3 g & nBRds U > o Mokl B 0

SRR R B T MG E T B gk 2t LAY > B - gL
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pulse measuring device

signal processing
(PC)

NN transfer function
(PC)

4

drive signal output

drive voltage output

(MCU)

low pass filter ~ amplified
(pulse reproduce circuit)

pulse reproduce
(pulse reproducing device)

B 3-3 REERTFLR ; AFHR
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$4% 1

FERBRREERER

R A G BRI R R BE Y HM KR A MR Y F

ERIBOFET EEFHRERE P BEREFRAITER DBEK Sl

411 A RY:E*
B A BRI A T ORI AT IR UEL o M SR
FEITAARPIE BRI Jﬁ F B4 BiE* d Interlink Electronics #7 B 3% er/&

4 BB B (FSR402) » 4o 4-1 957 o HR 4 Pl B endedod 4-1 57 o 7% 4 20

4% * d TE Connectivity #74 # PVDF &% =% R ip] B(SDT1-028K) » 4l

42 i o

H PVDF = g P B 3 fti 4o & 4-2 #9757 - PVDF 3rd g BB 2B %

A A A B AT AR R AR P e B A B A AL LA > @ ¥ PVDF

b R

ﬁ;

B 4-3 57 o

|BATREFFFEPN & F TR DPR - 2 REFF 3 10 MHZ > 4

Bl 4-1 FSR402 = ~} % 71 @]

# 4-1 FSR402 4% £

HF BR4 R LR R OBIR
i 0.1-100 N 60 mm 126 mm?
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B 4-2 SDT1-028K § %2 @]

% 4-2 SDT1-028K % %

A BRI 4R S ) E Rl % FR
E | upto 2% strain | 15-20 mV/u strain | 28.6 mm x 11.2 mm

SDT1-028K Low Frequency Response

5 / /
//

27 —R=1MOhm

. — R=10 MOhm

S/
NV

-36

Magnitude (dB)

1 10 100 1000 10000 100000
Frequency (Hz)

Bl 4-3 STD1-028K #7 & %5 ]

412 BHR

Bl 44 2 2B RBRESPIEE DA ER > ¢ FE(FE 1)~ B

FOE(EE2) R RRIE(EEI FRAY (B4 A HEH(E S 5
PVDF 4 % g 7 B (% %@ﬁ%ﬁﬁ@ﬁ7MT¢%%ﬁ@ﬁ8)ﬂi
ML6xI0(E 2 9)r1 2 M6+ & #5(R £ 10) > BplEE ] F 2 £4E2 B 4o

% 43 417 o
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Bl 4-4 L8R BRAREERAR

243 ABRBREERAE R

=~

&

‘\K

X

Gil
I

ok

&R W R

B4 RRE

IR

AR

PVDF & & g | &

1474 5

T B

Ol NO|O|R~|WIN|F

B 5% M1.6x10

[EY
o

Wy M1.6

NN e L L
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H ¢ PVDF 4R i B(F 2 6)7 3 ¥ - SI47 cfg s (F & 7) » %0 2
i = g 0 F4f] o PVDF JRé g RIE R BIfI™ 2 7 3 chd FiE(F ¢
SRR BEFAFF LoD 20 FLES RRFELE PVDF bR R EAP T

2R
®F

w3 '@‘},E,\'/P'Jgg B4e » R - & /PJ%_%_E'_ Bl4c B 4-5 “7 o

F_‘.

(b) T AR
B 4-5 FRBREEREL 2L R
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42 R RIFASFFIL

RS & R SURE Lt I R L E LS B TS b
TP~ R he B > 4o @) 4-6 #7or o f Lietal. (2018) ~ Suguna et al. (2019)% < )EJ% ¢
SRR 4e B 4-7 #7704 Rd PVDF 4R ds i RIE £ R P 7R 058 v ik
PRI R LT A e o BB 4-6 PV HIRLFRREH Y- BRAEL Y B
M2 BARP AR R Bl B AARRZ T A AR 47 ¢ GUAT 5
MR I ZBAR A EIRGAR T o R B BTG A RRZ

T ok BT S AR R PVDF R BRI E LRI R TA L DR IR

B

Fd BT BRI Y R O RS - PVDF SRE R RI BB R R E L
v

Al %‘;’:

B FP 277 FEHER I DRSATEFHF A AL FRER A e

Loy R I; ?@%‘%%{ﬁ—,ﬁév\ s @@ﬁ At m;f% Av\’;,‘%’%}fbg _;j—,*ua;?@)l%ﬂ %

Wt FE il o

0.4

0.3 =

< 02

Voltage (V.

0.1 |

01 4

02 I L 1 1 L
0 0.5 1 1.5 2 25 3 3.5 4

Time (s)

(a) = = B *%i52~(70 g)

Voltage (V)
o

0 05 1 15 2 25 3 35 4
Time (s)

(b) = W ¥4 ¢ 3123 )
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=}
»

03+
202
sl

01+

-0.2 .

0 05 1 1.5 2 25 3 35 4

Time (s)
()= =+ M B(155 g)
B 4-6 MEEPRIEEFE P ~ B ERELE

200
150 F
100 |
50

0

0 S0 100 150 200 250 300 350 400 450 500

Bl 4-7 "%4% 42 Bl(Lietal., 2018)

43%RFLRIEXERERHE

AR L - BRERE AL MHRA S B RS R
PIER % - AW WG A @ EPIEE Y 90 PVDF R B R EA
R0 F P TRUEL T RUBLIE (7 A RIL o B 1 Y i i R 3 R

Ao BfF 1S B RIATIEUEL > 2L SRR R RIK R of 2 Bt e

431 LEmd =

B AT YRR F AL A 2 s 1345 Shuetal. (2007)F7 3 & O H - %
F A ¥ & T o= - Bk (forward wave)fo— B 7 PR 48 & en {8 i (backward

wave) e = (B] 4-8) » H 2 N deiV(4-1)577 o
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/\

N

) .

—

Bl 4-8 757 & Bl(Shuetal., 2007)

F(tla, B, 4,4, B) = At%e=Ft/10 L B(t — A)%e FE-D/10 > 4 (4-1)

B A Ed - B RS 5 (power function) fr - B 45 #ic g ;¢ (exponential
function)e= > H? & 27 BRE o afrf LB im ~ S RE L B
A BASR A SR ARIFA ] o 4 R A Sk e kA Sk o

Flv 2 oS AT BRBCREE L T L BT

T % k3 % 5 2 (particle swarm optimization, PSO) K37 B % #cehb & 2 >

N

ORI AR RER S FRE TR o Tl B A4 5 1000 B B

X

i

- L FH(R 4-9) 0 (FE A S LY ST AR o

2000 ~

1500 -

1000 A

500 A

T T T T T T T
0 10 20 30 40 50 60

B 4-9PSO #: & "% #4257 3 B
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B-H - FH RS LA BEF R - 1 SolidWorks motion analysis i 7 4 #5
BB & o 2 PR LA A S endL i Brd AU B A 3D HEA] 0 = AL S

* 3D 7B s Er ] % dE L > e @] 4-10 H1oT o

Bl 4-10 "% 3% 9% Br /b %5 7 48 B
432 %HEBH
B R w BIRATEA B - IR0 LR A i %
AR RRIEY SN HRHEEE FEHTENE S M BER
Bk o MiGEE P £ 57— B GAI2-N20 B i B iF > 4ol 4-11 “57 » B e 5
LAFE oAl 3 AR R S s o ¥ R R RIEE P F 2L
B L FE Y MBEL WY RE LA Lo kL e b2 T

B4 @ 4-12 #77 o

B 4-11 2 /%5 2 GAI2-N20 7 4 &
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(b)
SIESPRLE LI ET TSR T
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BTREFIRRE R DAEREREISVAOTRLE HEE
g SR Wik E R R S i 60rpme LRI ¢ hd 5 ik rds Rde s 4F
i TR @ 58 ¢ gEE ¢ PVDF R R RIRE A 42 TR

BRAE AN B gk BRRETHEE > PR S L 1kHz »

433 B LR EEHRERF

i@ * MATLAB #c5 1 B R EE RIEFORLRE NG EFTHFALEE

0 0 ERTHRH USL e MR B R B R B A (ki

W U A HOR AR 41T 0 4] 4-13 9% o A3F 5471 ¢ RMSE &2 R?

PEF 1T 5 A MELA B AR R ch %7 ik 4 o 4 Yangetal. (2019):F = - B A+t PPG

At B HE R BRI OPPG WA S B R KRR 10
e

RSME £ R H # £ % % - Johnsonetal. (2019)% 37 — B & * 3 i g Pl ek

s gt SR B R T AT enpk P R 3 (applanation tonometry)

A # R2 s TR A% endE A B o

Normalization

\ —integral of the recorded signals
— — —cam profile il

=
©

o
]

=

=~
T
o

Amplitude

=
»
T

=
o
T

=
i
T

=
w
T

=
o

o
o

S
o = :

Bl 4-13 M B PVDF 458 2 i B £ Bl 4f A 14
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AR T & %R S % R E 0953 2 RMSE 3 0.075% » fgd
BT RM 0 RGBS S5 F R AR B Ap it § A1
Al B Z 2 454084277 s ATEFHant 53 N i mE S - BRAEE T - B
B B B A o PR E T AL AT AN L 6.7 % Tl 5
MR BT LRP BRI RN JREARAEE >
§ 18 TR LA e i

Late Systolic Pulse Pressure

Al value =
vatwe =g arly Systolic Pulse Pressure

X 100 (%) (4-2)

BB 413 LA R o A B A NS 2 Bk LG AR RS W
o rengd o ¥ oA L 5 BRIAR iR PVDF dRde )R E R Rl A 4 e
Flt 5 LR E R RIEE PR R A RT KR S EEREERER

R ESENEY

445G 3T HKT

!

4.4.1 &3t 3k

REE AR AT 4 % K S e p

v

P Fp R EREIR oA ERENT FRFLIRVFENTE S -
BAF AL LA F 2 e F A ol 4-14%977 0

% 3 Jr enPVDF 3= # R i)
% -7 i PVDF 4ré g R &+ 1% RO BIEEHE A 5 3D 7|60 a & PLA A #

T2 BB 4oB 415977 o 8 250 5 FF AR AL S 34 Smm s boF]

4-16 #t77 o $w3E 5 PVDF R& R iRl B B4 Ripl B2 Ben g 44 5 5 3
B 3mm BF BE Z Imm ER R > AoB] 4-17 417 o ke AP 2
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Wt flchod 44 90 o

Lo4-4 W REAK A

ol % 7] ESab = S
S iERE
FEEH T PLA(A ) ~ # % (3K1)
FEEB A 3~4-5mm
BB B IR 50 B# %A (@ mm) ~ Ee Bk (lmm)~ f B

PLA

B 4-15 F5H 7 & W
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’ \3mm

Bl 4-16 f£eg 8 &7 & B

Q BIL&H
1 mmzy B% &
L/

B 4-17 & RBIEFE 5T LB

PR FT o e b sl AERIEERY 90
(Taguchi method)i& (7« & i* F B ow v j* 59 v % — (Genichi Taguchi){Z X £ 32
TRESFIE RS R EE B ISP T FR e R

P By AT BB R Rl 15 S RT AR R DRTR T

ARG 3BEFAR 3D BRPIBAPIES 5 2 48 PYDF 4 s g pl B

GE N FFFH T o kR v pd B Y RERPI RS 60 FS
FEHRBAD AR T i ad B 6 iEE Lod 2 &40k 45977 X1
S PVDF#eéF R RIBAF N X2 SHFFHT X3 5HFEF A X4 55 2Rl
BTSN B Lo2 A RFIRF)RF o S8 FIRE X PF % 0 4o
£ 4-6 #7 o
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% 4-5LoE % %

X1 X2 X3 X4
1 1 1 1 1
2 1 2 2 2
3 1 3 2 1
4 2 1 2 1
5 2 2 1 1
6 2 3 1 2
7 3 1 2 2
8 3 2 1 2
9 3 3 2 1

B FEoEdAE (RRBFR| 284258 | FgHF
1 1111 5 75k (5 3 P
2 1222 5 ok (GF) E "
3 1321 5 oo T3 P
4 2121 4 ok (%) E e
S 2211 4 PRk GE] A -
6 2312 4 ooz 3 1 -
7 3122 3 Rk (5) > i -
8 3212 3 ok (F) a8 "
9 3321 3 v . o
443 R %% f#_

AP oenB PR A0 v 2R AR 1Y R R RRE LR A
BRIEE Bk o 3005 2 (GAI2-N20) 2 3.8V ¢ # #:# 5 60rpm > S
Mot %48 R RIER ¢ O PVDF jRés g RIF A 2 % o

#ole S e

PR e B 1 A A1 S RO R ELAR IS s % 2 & -8 jpl PVDF

d

\\\Xr

"3t 5 /?'J%ﬂ/?']lﬂ kil ﬁ‘/\ ) 3 LW%%er %A A5

R

R P BATE RAELOER SE E (FL R REE DRAR R o
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444 R $ER %R *

AW TR HRATREOT R AR 4T oA 0 B RRIEE TR EF %
FE o B MR EREE TR T RT AT o & 47 ¢ R2BiE % ¥ E T 0.9 1
oo ¥ b R AR S FEDT RIE (> TR BB AR (TR R A B o I A7
TR SEY DT RE X BEFL IR AIE VR EAIRT > PR Rk
47 2w o0 CE AR E RS F LB RE TR (ST R B AP 4

CHENSESES BESE B2 EEVUETS S EAiE N SRR

£ 047 0 AL S

7P R? normalized V | %
1 0.98 0.65 1.63
2 0.97 0.43 1.4
3 0.97 1 1.97
4 0.94 0.63 1.57
5 0.91 0.57 1.48
6 0.93 0.56 1.49
7 0.92 0.49 1.41
8 0.93 0.35 1.28
9 0.95 0.83 1.78

IMP 33t it A 45 S 4o 4-18 #77 o A58 % B m b i3 I e gdicd & 4%
PR ERe B AP FEHTESRE PLAR )M > R A AER Smm 5 & i
B4 ERIES PVDF R g RIBHFIES 205 53 o fI7 i Sk i
A SRR BRIER O B s R R R e A LB Rl e

B 4-19 %777 o3+ E AT ED REG6.7 %" 5 1.2 % B® ek 2 Bk

%
=

o

N
R=ri}
; )
=
o
P
I

d LV ER i (g Y. ﬁf?#&"l TR R RIAR DR R
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Bl 4-18 o © 2475

Normalization

PVDF Measurement-Integration
09 i \ ~ -~~~ Cam Profile

Amplitude
c o o o
w = 9] [e2]

o
o
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0 0.2 04 0.6 0.8 1
Time(s)

Bl 4-19 (ks Ere £ R E B aff A U5 R

LI AR R REY R hSmm RA B R AE BiEAx L Ax
Wenw g FIp AR T AAE S N IFFEHFT I E AR R B
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T EUFERY kg EFIIFERF PR ERY PRSI FINLFEE R

MIFSmm 5 i o

AS%EEREE RN

451 ERIEE RS R
FREE A BR2 TAFEE? SRS BRI BRGFAADRE o KT
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=
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300
y =-0.0017x% + 1.3709x - 19.229

250 R%=0.9965

N
o
o

analog value
=
(9}
o

0 50 100 150 200 250 300 350
force (gw)

B 4-21 B4 RRIERDT O RE

452 A b N HBREEREETHF
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5.3 MFELERALR

Bl 5-9 %77 A £ AR M T B AIL G A2 B o SRdisid Teensy3.2
11 DAC %Pmamﬁﬂ MR R R g AL ERBTRBE LSV Sd Kl ik

BB AL TR o B fdd OP i Baugins o iv 5 BT R F s
®RTUEL -

pulse drive signal

l

drive voltage output
(Teensy 3.2)

l

signal shifted
to-1.5V~1.5V

l

low pass filter

l

amplified

l

piezoelectric
actuator
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HT, 5=X, (6-1)

Bk A R E AR 2 DRMELL U ERER TR RO EREL X

EIREE M SN L Do EREE AT PVDF 3R BRI B g # O3t TR

a4

LTy od bR F 5] (6-2) o

UDT, S=X, (6-2)

51

doi:10.6342/NTU202003752



IR FRT H g E5% UD> EMER A 4 hiR U E 0 A RO R
BIRBsokn HAr dokt X0 %% X7 0455 B 8 R|E amtgiip % -

T 18(6-3)2 (6-4) -

HTlS:UDT'ZS (6-3)

H=UD(T,/T1) (6-4)

430 (6-4)F i § Todr Trehwt EA%451T 1> UD+ ¢ 253 He 57 %

H38 (6-4) 1% 58 (6-1)7 18 38(6-5) » £ ATETE 3 (6-5) 78 T 5% (6-6) -

UMZS:X:l (6-5)

X,(DT,S) 1 =U (6-6)

4 34(6-6)F 4o UF 13D F S 33 (DTS) THE B Xids ) o de % Xi=Xz

7 &g~ B U W A 55 (6-60)F 3] 0 B i F & RS (DT,8)~1 o w50

(6-2)2 3 (6-6)F 5 NI 33 chd A dp ke o Tl & ¥ 32(6-2) %k F F(DTLS) ™ £
FTHEID A N (6-7) o

X,(DT,)™' =U (6-7)

% ANN B k@ NES N NDTLS) 1o a i &5 Twve 37 £EF Tw

7 RTE NN A A > #2258 £ 57 5 79(6-8) «

(XZ)I.TNN = Ull l = 1I2I e, (6‘8)

52

doi:10.6342/NTU202003752



Uit EREE ERTERPME > A (X)), 5 2IRER mﬁa?l > TR
B 75 DU NS fic o 1 UE NN BT g BT Ty 0 38 4245 58(6-6) -
% #e Xo iy~ 253 0F NN ET] B e U § g X=X koo 41
PR R EREE A2 RBATAPITIRE RB L Ao B 6-1 5 S
FEHIAER 20 R ERA RS ARG R R X=Xz 02 R A
S LR BV R A ANN 53 0 H A WRE RS R R

Bt Lk e B T

equation(6-2)

A
f \
X, —— (DT,5)7! U DT,S X,
controller system

|

equation(6-6)
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record pulse signals using the
pulse measuring device

down sample the recorded pulse
signals from 1 kHz to 250 Hz

integrate the recorded pulse signals
to get pulse waveforms

take one period of pulse data and up
sample to 250 points (/)

A,

convert to drive voltage
(Teensy 3.2 output)

A

input drive voltage to the pulse
reproducing device

A

use pulse measuring device to
record the vibration signals

k.

integrate the recorded vibration
signals to get vibration waveforms (X;)

hd

ANN training

v

transfer function
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% 6-1 NN #-7] S #c £

Item Number
input layer neurons 250
output layer neurons 250
hidden layers neurons 50
hidden layers 1
learning rate 0.001
threshold 0.00001
gradient 0.001
epochs 2000
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% 2000 =% 3% X o

RIS
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