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Abstract

One of the primary functions of tooth is to provide bite force for food
chewing. However, in dental biomechanics, currently, the only available
force data is the maximal occlusive force. There is no device accurately
enough to reflect the bite force on the crown not to mention the
measuring of the distribution of bite force on the crown, which is
important for many clinical dental treatments. The development of a
device to measure the bite force, as well as its distribution on the crown,
is thus an important issue needs to be addressed in dental biomechanics.
The ultimate purpose of this study was to construct a micro force sensor
array system to measure the bite force. In this thesis, the characteristic of
using piezoelectric material as the sensor array was evaluated. By using
micro-electro-mechanical system approach, 150um-thick copper foil
electrode was fabricated in order to reduce size of the system. By using
material testing system, the force calibration curve of the piezoelectric
sensor was obtained with high frequency sampling method which
excluded the Drift effect. By integration the high frequency sampled
signals the applied force signals can be measured with acceptable
accuracy as long as the static loading mode is minimal. For the sensor
array system, the Cross Talk effect did not occur and the force summation

is acceptable provided that the spacing between sensors is small enough.

Key words: Piezoelectric Material, Bite Force, micro-electro-mechanical

system, Force Sensor Array, Drift
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2.1.3 MEMS 7 &% 12
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2.1.4 Charge Meter

Charge meter 3 & F_R-BR T 4l e @i{i*{)@@?} A ESR PR

TRE I IHTAREY  VELCRTRR AZ2 IR o
KISTLER Charge Meter 5015-A (Switzerland):
Single-channel charge amplifier

Range:+ 2 PC~ + 2,200,000 pC
Drift<0.03pC/s

B8] 2.15 KISTLER Charge meter S015A [11]
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2.1.5 ’%/iﬁis?l AL Pl )

TR B InstruNET-100HC

TR B g AR R MR 0 T B R BEP Voltage
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PCMCIA card: IntruNet-230 (PCMCIA 4 & )

ARt ﬁi%l ¥ :100kbits/sec to 4000kbits/sec
B i1 g R 0~70C , p¥RR 7 iE 90%

Laptop computer: IBM X24

B 2.16 2L BLHEB 4
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» )| 4
2.2 ;-f_'?_/PJ"s -';’5' %%

AR B SAIRG 5 IA SR HIRT I PZT 23
ARREEFREH T AT R RTBI ML PZT 2 1
PFHVRE* AT Pt o b FY

BRI
¥ %Driftﬁb@;}éﬂﬁ—: » 2% 2h
2 RRE S BN AR ML RS R 1 ¥
— 3P S WAR 2 TSR B B S —H T ovs MR R 2 T

AU AR BRI R A T EFERIP R TR T 5

40 A ARRTHNT TR EER EE R EE R
2007 & iz F £ #7 1 ¢ 2 DC mode & #|H:5" ¥ ”ﬁ RE
WEEH IR G Drift) P T HF BB R GG S ERIEIGEL L 4
Charge Meter £ /| range 7 H &1 % g & &

¥ P % SL4E 3% (system
error) > R Y 2 5 - < HLFE[12] o

Drift % (it 2) e a BRI - E 2§ 2cfail 2 AT H

KER 2 FP AT FIRT J1* ACMode £ B> d ** AC Mode
'}E_’-_/?IJ*E:JT\‘ {?'J? 2 /u ‘z%%&u j\#i? if lilﬁj %g’;u’ >
AC Mode @ 7 #E“T f1* DC Mode &

v ORI RIHC e S
2R ¢ & A Drift 22 IR % > F]pt

hAF B ERPIHC ¥ 2ar AC Mode(k 7_Charge Meter 2_ g i #E & 2

HF-10Hz ~ LF-50Hz)f§ #* #c § 1 i & i% 2)

v — =

_—

2_ &R FFB% °
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egrid * ACmode ¥ # "$ Drift 3 % » (e £ B~ 5 4 fr a2 3
S d TR AT v £ 4 2 IR TL g b AR M 2 BT B

DCmode £ B> 7] 5 i3 H ch ACmode ™ %2 DC mode & Bl & Bl -

Bl 2.17 % A28 8 B 2 B

tRlEMETLEAS N A mAREA T ACmode £ 8] 0 P AT
AEH BB AE2 IR 0 BRIFERAE A MAEEL ) F 2 3T R A T I
e BRIMECLEHAR > & Drift M%) £RHESF 5 & MAE

IO fe AT A B A AL

IAHET M;ﬁﬁd ACmode#“f Drift I8 % % 5¢ #3554 =
DCmode 3L 5L » ¥ 7 & R-B A M EAH 4 18 » %7 LI 1 DCmode &
PI) 2 MAEMEL R SN L EEFRERE 25 B
ACMode B B2 LKL E > fFA 2 B SR FL 0 B F
ACmode F it BRI ST ER 2 » FAE+EFrFp S E 6

o v AC LR DC 28z 3 ;N pl4x4 2 o
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BPZTRETMELE »WT2 22 T4 R AINE 1% B 444
TEG T L - R RS R AE P AREIRE T G TRT R
R 2 LR s 2 By 2T AR50 8 % ] Charge meter i€ (7 £ 1

£ {8 41 * Data Logger 3P~ #cdp i 7 4 47 ©

FI% b2 MTS #m4] e v 0 R4 R~ 241 % B4 B
b MTS |2 4 (B 2.18) B2 B AL RART Hft2
TR e Py LY LHR#UEL B 2 Charge meter 5
fsda % R iE Data Logger % 4x3 7% B i fI1* F iz 1% AC
Mode £ RIASLE i d i ka5 2 38 RS -

B 2.18 H 4f PZT 7 #& &% MTS T & X jp| % {& =8 Charge Meter

7 51 H 3g PZT ™2 % Sensor Array & 384 :
¥ %g PZT : Low Frequency Loading Mode
High Frequency Loading Mode

Static Force

Sensor Array: Array 4 * R|3# 0 #8313 & Cross Talk 3R % >
THRB A 2
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A = = 2 =/
* = F F% %FT}?ZWB

7 \

AP gD B OEFMITIMTS 7 b2 %4 #5%  k T MTS %4
AR E 2 8 JI w2 RE InstruNET 20 3 5L FF B~ % 5t
Data-Logger i# # SHIMADZU AG-I 4 F 3|4 385 4 2 50+ iy 13t
g5 > 3B MTS Load cell %54 2 35 » 2UELIEB % 77 ¥ o PR 2
Charge meter » wt/B 4 2 MELERA BRI 2 X R4 P DT RS

Charge meter & B| 3|2 5L 5 g B~ o

@ Load cell £ &4 2. % d MTS # " & :'1#%?379?] JEnEL o
% Charge meter & Bl2. B 7 R B~ 2. F jmiiy 11 5 d Data-logger ¢

# 22 4( 3.1) 0 F TR E 4 7 GUELE TS£5V) « e 4 $78 MTS & 4

2 AR RA R 2Rz s A Y AT U
Matlab #t#8 tais FAJZ ¥ 5 BIp AL B R AR TR B~ 2
<r 3 % KR

=

B 3.1 MTS ¥ Charge meter 5.5 d Data-Logger I # #8~
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3.1 MTS ‘lﬁil‘{—} 4 *E‘_ ,P\J‘t—r}’,—.% -';’?;‘};/m\)

|55 R4 2B R TR M IR 2EED P

Tl * MTS #4184 3 Spfotee fpri S i 0 Ao Pk &
PRI PR BT E IR RRE 2 | PR LR AT
W 2R (e 4z 4] MTS %4 = 3% 5 SON/s» A 8] 4c 4 5] 200N ~ 300N -
400N ~ 500N > £ iz S B4 T miE® g §£ 5187 3 B cycle

FHRTRGFSRARLRAPHNZEE LRI DARAEE -

[] -lnlnl:illllll:lll [ETETTT]

L T T T

30

Tiiretsech
@ 3.2 MTS Load cell 3t 5L(} ) & Charge meter U 5Lf & 55 % ()
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B 3.2 %4 #5575 ¥4 Load cell &4 :# B 2 50N/sec » + = % %
B 400N £ F2 fF35R 4 > 7 BIE R T ORI HAR B~ B e

MTS &= B4 BRI~ E 2 8 - 2enl o> Sd ERANS D

Charge 5.2 2 MTS * 4 Loading 5. > # B cycle 2. % & > ¥ 7 4p

Wt B I PERY s R M B2 L] ,?;;ﬁ:ﬁuﬁ m}é;gqaﬁgiijv,

h
-9

S

CR R R A

]//44

2N

%\' (31) °

2314 B4 2R AT RHIRA2ZHEET

Load

MTS Force Peak | Charge Meter Peak |1j..0 delay Force/charge
speed

50N/sec| [ime(sec) Force(N) Time(sec) Charge(V) (sec) Ratio
7.780 |218.829| 7.960 53.561 0.18 4.086
200N | 18.290 |217.563| 18.320 | 54.329 0.03 4.005
28.520 |219.556| 28.680 | 55.056 0.16 3.988
9.880 [316.898| 9.950 | 91.497 0.07 3.463
300N | 24.040 |328.564| 24.270 | 87.125 0.23 3.771
38.380 [325.933| 38.630 | 88.277 0.25 3.692
10.990 [441.252| 11.190 | 130.450 0.2 3.383
400N | 29.260 |443.741| 29.440 | 129.078 0.18 3.438
47.380 |440.960| 47.690 | 127.843 0.31 3.449
13.730 |504.753| 14.040 | 179.812 0.31 2.807
500N | 36.100 [499.029| 36.340 | 177.659 0.24 2.809
58.440 |505.189| 58.660 | 179.974 0.22 2.807

;X % M Charge Meter #f ® #cdp v @ & 5 5 52 7 R E > & i\ﬁ%l

a—

»::B
w AT

15V

24




Force 3t L% Charge meter ## 4 {5 3L 5L o B IR Z A > % 3
Time delay ) 3R » Charge Meter % 4" {5 31 5L (£ #- ¢ 2t &% Force 3
o B g L2 PBFRAP R T S A2 Y 2 & 2 Time delay

¢ 4 3.1 ¥ ¥ v Charge 2 *# B30 5L FR#-§ 2 & Loading 2 % &
MEL o m B 2 PFRF S 031sec LTI EPFR 5 0.158sec @ %
® 2_ Force/Charge 7 Ratio & v 1 {F v A §F k32 BT R B~ 2

KR4 8 F jaz B enhd oo Ratio 2 T39@E 5 3.321 -

Mg 3 UBLE R 3 F % Load cell 35§ 42 % ] £ R4 B
B 222 Load cell #ft gt = 2+t & B 7% (Ratio) 3 Jg &R ip| ~
Ez BRI EEFRE o BRI (4 Load cell B4 £ v gipl = iz & B

Pl R4 B AT L F 33

ForcedM)

B 3.3 B4 gBl~EMEERE
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B 3.3 ¢ Zidhe j&_Voltage(V)#g b 84k & = Force(N)Z2. ¥ > [
L P s 2 4 57 Charge meter 3 i 2 5L » F A4 7 MTS § %%

AL LR d FT LG R AR AR A L L 2 u e E

FouAR g e £ > @ B 3 TR ME R Fd MTS & £rdld i 4
CEF RS R NS E IR B TR E N
3

*
b
ps

a0

EA T2 RERABRD K AR BIRATR L ¢ R SRT BT 4
€ P

IRFEYE ENINIERTE S-S LR S SR ERT

~
>
‘__.

EL
SEEATIAFHREGLIBARRAZERRS EEFERS LR E

B2 ;ﬁ_ ﬁk—t }:..—18 71% > ﬁ’»’] é"182% °

# 32Loadcell i L&A 2 2 /R4 % g2 §pES%

Loading| MTS Force peak Charge Meter Peak
Speed Error (%)
SON/sce Time(s) Real Force Time(s) Measure Force
(N) (N)
7.78 218.829 7.96 177.881 18.71
200N | 18.29 | 217.563 18.32 180.433 -17.07
28.52 | 219.556 28.68 182.846 -16.72
9.88 316.898 9.95 303.871 -4.11
300N | 24.04 | 328.564 24.27 289.352 -11.93
38.38 325.933 38.63 293.178 -10.05
10.99 | 441.252 11.19 433.239 -1.82
400N | 29.26 | 443.741 29.44 428.683 -3.39
4738 | 440.960 47.69 424.582 -3.71
13.73 504.753 14.04 597.177 18.31
500N | 36.1 499.029 36.34 590.026 18.23
58.44 505.189 58.66 597.716 18.32

26



E4e B4 ERT PR HuFE AR Gk

FEP AR LR BRI AL AREIR LA AR
B B4 4R R 2 vk F0 ) MTS %4 i & 5 A 5] 20N/s > 30N/s » 40N/s »
R4 PG 400N L EEHERS TREPLP O RF
3 B cycle(l® 3.4) -

140

Time(sec)

LoadSpeed 30N/sec
! : L

Volta gelV)

80

Time(sec)
B 3.4 7 k&4 &3 %E EE 400N
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£33 %5 BA2ZHERAI 0 BT RS 2% EFH T

Peak Force MTS Force Peak | Charge Meter Peak Time Delay Force/charge
o Time(sec) F(o;;e Time(sec)|Charge(V) 9 Ratio
21.440 |441.257| 23.890 | 131.023 0.114 3.368
20N/s 64.410 |435.061| 66.660 | 125.394 0.035 3.470
107.180 |440.727| 109.560 | 122.950 0.022 3.585
17.020 [437.28 | 17.250 | 128.870 0.014 3.393
30N/s 46.290 | 441 | 46.400 | 128.323 0.002 3.437
75.250 |440.844| 75.630 | 125.580 0.005 3.510
14.000 [437.088| 14.080 | 129.493 0.006 3.375
40N/s 36.310 |439.645| 36.480 | 129.844 0.005 3.386
58.800 | 445.1 | 58.810 | 130.579 0.000 3.409
i 2P N4 %2 Charge Meter #f © #icip v @ # 5 8 52 TR E

d % 3.3 ¥ {¥ 7 Charge 2. *# &3 %U$K%§ 7 Y33t Loading 2_ % &

MEL M A < 2 PR S 0.035sec @ % ¥ 2. Load/Charge 7 Ratio

Ratio z. T }5i& % 3.437 -

BT R A RR LR R R 2 R

28

2 F g

7

-

T2 B enfd 4o




Mede 334 L HEE & F % Load cell B f 42« [ L #R4 R
B 282 Load cell #ft 2 gt % 2 vt &) B 7% (Ratio) 3 Jg &R i ~
2 BRI ELE TR 0 KR f4 Load Cell B+ £ s gipl < it £ 5

T2 R4 ABEEE S L 34 B AEE L-412% o

% 34Loadcell 2 i R AR 4 T B2 R4 B2 BRESE

MTS Force Peak Charge Meter Peak
For peak
Real Force Measure Force | Error (%)
400N  |Time(sec) Time(sec)
(N) (N)

21.440 441.000 23.890 450.305 2.05
20N/s 64.410 435.061 66.660 430.958 -0.94

107.180 | 440.728 109.560 422.560 -4.12

17.020 437.280 17.250 442.907 1.29
30N/s 46.290 441.000 46.400 441.028 0.01

75.250 440.844 75.630 431.598 -2.10

14.000 437.008 14.080 445.047 1.84
40N/s 36.310 439.646 36.480 446.254 1.50

58.800 445.000 58.810 448.781 0.83
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M3=E#E 4 B2 2R

ML R FARRIAE Y IR LES 0 R

SR BRI RS E- BERTLEAL D

fon

o

R RBFAERS E AR BRI A LT R R 2PARD S R

BIFZ R MTS 822 Fime oid B35 &7 R 4§
L 2 ik B 5 20N/sec &2 pFRF 5 Ssec» #-/& 4 2 3 100N & fadr

HRA4 Edcf)(Isec ~ 3sec > Ssec) 0 £ ik H Fik R ER A4 (B 3.5

L, [l [l ——
i i e T B
i i

" i N
i ‘i. i

&
|

-~ A
g =

e

=-
]
o

[T STN
N

!

.

3
K

B 3.5 #4] MTS %6 4c ¥ i § i\l 4+ F 3sec

B4 RRI R RRIZEE MTS &5 f 2 A5LH Y - 7
PR AR A PRV > BIE A VAL R F)fad AR
BRD MHESE ERIZENG TImRERIEE

Pk 2 UL B f R BT RO 2 g A A BRI 2 Xm0 B

PRl M T BRI R Mg SRR B2 B% 4 E(F 36
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120

100

80

60

Force(N)

-20

-60

F_‘L

B AT R T AR T BRI A2 E R4 B

40

20

T R — f

------ Measure Force
— Real Force I

rAF P o T @ W 4 (Tensile Force ) » F]#* Measure Force 3

Time(sec)

B 3.6 fFF R 4 3sec 2. PR

i)

-l
P

) Fldm g A AR R anEE o

: ===-Measure Foice
.g .......... o : B e LA TR, E .................. — Raaj che
i : === Qriginal Signal

i ™ __;_____ .U""""M\ﬁ-ln:.-_f '
1 o 1

5 10 15 20 25

Time(sec)

B 3.7 R HATMELL B 2 R
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%35 #Fut g2 v RmESERRS E

MTS Force Peak Charge Meter Peak
Hold Time
_ Force . Force Error (%)
(sec) Time(sec) Time(sec)
(N) (N)

Is 10.26 115444 | 11.12 107.018 -7.299
3s 11.91 117.581 12.47 86.055 -26.812
Ss 9.92 117.456 | 11.55 157.893 34.427

235 HMEB A B2 FLIRGAEE X FLFEY 34% 0

PLE P P AR SRR R A RRI 2 §R] kS A i B T MR

DS BRI R R RS ERIR S R

;‘J
Ak
Ees
e
&
=H
>t

jmer 4 § 2 [ en Ratio $ddic+ 0 F]pt & Ratio BT
ﬁiﬁﬁﬁiw*ﬁiﬁ’ﬁ?%$44§ig%%,ag@aﬁ@
BRI A%t b2 8 dE R RIT Y4 2 W Ratio £ #

POl FIA RS BB H R R L ARl T A R

A RS 2 BT HAt R % 2 Ratio 3 RIS 0 28k
R R R VS R
FRE 2 FRFAT IURP AF EE 2 R h AR

BE B2 BRIA TR AR g A IR 0 P M BRAR GO BRI A AR S o ot S
1% BAT R P SO B2 db B2 - > mE AR R N A
PR AFHEZRPIERG EHIHB L E R
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32 MTS P %4 28 %

R T TRkt o & AR EEERRTR S Y TO0ON 12 b F]t
iz FERPIELTRA L EPEA L FPE {1 MTS #24

Load cell » %+ fp-ig 2. R4 ARA Rp|liz b » L2FEP -

w2 FET e A B4 2R B 0 I MTS & W - Fi4ap B
B4 H BT [50N-200N~300N £ % i 4B 4 8- £ 5 B cycle(H]
3.8)

25 ; ; ; :
H H H —TS Fq-rceE

@
L]

Voltage(V)

: .
L) S 0 15 20 25 30
Timejsee]

Bl 3.8 HHtee k-4 £ (300N)
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SHIMADZU AG-1 MTS #}3+ #-

~my

BRAHECEFERSR R ET Rt : 2 4 £(B 3.8)

k@ Load Cell (kAT 118 ¥ ii2edde™ B 1 ch/R 4 (8 > F|pb (kX7 1

HNRARRABEREERRERS T APLHM R(E 3.6) KTk

pL Rk 4 },E\; Bl AT AR A R R ik 0Tl Ao ey L vl R 2

M 2344 B RURA & o

% 3.6 fEHEErevder £ 4 EplE %
Simula.tion MTS Force Peak | Charge Meter Peak D§1ay Force/Charge
Chewing Time

(N/sec) Time(sec)|Force(N)| Time(sec) | Charge(V) | (sec) Ratio

6.930 |140.774\ 7020 | 46.070 | 0.013 0.036

10.210 | 149.161 1 10330 | 50.122 | 0.012 0.035

150 13.540 | 147.376 | 13,660 | 50365 | 0.009 0.034

16.890 | 135:3221 17,020 | 46.256 | 0.008 0.034

20.240 | 144.0421 20360 | 51.409 | 0.006 0.033

5390 | 90384 | 5540 | 30.133 | 0.028 0.035

9.670 [179.033| 9690 | 60.629 | 0.002 0.034

200 14.080 | 208.3521 14,080 | 72.548 | 0.000 0.033

18.590 |210.0101 18500 | 74.968 | 0.000 0.032

21.060 | 89950 | 21160 | 36.164 | 0.005 0.029

4.030 | 140.994| 4080 51.787 | 0.012 0.032

7510 |312751) 7510 87.928 | 0.000 0.041

300 9.180 | 198.110 | 9260 69.971 | 0.009 0.033

12.760 |287.033| 12760 | 99.255 | 0.000 0.034

14.340 |143.260 14460 | 62.616 | 0.008 0.027
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1 YR pE R

, e
ER A Ak

0~0.013 %) » @ BT & B4 2 B 7 5 1 0.03

S
S RERRIRA EFEA L 3T

% 3.7 HECLEL g 4 RRlE R

Simulation chewing Foree Peak Charge Peak Delay Time

(N/s) Time |Real Force| Time |Measure Force (sec) Error %
(sec) | N) | Geo)| ()
6.930 | 140.774 |7.020 132.340 -1.5 -5.99
10.210[ 149.161 [10.330]  143.979 0.6 347

150 13.540| 147.376 [13.660| 144 677 2.2 -1.83
16.890 135.322 [17.020] 132.874 23 -1.81
20.240( 144.042 |20.360| 147.676 6.8 750
5.390| 90.384 |5.540 86.559 1.2 423
9.670 | 179.033 |9.690 174.162 2.8 272

200 14.080 208.352 [14.080| 108 400 5.7 0.02
18.590| 210.010 |18.590| 7151351 8.4 754
21.060] 89.950 [21.160| 103.884 22.1 15.49
4.030 | 140.994 |4.080 148.762 9.9 551
7.510 | 312.751 |7.510| 9252 580 -15.7 _19.24

300 9.180 | 198.110 |9.260 | 200.997 5.7 1.46
12.760 287.033 [12.760] 285118 3.5 20.67
14.340 143.260 |14.460| 179 869 30.8 7555

EREEP HFIRS5 B Cycle » % 4 1 Cycle» B4 gip|~iz g

A
A NN

UES B4 S SRR W L A A - K

i & jp| Pattern &2 Load Cell % 4 2 Pattern Ir p% 5§ !

w2t (B 3.9~F 3.11) -
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160

140

120

100

80

Force(N)

60

40

20

I
----- Measure Force
— Real Force

Time(sec)

Bl 3.9 Hoaeem wipl2 54 2 X (150N/s)

250

ez BRI

E """ Wzazme Foce
—— _E.. — —— Fcpl Fars
i

T—

!
] !
a ’ 4 g
!
i i
.Eall 9 " 1% x i i}
Thea e eh
B 3.10 ffeer wiipl 2 6 4 = 55 (200N/s)
350 T
300 , I I S R Measure Force
— Real Force
250 i ‘

Force(N)
@
o

2 4 6 8 10 12 14 16 18 20
Time(sec)

B 3.11 fkeer ]2 4 = 55 (300N/s)
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d Bl 3.9~F 3117 BT @i B Cycle $ &4 B ERI2 @
1y BAE o A EL L EApy ] 0 A ARG 2 Cycle £R12 % B3%
ZA%+ 5 & 150N/s ~ 200N/s ~ 300N/s ® & F AP fiw > ¥ 35 4c R4
BRAX S EFE ORI L ERAR S o

WA LT B A4S G Cycle 2% B L4%% » 1 &
}ﬁﬂi*??ﬁﬁéi—i’ﬁéﬁ: FE2HHE G RI AT RPN

A Drift % JIR 0 Fp R 3 ARGV ) R B3 AR
MEA* B ERZARF AL BB AGE LS EME @ g3

BTN A AFRIEFTR IR AL A o dogt T LR MO
FERIERE S 2 Driftc e AF R FXERIEFREHF FE T
A G A FI A L L A R R L - ARt
3 T - BRBIE T FRAE A AT R B RRN LT o Mg A

dEAE R 2R L AT HREZFRGETY — 8o
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3.3 HAGUR A R 2R

AF B IR R S R R (B 3.12) F B4 B
BREIFZEA B fLd 3P HENKE R e BTG 23
BAEE U2 P~ > 2 ¥ %’%’E’ Channel Switch
BIETERER -

)m.\

;:
=
e

-rsJ X ‘.
iy
i
(B

Bl 3.12 £ 5|8 & 4 R P i (4 Channel)
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3.3.1 Sensor Array & i+

CHNES R A AP 2 PZTRTHA el 23832 4
BRI R BRI M AL B SR T R

Z_ Sensor Array F & WL o
% MTS *64c A BRRT R BH2Z RS LR FR
50N/sec > /& 4 3 4r I 150N {& & & 2% 4 > % 3 = Cycles » ;4%

Charge Meter & B| ]2 % & 2 MTS * R4 2 % 78~ 4 3.8

%38 7 FHfiE 2 PZT AL fe it T m 2 R4 2 B 1%

Charge Meter Peak MTS Force Peak
Channel : : Error
Time |Measure Force| Time Real Force (%)
(sec) (N) (sec) (N)
6.51 194.248 6.27 154.147 3.03
Cl 16.05 193.890 15.94 158.125 0.25
25.63 184.182 25.46 155.375 -3.09
6.99 150.840 6.8 158.500 2.45
C2 16.16 149.219 16.07 160.547 0.06
25.24 143.353 25.14 158.109 -2.39
8.25 147.491 8.12 155.006 -0.60
C3 15.8 148.982 15.7 155.731 -0.07
23.3 149.525 23.1 155.137 0.68
6.62 156.657 6.48 157.25 5.73
C4 15.66 147.466 15.51 155.922 0.37
24.58 141.559 24.5 158.938 -5.47

WELY 6 F B2 RG> ed W RIFEIE B A BRFRE ARG
PEELRES > A BREEAL R 5-547%
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3.3.2 Sensor Array 4 * & P

FIr 2 R P aE GRS BRE (R313) F 2T
#Load Cell *54c /B 4 353 & 7 A %] Sensor + » & i’i%ﬁbﬁ" s
- A% REAG LB AN BRI EEE R ERA pr L
F1H ik e s ipliE i)

Sensor 2_ M ELfEHe =0 R 4 BB 70 A (% 3.9 £ 3.10) -

FERA AT B a2t o MW

7

|~

B 3.13 % % 5 2% 1 % Sensor Array ¥ * %
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% 3.9 FIA 8% pFt 4 B % Sensor £ p|RA4 &

Charge Meter Peak MTS Force Peak
Channel Time(sec) Meas?lr\?)Force Time(sec) Reaél\li)orce
4.11 25.181 4.07 154.406
Cl 13.95 23.169 13.86 156.250
23.85 24.547 23.83 157.250
7.18 15.087 7.03 158.172
C2 17.07 19.100 16.8 158.109
26.8 16.773 26.61 159.484
6.61 10.275 6.6 155.641
C3 16.53 11.334 16.49 157.328
26.33 15.424 26.31 156.453
6.19 4.224 6.99 155.375
C4 17.36 11.155 16.9 160.859
28.22 16.264 26.61 155.500

% 3.10 > 3# P X 4 B Y Sensor £RIERA B

Charge Meter Peak MTS Force Peak
Channel Time(sec) Meas1zlr\?)Force Time(sec) Reaél\li)orce
6.36 10.124 5.78 155.969
C1 13.66 9.012 13.59 155.047
21.46 9.925 21.39 158.875
5.49 13.316 5.37 154.297
C2 13.17 14.548 13.08 157.531
20.76 14.732 20.68 155.172
5.31 29.081 5.22 156.031
C3 12.86 30.448 12.82 158.125
20.41 30.684 20.38 159.266
5.69 30.239 5.61 154.141
C4 13.35 30.154 13.32 159.297
20.96 29.017 20.89 156.234
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I RS EET > MTS £ 4% @ /R4 2 T30 % I5N> @ &
Z Cycle ¢ £+ %2 BT HHF T PE @ 2B 5 > 54767N >
64.758N > 73.008N » L 3=iE 5 64.177N > i - *+ MTS % %2 157N >

Sensor Array & B|2_ %4 5 FE L4 2 40.86% o

S¥rd|4 BR4 2 T4 156N @ & = Cycle & % 4 % 2
BT HPRAEPRE FRIcRB Y5 82N 84N 84N T 5E X 5 83N »
] 3T MTS % 2 20 156N > Sensor Array & Bl2. 4+ 5 F 884 2
53.46% -

PR PR EREA WA ofgd > RFGRD 4 £ BT
HER>EBEALPZT RS ERIR B %L > N>R g%ﬁ'ﬂ Sensor H
GRS KL  FLiE A EETeT 2 MTS %42 4 £

o %] Sensor Array ¥ PZT ¥ » 2 4p 3 (Rl 3.14) S5 BT #
Flo B2 K4 273 g5d BB F 2 PLWA 4T B adp
fPipd BN E B R AT

(% 3.11) -

&3

1.—5‘?]&413{ Kﬁ(/\%y,rﬂl\:;
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Loading

/- Metal plate

/
JI//..;-'" >J’L’/J '\\ ]
PZT Gap D, PZT
Loading
PN
| ' N— — ]

B304 G 1 RTHIHAME » THEL T2 4T 1B

% 311 3% P FEFEX 4 B4 sensor £RIRA B

Charge Meter Peak MTS Force Peak
Channel Time(sec) Meas?lr\?)Force Time(sec) Reaél\li)orce
5.6 k733 5.51 158.297
Cl1 13.44 55.926 13.28 157.109
21.23 53.226 21.11 156.203
5.64 37.556 5.56 156.703
C2 13.35 41.5 13.3 155.141
21.12 44.550 21.06 159.469
5.57 22.008 5.49 157.328
C3 13.25 22.496 13.19 158.438
20.91 22.711 20.86 159
5.56 31.665 5.46 157.172
C4 13.15 28.792 13.07 155.063
20.84 33.031 20.75 157.25

43




d F sy T MTS F40% BR4 2. 23555 15N> @ & =%
cycle £ X4 B2 BRI HAE RS F8feB o5 > 142N > 148N »

153N » T 35E 5 5 148N » i) 3 MTS % 2 2 156N » Sensor Array

R84 EFHES 2 94% -

d v R BREHMEE > TR IERE
HARE4 £ BRI EFIE S A FINGRS ¢
» 3% = Sensor Array ® B4 E 0 FIpL BT

Z_JEHs B-H AT AKRE R RE o
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3.3.3 Cross Talk

%‘%’éﬁié'ﬂ’&‘@ﬁf@ - FE A ETEHTRZET ﬁ‘é%%b@ﬁ%ﬂ?
€A IFE TR RA 5 "Cross Talk" > 7 § HRT A7 LR %
B R -

AAFHRTEI R T AT R F AT jg,gﬁ,ﬂgﬁgn
"Cross Talk" I % #-p? T 9 %33 ° % Sensor Array < B % + » %
THIEEAS R oA HE R Z BRFRARER RBRALRS L B8
EFF AL B CrossTalk R 2 F € A B ip|~ 233 & F 5

d B 315 2T chiEimE R P » CrossTalk ¥ A ¥ & R A 24 =
= ?2%?5 ’ );3, l‘,_'? 56?%% vb #BPF’ y g/_%‘_];’]’i l«LL Z fﬁl@%} P%%’;uB:‘l*:T #\ F FI_
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0 i
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5 10 15 20 25 30 35 40
Time (sec)

@] 3.15 Cross Talk #2582 & Pl

45



3.4 BRR AN 2 FH

ARHR T ZRTHAZRTHIHE > T LREE LTS
PEY RSB AT RFEFARTIE AR LN RFL R

FI#* MTS % 2 20N/sec ¥+ &% & 100N £ 4f 3 Cycles » 4p F¢

B B E & w1 100N ~ 200N ~ 300 ~ 400 » 5§ 2% s % Sensor Array
i 7 MicroCT 44 @%t“ﬁ%@?ﬁﬂu fdtr RS (B 3.16)°
Faon JOONFRIRIL 7 AR TAFEH RSy A3

2 300Nz > BREMILEGHANTRE FEFT -

B 3.16 BT 4 < B X-Ray §
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B 3. 21 BLB T > 7 P A 300N ~ 400N 5 £ 4 Fomik

B2 R F R FId R A ATIEY S BEHA A PITE &

¥

3 ORARRE T R o FI X RSB > PAT M3 T & (5 ¢ & sensor

EAXRBRAE R

B2 2ty SRmRTEIN2
RFEIT LRI B ERTIERL T
A 4 fE§s > F]pt Charge Meter B g

T amEmyer

4= SN

TR A iR A 24 R
B BTBAF X R8> W
]
£ > @ 100N 2 %

200N AL 7 fd ® PZT & AT &

s PZT B R %

= Error &

R

R RN LM THF -

- EL

LR v R

3"%/ B‘:‘*:Jﬁ-/zﬁﬁk

FRlEE AL 3120d 27 wE B E 2 X (B 3.16:% 4

)

100N~ 4 200N) » # 4 ERPI~EZRIEFFLT T L o s ARAAH

e i e H 2 4 FRPIR

% 3.12 PR 1 PZT £ Rl %

Charge Meter MTS Force
Peak Force Time(sec) Mea51(11r\?)Force Time(sec) Reaél\li)orce Error (%)

9.090 107.203 9.010 108.656 -1.34%

100N(New PZT) | 17.050 109.740 16.960 109.953 -0.19%
24.970 109.319 24.850 107.625 1.57%

11.890 102.954 11.730 104.172 -1.17%

100N(Crack PZT)| 19.810 109.507 19.680 106.172 3.14%
27.810 105.764 27.690 107.734 -1.83%

7.850 206.656 201.570 206.656 -2.46%

200N(New PZT) | 20.600 206.750 208.190 206.75 0.70%
33.320 210.281 214.204 210.281 1.87%

10.400 204.188 212.678 204.188 4.16%

200N(Crack PZT)| 23.150 207.000 211.028 207 1.95%
35.960 206.313 194.818 206.313 -5.57%
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3.5 Limitation

AF ¢ * 2. MTS Load Cell #7414 £ * Range 5 1000N > 7
sed By Al B G 2SN P o fBAT R S H12.5N s $0 kB %A 3 0k A
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