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Abstract

One of the important functions of tooth is to provide force for food
chewing. Therefore how to distribute the force on the crown in order to
smoothly and effectively transmit the bite force from the tooth to the
food would be an important issue. Currently, in the research of dental
biomechanics, only the resultant occlusive force was measured
quantitatively. The distribution of bite force on the tooth crown during
biting or chewing is still unclear. The purpose of this study was to
create a micro-piezoelectric force sensor system for the measuring of
the distributed bite force on the tooth crown. The electrode and
micro-cable system made from 150um-thick copper foil with
micro-electro-mechanical system were used to connect and
transmission of piezoelectric signal from the sensor and overcome the
possible brittle fracture of the piezoelectric ceramic material (PZT-5A)
during loading. The piezoelectric charge generated from PZT-5A was
measured with a charge amplifier (type 5015A, KISTLER) and
calibrated using a material testing system (MTS type AG-| series,
SHIMADZU). The finite element method was also used to analysis the
piezoelectric effect of PZT-5A. The results showed that, both in
experiment and simulation, the charge generated from the piezoelectric
material was only related to the magnitude of applied force and would
not be affected by the loading area on the piezoelectric material. What
this indicated is that a sensor array with small sensor size might be
needed for accurate measuring the distributed force. Fracture of
piezoelectric material was observed at 400N loading from MTS which
would decrease the sensitivity of piezoelectric sensor. During

experiment, it was observed that providing an addition pre-load on the



PZT-5A and electrode would minimize the problem of drift phenomenon.
Moreover, by applying the dynamical calibration on the drift effect
would also improved the measured charge signals. To conclude, a
basic system for single piezoelectric ceramic force sensor
measurement was established. The inter-group sensitivity variation
was 1% to 3 % and with the calibrated curve the primary test

demonstrated a 2% error.
Key words: Piezoelectric ceramics (PZT), Bite force, Charge

amplifier, Micro-Electro-Mechanical Systems (MEMS), Finite
Element Method (FEM)
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EN 50081-1/2 4= EN 50082-1/2 = 4% 4 £ % > 1£%#EN 61010-1 -

b RTABATR R IAB(RAAME) AT0E R - o5 N R
W g @RKISTLERZ T fsc s B> b AL piip o 3 2
FTAELEA 4 o

wAF R o AU sl KISTLER AR 7] & ¢ * 2 Cable
FoEFIAET 2P npp FRITKERTE R E il R+ KISTLER
B i Cable st i A Fr 3 FEP-UELR % o s AT R F AR EA - T E

FRERREGUERZ T fHRERT A "?fuﬁg:l * (4- B 2-5) °
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F2-4 2 3 A2 i Rt B
(%577 F1 % RPPiE & 3 5 v — ) 2 oo QIR0 f52 § 510 I8 F)

B2-5 4= 9% & 5uié * 2 BB CIUER SR
(5 RIIRPH et B F] 2 5 dde = 17 » ¥ ac 7§ LFehB T -

S FRB T BRE R ML § A 4E ] OKSLE 2 usian)

2.1.3 E-:& & 343 (RP) Z-Printer 310

fl* fadpen I > #CAD% + eiiid] > A 5 5 K S - K- &
@7 b S S fpis 4 D CADK Bl i) - @ AR Y 4R PRPHE &
2] 4% (Z-printer 310) » # RIL 3 4] * Hhe G - 2 b S > Binderdk ¥
(zb®58 clear binder solution)## 35 iz 4+ s"Powder# * (zb®130 powder):&
e i 2 S Al A 4

AT R a4 RGPk S RL ATk SRR
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TR AT gAY 0 BT 1% RPE-d & 3] 48 (Z-printer 310) %k i& 7 9 %
* A 2 /(T oo

BRI AR RRF HRFHE RS T 0 5 ARG LRk
Forward Tt £t fgcn~ 8.5 7 i3 R e e 2877 Bl * 7 RPE-i# = 4 et
Vi S IS S W -t R B! ’ﬂ’* Z Printer 310E-:# = 44521 1 117
St BT RA(A0RI2-8) X FREFRTFET ROHE -

B2-6 P-:# j A]# Z-Printer 310

15



Bl2-8 7 b & 42 4 f& 2 RErERE

(A% 5100% L], 75% [5r2 2 50% L)
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2.1.4 T~ E instruNet

BRTHFEF RIFEFEART 0 AT TR TR E L instruNet
“rd AHRERE > HA Y PC-MCIA+ & 33| T "o 4 1 7] @ 5 &
EER R By DEFRE RARCTIER ol kBT AT RIS

B2-9 FilizérRinstruNets #81:d 3+ 7 B

wat (] 150 MEL YU aﬂ-

File Edit Wew Record Setup Hardware Script Help

| Start I| Stop " Open || Save I| Setup
2989111 j
Chl Win+
-2 h73853
Chd Win+

:IZ 4 E IBSEES
1 | Scale: [Auto ol
BEL LS Record Test . benpt -

B2-10 F#liesrE instruNetsic 18 /i &
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215 3% SHIMADZU AG-l 5 7] (& 2+ 3l)

AETL LT PR R BT - e ke R
MEF AR R T 2 F P T % * 3 1kNiiLoad cellig (7 4 & Rt i
3 % -

B AT

i

————t

L J e et

g Conmected o the Load cell

Contoolidispian vanel

il cabide
AL

B2-11 %2 1 SHIMADZU AG-l & #(4 ¥ 31) 5 H *F o

F2-12 + £ & Z(1kN)
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22 B3 EEHR
221 BT RPN 2 HE 48 F B Nano-Indentor

3 PZT-6APoisson’s ratio & B| F32 5 P FIEL R > wx G U~ 42
Bt s 3TH B RS B o W2 R P 5 vk ik 2 8@ 0.31 -
M 3 H B B R 7 F1* 2 R A F% % (Nano-indentor)
L F R AT AR
BRLMPZEEORE et 2 AP L33 % m Ay g A F AT
FORTE R v ek b AR -2 Body KR T HORUR ST

KRR FRTBALRT2ZEM Gl BREER R

B2-14 2 KR A2
(FRL KR R r < B KAy P o)
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221 % RAHE SR %

R Lk Young’s Modulus =

5x5mm’ &k Y &
21.661GPa 3
(4 T 18k #)

5x5mm? R T k5

L_- | L_m | S—

43.948GPa \/%J_
(F T+ &
3x3mm* BT 3 ¢ +3.22
82.628 , GPa g
(# % 184 4L) -26.11
+6.41
NIRRT AT 53.836 GPa
]FJ .:t] i = Fé‘ —12,62

2.2.2 et W42 MEMS

AEF R R RRRE A I SR A RRT
R UL D B A B RB T A E SRS e S Pk
Aag S BRES IBEBUR e BT Hred T o i p FRIET RS AR
@A R S R TR P R G AT A e

B12-15 = &3t ’?/fufglﬁa?’]fﬁifﬁ 2 ]
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R E RIS ERBT R RIS F LB ER . AF Y
ﬂ“?%iﬁ%%%ﬂﬁ%ﬂﬁﬁi%ﬁﬁﬂ%@ﬁﬁ%%@ﬁﬁﬁﬂ
Bem 6 RO HEEEURL 0 T - 26 LT R TR
S Eh I P B s

Mﬂ;g Bt FMEMS# A% - {1 & £ 3 768 Bt -k & cheb A8 4

ks d%iﬁiﬁlﬂ( 37 BAMFE)ATNAEk2 LY o g
rjl -H;EIF;{&? °

B2-16 57 &) 2. chgzg—] RS

QAR ARG B (G HH A PR A 29 )

— PR A Y 00T IR R e A L §
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G RAHAT LR RE Y 2 DEATL BHEE RS

=~ v bR PR AZZER| T R (T A~ g 1838 17 100°C #1°% 3min,




+ -+ AZAOOK:DI=1:3;2 ®| % 2> - - ~ B 2° = = ¥ 150°CH *£10mins

ZNAPI R RSN E VEAREFAY e 3 PR s % A &

23



®2-17 100um# 5 2. MEMS2 55 = = &5

FI2-18 117 PI9 4 & 30 550 Faiff & ‘2t

BAHATIELAT o I S RE- B PR by A SLALR) o R 1T 8 G
W OREF AL EREA 2 e
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223 FHEPRF EH

i# #HSHIMADZU AG-l & ¢ “‘Iﬁ‘h‘ﬂéﬁﬁﬁﬁﬁiﬁﬁwﬁﬁﬂ'@m% ( ﬂia?]:'ﬁs?:e‘_
o EHE B ;‘M“@?]:H 545V e ) BiTMER HREE-2 P o

B12-19 SHIMADZU AG-l £ * 34025 2 550 55 4124

F12-20 47 G BB B4R BI2-21 &0 5 s E o L
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DC mode_100N of 15mm per min 50N set_1e6 pC Meas. Range

0.700

0597V 0.588v 0.578V 0.573V 0567V
0517V 0510V _ (13.9s) (18.0s) (21.8s) (25.5s)  (29.1s)
(5.80s)  (9.659) ¥

0.600

0.500

0.400

0.300

Voltage (v)

0.200

0.100

0.000

-0.100
00 1.5 31 46 61 76 92 10.712.213.715316.8 183 19.821.422.924.425.927.529.030.532.0 33.6 35.1 36.6 38.1 39.7 41.2

Time (s)

ARG R AD HS R B WFT - e s AFTY TR F R
T AL MARET AR CEHR TR R £ WP e

SR T IEF - R KIS T I RE L FARTE Y R
SFEE TEFS F3) T ETHIE ST TP

01.23.2007 12:31

B2-23 & vz p AREE  B2-24 SERIE BES R
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7 "< % ;2 —Finite elements method
v FRAd R bR e A UTRRELAD 7L SR T
et M MR TP SO A R MR T A prahg R E L] A @
B AL HAY > F PRSI IR A R R T B aktE K
HFARF 2P F 0 PE AT IR IO EE L REA B REFRF
AR %GTHETAFERFRES AT EFLSEAES S -
RAT 3 % 01 B gkl s ANSYS T Az A 47 508 o At IR ¢ o
EARETE 2N
R AT > SRR A AT > 20 A A RIS o by~ MR
ety RIEH 2 BER S AHIRTHAL D (@Q)RT Rk
(mﬁm#%ﬁ(ﬁ%ﬁﬁé,ﬁﬁﬁ&ogﬁ»&@agggg,gg%@

3 At fg* enE_H Coupling field analysis=nR iz » &

=

VEx =y fBx  —viz [Ex 0 0 .
—vy/Ey By vy /By D 0 0
o7 = Vo Bz —vzy [Bz = 0 0 o
0 0 0 1/Gyy 0 0
a 0 0 a 1{;"@-5,.2 0
0 0 0 0 0 G |
GW=Gu=GH=§ﬁ?tﬁ

B]12-25 142 e & 0 M 28 Compliance form ([s] matrix)
TR kR 1]
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X[y
Caq Caz Ho By
[c] = L3 C3z Ca3 ¥ |Cz1 Caz
| C41 T4z T4z Cyy £ |C31 Caz Ca3
¥Z|Cgy Lz Cs3 Cs4 Cag ¥y |Cqq C43 C43 Cagg
*Z|Ffg1 Cez g3 o4 65 Cobl
(3-0) (L-D)
C11:C22:C33:L+2G
[(1+V)(1—V)]
C21:C31:C32 e

ey

Cu=Cq =Cq =G
B2-26 L2 05 & 0 M 28 Stiffness form ([c] matrix)
FE&R B [1][5]

P 12 RIZS I o~ 2 BT SA T
Wl BRT GEATE NDTRFE I SN E RS TR
U=Q/C
U : The voltage

Q : The electric charge yielded by the sensor under the mechanical loading

C : The capacitance of the sensor

4. 2-2 PZT-5Az_4p B + 4L 4 #c

Dielectric constant Piezoelectric )
Young’s modulus  Poisson’s
Type (Relative strain coefficients ) )

o 1 (N/m*) ratio
permittivity) (107 CIN)
d31= -171
dsp=-171

PZT-5AlNEIS 2300 ¥ 58x10° 0.35
d33= 374
dqs= 584
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KISTLER
Charge Meter 5015A

KISTLER Co_—"

MEMS Electrode & Cable

B3-1 44 %

k5 =
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3.1 MBI ERRTINTRES

311 fiF

JF < ] E

2R TR BB 2. RIR D

winstruNet e # #2524 i‘_}ﬁ?;:ir‘ » BEMTSp 38 #72E 2 end
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0.700

DC mode_100N of 15mm per min 50N set_1e6 pC Meas. Range

0.600

0500

0400

0.300

0597V 0588V 0578V 0573V 0567V
0517V 0510V _ (13.9s)  (18.0s) (21.8s) (25.5s)  (29.1s)
(5.80s) (9.655) ¥ ] v

¥ ¥

0.339V
(5.73s)

Voltage (v)

0.200

0.100

0.000

-0.100

00 15 31 46 61 76 92 10.712.213.715316.8 18.319.8 21.422.9 24.425.927.529.0 30.5 32.0 33.6 35.1 36.6 38.1 39.7 41.2

Time (s)

B13-2 F#lizérRinstruNetl ) o2 4 & & &k

B13-3 MTS | 3Rgctd + & & 404

Name Max_ Load Max_Disp
Units N mm
Cycle #1 104.469 0.68500
Cycle #2 102 219 0 68700
Cycle #3 120.250 0.69500
Cycle #4 117.563 0.69700
Cycle #5 116.625 0.69400
Cycle #6 113 563 0 69900
Cycle #7 114.688 0.69500
Mean 112.768 0.69314
Standard 6.81080 0.00518
Deviation
Maximum 120 250 0.69900
Minimum 102.219 0.68500
Range 18.0310 0.01400
Median 114.688 0.69500

#3-1 FHesFinstruNetz + & % 4

Cycle No. Voltage (V) | Relative Force (N)
#1 0.517 103.4
#2 0.510 102.0
#3 0.597 119.4
#4 0.588 117.6
#5 0.578 115.6
#6 0.573 114.6
#7 0.567 113.4
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ERMEFEAZ TR
400N 2 500N)#rie {77 = = £ |1 * i {7 = BCycle » *it {7 8 Fri2dx
#t e

dBREI AT RY DORTFESRARZ 2 LB (RE RE)R
1~3% R p » F MR AR AL &84 £2 5 - TR/RAL

AP (R=0.994) ¥ 48 TG AR 2 BB LB (2B %K) Y5% -
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=
.
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400000
350000
300000

~ 250000
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~—

L, 200000

S

© 150000
100000
50000

0

PZT-5A #1

R%=0.9941

100 200 300 400 500
Force (N)

600

B13-4 H3pPZT-5Az 4 -7 4L
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% 3-2 PZT-5A#1 F Sy 12
PZT-5A #1 1e6 pC Meas. Range
Mean Sensitivity (pC/N)|  S.D. C.V. | Max. | Min. + - | FPRBE Vis
100N of 15mm/min 50N set #01 647.05 £15.73 | 243% | 677 | 627.5 |29.95|19.55 0.00197
#02 632.34 19.77 1.55% | 649.63 |619.56 | 17.29|12.78 0.00044
#03 629.97 +19.58 |3.11% |673.52|618.87 |43.55| 11.1 0
200N of 15mm/min 110N set #01 685.73 +14.8 2.16% | 717.98 |675.35|32.25|10.38 0.00554
#02 670.9 18.02 1.20% | 681.57 |658.21 | 10.67 | 12.69 0.0025
#03 687.05 $15.12 | 2.20% | 707.04 | 663.26 | 19.99 | 23.79 0.0027
255N of 15mm/min 161N set #01 710.28 +12.04 | 1.70% | 732.39 [696.15 | 22.11 | 14.13 0.0127
#02 701.6 +13.75 | 1.96% |729.93691.18|28.33|10.42 0.0047
#03 714.84 +11.79 | 1.65% |726.77 |693.91|11.93|20.93 0.0083
285N of 15mm/min 180N set #01 710.38 +6.94 0.98% |724.72|704.08 | 14.34 | 6.3 0.0045
#02 704.41 £13.07 | 1.86% | 732.62 | 695.29 | 28.21 | 9.12 0.003
#03 714.09 1296 | 1.81% |731.23|696.12 | 17.14 | 17.97 0.0071
377N of 15mm/min 250N set #01 734.2 $13.24 [ 1.80% |755.15|717.17 | 20.95|17.03 0.019
#02 708.48 +7.87 1.11% | 723.05 | 698.03 | 14.57 | 10.45 0.0078
#03 696.37 15.24 0.75% | 706.82 [690.87 | 10.45| 5.5 0.0045
486N of 15mm/min 350N set #01 730.99 122.07 | 3.02% |769.68 | 708.94 | 38.69 | 22.05 0.03
#02 683.72 19.17 1.34% |695.32| 670.4 | 11.6 | 13.32 0.013
#03 694.06 $10.23 | 1.47% | 712.55|678.56 | 18.49 | 15.5 0.019
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#3-3 PZT-5A#2 F 2% F L ER
PZT-5A #2 1e6 pC Meas. Range
Mean Sensitivity (pC/N)| S.D. C.V. Max. Min. + - il E Vis
125N of 15mm/min 50N set  #01 676.79 $18.69 | 2.76% | 699.58 | 649.26 | 22.79 | 27.53 0.00667
#02 670.95 $19.28 | 2.87% | 710.1 653.7 | 39.15| 17.25 0.00477
#03 663.92 £12.77 | 1.92% | 683.33 | 644.17 | 19.41 | 19.75 0.00186
206N of 15mm/min 110N set #01 668.36 £12.52 | 1.87% | 688.02 | 651.94 | 19.66 | 16.42 0.0107
#02 654.81 +8.5 | 1.30% | 663.79 | 640.54 | 8.98 | 14.27 0.0041
#03 640.91 1416 | 0.65% | 644.72 | 632.69 | 3.81 8.22 0.0026
308N of 15mm/min 180N set #01 683.6 +20.86 | 3.05% | 721.68 | 660.62 | 38.08 | 22.98 0.0228
#02 658.78 +11.44 | 1.74% 681 648.99 | 22.22 | 9.79 0.0079
#03 643.33 +8.56 | 1.33% | 653.47 | 631.49 [ 10.14 | 11.84 0.005
379N of 15mm/min 250N set #01 653.9 +12.65 | 1.93% | 678.78 | 640.69 | 24.88 | 13.21 0.014
#02 634.65 +5.22 | 0.82% | 639.74 | 625.42 | 5.09 | 9.23 0.00687
#03 642.93 +11.65| 1.81% | 663.6 629.3 | 20.67 | 13.63 0.00931
497N of 15mm/min 350N set #01 659.61 +16.47 | 2.50% | 689.36 | 637.85 | 29.75 | 21.76 0.0233
#02 632.96 +6.86 | 1.08% | 645.99 | 625.56 | 13.03 | 7.4 0.0125
#03 622.76 +6.8 | 1.09% | 634.52 | 613.96 | 11.76 | 8.8 0.00762
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350000

300000 + PZT-5A #2 = PZT-5A #1

PZT-5A #1, R® = 0.9963

250000

S 200000
o
S PZT-5A #2, R%=0.9933
[+
S 150000

100000 |

50000 |

0
0 50 100 150 200 250 300 350 400 450

Force (N)

B13-5 7 F3EPZT-5Az 4 £-7 s

4o% 7 ¢ 35500N 2 iy > PZT-5A#1&= PZT-5A#22. L 3ag stk £ £ 6 5 5% - (689.95 pC/N, 657.75 pC/N )



Force (N)
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/ y =0.0017x + 21.17

/ R? = 0.9935

'

50000

100000 150000 200000
Charge (pC)

250000

B13-6 PZT-5A #32 & it v &
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WE T ki = AR T % & PZT-5A#32. § 3% T 2= B4 &
% ¥ (100N, 200N 2 300N) » 1z 7 plef 2 R E o & o 7 )% s
B4 - 3R F 2 PR RIF Y R d R REF 2L 4 R AR T
b2 3 £2 BOTA B2 304 K] o

T12_unKnown 01
17.43s  23.43s 29.43s 35355 41.28s 47.25 53935 59.25
0.600 0530 0529 0527 0526 0525 0524 (o5 0524
0500 - ws ST O 0008 06 &
0382 [l t+ ¢ 41T 41 4t It It
0400 [ 4F> nt | ¢ { It ¢ 1 ¢ 1 > 1 * ! * | A ¢
R SR
E + ¢ 1 Pe + ¢ ! MR T 4 T ¢ T 4 + ? ¢
S 0.200 1 1 1 $ $ $ 3
S )t te ¢+ 4t b 1l
0.100 144+ 11 b i ! 1 1 i
) e o o W W W D Gl G
0.000 J—Iﬁg—ﬁﬁﬂs—ﬁ%
10.73s S 22.63s 28.43s 34.4s 40.4s
0,100 0035 0036 0043 0045 0.046 0047 0047 0048 0048
0.00 450 9.00 13.50 18.00 22.50 27.00 31.50 36.00 40.50 45.00 49.50 54.00 58.50 63.00
Time (s)
B3-7 f1* MTS% 2 - 7 & 22 A4 iy B
(0.048-0.035)/(58.23-10.73) = 0.00027V/s (L 3525 #; ik 45 &)
%34 1 R d MEEA TR 2LFALE
Force (N) | Force (N) | Relative Charge | Relative Error
Cycle No. R b g
d b Y | MTSk &% (pC) (%)
#2 139.089 142.594 69364 -2.46%
#3 189.059 192.156 98758 -1.61%
#4 186.337 190.313 97157 -2.09%
#5 184.958 189.219 96346 -2.25%
#6 184.283 188.406 95949 -2.19%
#7 183.608 187.781 95552 -2.22%
-2.14%0.26%
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Polar axis: 1 ; Electrode axis: 1
Voltage Output: -8.636V

Polar axis: 1 ; Electrode axis: 1
Voltage Output: 8.636V

-

B3-8 fI* Fsz p W AMTSH# #F4 2 45 1%
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SR ﬂ“@mﬁ%ﬁf“giwﬁ?%’&R??ﬁﬁ*ﬁﬁ%

mTOA R EZHBRIMPEFEARLZER AL T B
2R EL BRIEFEEORRIEE—DC(Long )= T HEFRIEEEIH T
R E 2 T TN REFZEPIRTBEA AT RKX#F p\g\ﬁ,ﬁc 257 2

W3-9 -5 R iRl L KA

EEEEMAAY  HRTFBRIAAEET LT P b e
¥oMMRERE ORI NG fFAL o L P REDLE -
Charge Output versus Contact Area
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F13-10 7 IR o ff = o] 8 L ey 2 i
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%35 7 KL A

b R 2 L

No. 100% Area 75% Area 50% Area
#1 12190 pC 11170 pC 11030 pC
#2 11720 pC 10230 pC 11000 pC
#3 11820 pC 10260 pC 11010 pC
M 11910 7280 ¢ 10553 % e 110137 be
ean _220" _ga0" _13P
Charge Output versus Force, R?=0.988
30000
25000
R’ =0.9887
6; 20000
§- 15000
g 10000
5000
o - .
10N 20N 30N
Force (N)
B3-11 2 4 £ % _/’i{;ﬁjggﬁ;‘iﬂ"ig—.y}
%&6%F4§*IﬁﬁﬁﬁﬂL%M
No. 10N 20N 30N
#1 12190 pC 17640 pC 25710 pC
#2 11820 pC 17740 pC 26320 pC
#3 12100 pC 17910 pC 26250 pC
M 12036 T 3 e 17763 147 be 26093 22" pe
ean _217P _123P 383"
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313 MEBRRT 4 ERBIE &2 # i8R

Tt <4 g ERTATZHF

R13-12 P B ABEITR & * 075 2 4~ B

Charge (pC)

Location v.s. Charge

8000y 7\

7000

6000]

5000]

4000
3000]
2000
1000]
0

0 1 \2 / 3 4 5 6 7

Distance (mm)

BI3-13 X 4 L= ¥ 2R T M52 A (2
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ERNSEE ¥

p 3 4 s
7/ Distance (mm)

337 2 o35+ B> % 2 Jp¥UEELF B

Distance of loading

Mean max. value

Mean relative charge output

location (mm) (Voltage) (pC)
+0.017 +124
8 0.323 \Y -3234 pC
-0.012 -166
+0.052 +402
7 0.364 \Y -3642 pC
—-0.040 -518
+0.028 +206
6 0.457 V -4566 pC
-0.021 —284
+0.033 + 386
5 0.502 \ -5016 pC
-0.039 -334
+0.030 +440
4 0.544 \ -5440 pC
-0.044 -300
3 +0.048 +420
0.617 \ 6168 pC
Y - -0042_ | _ _ _ 480 _ _ |
+0.037 +59
2 0.650 6500 C
—-0.059 -37
————————— = = F0W3T |~ — T~ T+ - =
1 0.706 v -7064 pC
-0.043 —-386
+0.044 +57
0 0.709 \ -7091 C
-0.057 -43
+0.054 +350
1 0.700 V -7000 C
-0.035 -540

SRR AR 0 TR
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3.2 31
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321 2 AL G ARl f FHET R RIS

BREMAY PRSP o P HEIRs L8 (4 Bipsd )
Ttz 24 R 100%s < £ 42 50%0 FX L £ 523 EF BRI
(121 )

= I.I.ﬂl—ﬂ‘ = = —. 94507 - .S E-07
- 107 E-08 - _1l0ZE-08 -_3FER-O7 -_921E-0F -.8TLE-07

®3-14 100N 100% Area of Surface, 14.018V Z-= w2 =% &, 0.110pum

5

LI4TEHDT LJSEE+07 L 3E4E+HD7T L3TIEHDT L3B1E+07
L351E+07 L 3E0E+DT . IEREHDT L3TTEHDT L3BREHDT

von Mises stress
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-.Z271E-08 —.193E-0& —-.lZ7E-06 -.548E-07 - 17ZE-07
-_Z35E-0& -_1lR3E-0& -_908E-07 -_188E-07 _E31E-07

®3-15 100N 50% Area of Surface, 14.018V  Z= = 2. =# &, 0.271uym

32867 L20SEH)T LIGTEHOT L SEQEHTT LTSLEHDT
L L12EHI? JAGEHIT AHEHT . BEDEHIT A4zEHTT

von Mises stress
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BTRILF PR {2 P ¥R AREL LR Bt ):
ﬁﬁiwﬁmwoovoaﬁ' 42 50% 5 f X p P ES B R

-.923E-07 -.8lEE-07 -.70ZE-07 -.E89E-07 -.476E-07
-.873E-07 -.759E-07 -.646E-07 -.53ZE-07 -.419E-07

®3-16 100N 100% Area of Surface, 10.588V Z-= = 2 i=# &, 0.093um

I I I ' I.znz-rm I Lr04Ee0T .12 EDT

~EFLEHDT ~EFSEH0T
ZE2EHOT -ZETEHTT I9ZEHNT A 16EHIT ~AR0EHIT

von Mises stress
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-.126E-08 -.293E-07 -.738E-07 -.472E-07 -.Z19E-07
-.113E-06 -.268E-07 -.E03E-07 -.349E-07 -.89ZE-03

B]3-17 100N 50% Area of Surface, 10.588V Z- w2 i=# &, 0.126um

93015 . 192E+07 2TEEHDT LIEREHT LAEIEHDT
1258107 2298107 L222ZEHOT LALSEHIT .S108407

von Mises stress
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E‘N

RRAEELI | LS AR LR )
Ttz X4 Fim5100%5 < f §£250%% X f ¥ 57 BRI
(7 #5412

-.721E-07 -.623E-07 —-.524E-07 -.426E-07 -.328E-07
-.67ZE-07 -.573E-07 -.475E-07 -.377E-07 —.Z73E-07

B3-18 100N 100% Area of Surface, 8.162V  Z= = 2_ i=# &, 0.072um

-134EH07 -16TE+D7 .200EHD7 232EH0T -265E+07
15184107 J183EH07 216EHT 2498407 -Z281EH7

von Mises stress
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—.287E-07 —.780E-07 —.57ZE-07 —.364E-07 —.156E-07
-.883E-07 —_B76E-07 —.468E-07 —.Z60E-07 —_BZ0E-08

®13-19 100N 50% Area of Surface, 8.162V ~ Z= = 2 =# &, 0.099um

m E -

693743 -147e+07 LZ25EH)7 J048H0T -383B+07
-108&+07 186E8+0 7 JZA5EH0T -343E+07 AZZEHDT

von Mises stress
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[ -/

. 12385 ) 595962 L118E+07 L1TEE+HOT .235E+07
304174 887750 L 147E+07 L 205E+07 LZE4E+0T

®]3-20 100N 100% Area of Surface, 7.432V von Mises stress

Lo
--

12030 ' X L179E407 .26BEHD7 |

900371 .357E+07
456200 L134BH07 L223EHI? L31Z2EHIT LA01EHI

L7

B 3-21 100N 50% Area of Surface, 7.432V von Mises stress
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#3-8100NT 72 F A Az 5L 1 &

Model Type

Voltage

14.018V

10.588V

8.162V

7.423V
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£3-9100NT 7 bk & f5 2 WL L B

100% area of PZT-5A Voltage 50% area of PZT-5A Voltage
. 14.018V ‘ 14.018V
~ 10.588V ~ 10.588V
. 8.162V ‘ 8.162V
. 7.423V . 7.423V
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322 2 Bt A2 BT R IR PIET ZHEF

ﬁ'{rﬁ mlf_f;

S 100N, L =5mm Area =25 mm
SUB =1
TIME=1 _

VOLT (ATG)
REYE=0

DMX =.1le3E-07
aMN =-8.636

-B.636 -6.717 —-4.798 -Z.879 -.858561
=1.676 -3.737 -3.838 -1.918 o

NCDAT SOLUTION

100N, L =5mm Area = 25 mm

gUEB =1

. ——
uz (AVE)

REYE=0
DME =.163E-07
#MN =-.130E-07

-.130E-07 -.101E-07 -.720E-03 -.432E-03 -.144E-05
-.115E-07 -.804dE-08 -.576E-08 -.2B8E-08

R3-22 & > A 42 RL@ET —3 A3 HFH

?_.@ %%;D@lklé‘iﬁl K
£ 3

)
—

1%
ik
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NODAL S0LUTION 100N, R = 2.82mm Area = 25mm

STEP=1

(AVE)

-3.56 6. 658 -4,755 -2.853 -.951097
=-7.60%9 =-5.707 -3.804 -l.5902 0

NODAL S0LUTION 100N, R = 2.82mm Area = 25mm

STEP=1

D =.151E-07

8

(AVE)

114E-07

®3-23 WA AL BRL S —F LA
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323 RRMELFET 2
d 3 PZTH 151 5

BRTEF 280 FR AT

¥Rt kR

4 i@ﬁt’l‘ ) aur,u;g[ﬁgl

A Ie 3o R R OERLRLZ ERR R

’

B3-24 RLFTErFRAB2Z AR —7F I~ F 3

{?gﬁm%$§ﬁ%%ajiﬂﬂ’%m“%
iy
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NODAL SOLUTION m
STEP=1
3UB =1
TIME=1
VOLT (AVE)
REYE=0
DMX =.16ZE-06
aMx =6.783
%
200N, 20mm
[N
— 6.783
r—=—=—=—="7 =1
|
1.507 029 - ! 1
.753629 2.261 s.2zis 1 6.783

1
B13-25 BT AR ER L 10mmBE 2 i asr e’

NODAL 3OLUTION

STEP=1
3UB =1
TIME=1
VOLT
RBYS=0
DMX =.12ZE-06
EMN =-.002549
aMX =4,.592

(AVE)

| 200N, 15mm |

ANETT]

'

-.00Z549 1.019 .04
- 507993 1.529

= /= 507993

.04 .061

3.061
2.55 3.571

2.55 3.57T1 4,592
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-.238362 -040823 -320009 599194 -818379
-.098769 .180416 .459a01 .738787

F13-27 5 4 BLAps tp ASeOR TR RIS ¥ EEALAD

.01
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B3 MRELNA ERPE LT REFLIH

PZT-5A #1 -~

400000 + A

350000 - !

R?=0.9941

300000 -

~ 250000 r

(pC

L, 200000
s

© 150000 |
100000 |-

50000 r

0
0 100 200 300 400 500 600
Force (N)

B13-28 PZT-5Az 4 £-% Im & #1313

BHIRT RV ZENERY BN 4 R T EREAM T
- TP R AR AB00NZ L2 B E R AP FIAR
THEPPIRe 0 ks ERFET LT i RIT100N—4007 %
P2 AR o

58



350000

-——

a00000 | * PZT-5A#2 = PZT-5A #1] -7 ~
PZT-5A%1, R? = 0.9963 o

250000

200000

2 ’
F PZT-5A #2, R=4.9933
S 150000 |- S __=-"

100000 |

50000

0 I
0 50 100 150 200 250 300 350 400 450
Force (N)
B3-29 7 FPZT-5Az 4 £-7% fF & F itk
d BEFR o 3 hPZT-5AE Y & f F# BN (<200N) - H E i L

224 omtgEFS Rt AP 2 AP PRI B APHLE Bl
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B13-33 #FEF smF iz 5+ — i AR

AR T «f | # RPHH‘@IFW’L‘L R A e I A Bl Fg(? ”éﬁ?@)ﬁ’? =
XA R ~F o FIEE AT AL E R 2 FACIR R @ id 2 8 < ehth A
WA Ik AR 2 B % 0 43 0.2~ 0.3mm(H $)ehi B -

‘J

AL AR WA EEY L R Rl A
& ST E R R %%{—ﬁl;f N o L I - I E I
Vg A N ']‘(100pm<ﬂﬁ)

B13-34 dcis T WAz T iR i LR ]
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T PI398Nef P Mg Y £ PR A e - % L Eifg il kP

S RN T RNy AN A IR T N o & A

e

B13-35 K= 500N » 5+ it W Eldk g 7 R

AR Y RTHA AT FEES £ B MM
fo JRIRFPEATB 1 AN KR RACR g0 FRAEF S R T
oAk o X Fl AR kBT iR E 400N~ ) 2424 2 B
AL FRe iF T A MR 0 AP T R ATAR A 5 0 2400N-500N s
PR AR N AL AT R o TR TR SAR TS
Mo

900

800

700

600

500 |

Mean Sensitivity(pC/N)

400

300

200

100

0

206.38 258.47 256.89 2749 2845 283 30193 3763 3722 368.48 484.67 478.89 512.29
Force (N)

195.09 191.4

=

B13-36 PZT-5A#1 Ti5F Atk 2 14 R
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Foho A% FRT A A NEHSE T IALTE > whR
K QT% R4 FR A FRT 5 e T R RSk o .‘E'E;r'_ﬂ;\r‘k,’&_
AR BRI R SR AN 5 R E R H T
i g BB o
%3-10 22MHEBEE A2 5%
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 493.063 379500 769.68
: #3 483.156 361280 74775 ||
I
I #4 484.156 355000 733.23 :
I““#5“"“2l8'4.'406'" """ 347000~ — -~ — 71634~ — T
#6 482.813 342800 710.01
#r 480.438 340600 708.94
6 Cycle=n% B % #c(coefficient of variation, CV) % 3.02% | 730.99+22.07
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Food BEVRERZINRBRIANGEZ A HTEORBETF 4 £ e +

A LA G RBE gL

0.035

0.03

0.025 |
0.020667

R*=0.8767

002

0.015 r

0.010433

E 5T 5B E Vs

o
o
=

0.005 0.00358

0.000803

0.004867

300

-0.005
Force (N)

B3-37 RaLi# "2 TRV L

2311 RL#Y 2 TRV E

Force (N) Tiak pimas g (Vs)
100N 0.000803 "+ 0.001167
' —0.000803
+0.00196
0.00358
200N —-0.00108
300N 0.004867" 0.002233
' —-0.001867
+0.008567
0.010433
400N —0.005933
500N 0.020667" 0.009333
' —~0.007667
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a5A ~ PZT-5A#1 53 512 9 sk itk

DC mode_100N of 15mm per min 50N set_1e6 pC Meas. Range

0.420V——0.418 v—0.416V__0409V_—0.410 V

0.450
(13.8s) o (17.95) o (2185) (2545)  (29.05)
0400 0.337V . { ‘ }
(9.58s) 1 L ) S ] 1
0.350 ~ - ! ‘ } : 1
* | b ¢
0.300 $ : ‘
< p L
4> > ) )
=250 I i 1 '
S 1 g hd (o
20200 1 I
S 1 @ L4 4 04» <
=>0.150 o | : ! }
99 ¢ t it 0
0.100 L ] | 3 ‘
R 24 S ‘ 4
L d p
0.050 !
0.000 — —0.039 0.048
0.009 0.010 0.031 23’ 22 24.2s 27.9s
-0.050 8.15s 12.3s 16.5s -

00 1.5 31 46 61 7.6 92 10.712213.715316.8 18.319.8 21.4 22.9 24.4 25.9 27.5 29.0 30.5 32.0 33.6 35.1 36.6 38.1 39.7 41.2

Time (s)

(0.048-0.009)/(27.9-8.15)=0.00197 V/s (X 5% %) #% 4 £ )

Name Max_Load Max_Disp
Units N mm
Cycle #1 104 469 0.68500
Cycle #2 102.219 0.68700
Cycle #3 120.250 0.69500
Cycle #4 117.563 0.69700
Cycle #5 116.625 0.69400
Cycle #6 113.563 0.69900
Cycle #7 114 688 0.69500
Mean 112.768 0.69314
Sg?gﬁéﬂ 6.81080 0.00518
Maximum 120.250 0.69900
Minimum 102.219 0.68500
Range 18.0310 0.01400
Median 114 688 0.69500
Cycle No. Force Relative Charge (pC) pC/N
#2 102.219 65037 636.25
#3 120.250 81409 677.00
#4 117.563 76848 653.68
#5 116.625 74688 640.41
#6 113.563 73527 647.46
#7 114.688 71967 627.50
6 Cyclesnsg B % #c(coefficient of variation, CV) z 2.43% | 647.05+15.73
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DC mode_100N of 15mm per min 50N set_1e6 pC Meas. Range - 02

0.600

0.500

0.511 0502  0.503
(8.40s) (12.4s) (15.6s)

<

0d

2 3
>

4

>

<

%

0.495 (496 0.503
(19.4s) (22.8s)

|

(26.4s)

0.400

0.300

Voltage (v)

0200 |

0.100

0.140____0.147__.0.146__0.146—(0.151—0.148
14.6s 18.4s 21.8s

7.48s 11.5s

25.5s

0.000

00 1.6 3.1 47 62 7.8 93 10912414.015.517.118.620.221.723.3 24.8 26.4 27.929.5 31.0 32.6 34.1 35.737.2

Time (s)

(0.148-0.14)/(25.5-7.48)=0.00044 V/s (* 325 ) m 4 £ )
Name Max_|l oad Max_Disp
Units N mm
Cycle #] 112 375 0 68800
Cycle #2 114.094 0.69500
Cycle #3 114.469 0.69700
Cycle #4 112 531 0.69500
Cycle #5 111.250 0.69700
Cycle #6 110.063 0.69700
Cycle #7 111.094 0.70000
Mean 112.268 0.69557
Standard 1.60914 0.00374
Deviation
Maximum 114 469 0.70000
Minimum 110.063 0.68800
Range 4 40600 0.01200
Median 112.375 0.69700
Cycle No. Force Relative Charge (pC) pC/N
#2 114.094 74119 649.63
#3 114.469 70921 619.56
#4 112.531 71312 633.71
#5 111.250 69712 626.62
#6 110.063 68912 626.11
#7 111.094 70921 638.39
6 Cyclesns B % #c(coefficient of variation, CV) 3 1.55% | 632.34+9.77
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DC mode_100N of 15mm per min 50N set_1e6 pC Meas. Range - 03

0.700

0543 o 0638
0.600 (3:222)7(?55-?52)7(1.4-08)*(?fgls‘)*(?;giﬁz(zz'k)
0500 }‘
% 0.400 :}
g 0300 ¢
0200 L L——
0100
0.000
00 12 24 35 47 59 7.1 82 94 10.611.812.9 141153 165 17.6 18.820.0 21.2 22.3 23.5 24.7 25.9 27.0 28.2 29.4 30.6 31.7 32.9
Time (s)
(0.2-0.2)/(21.9-7.13)=0 V/s (X 325 #; m 4 &)
Name Max_Load Max_Disp
Units N mim
Cycle #1 112.219 0.69700
Cycle #2 111.500 0.69600
Cycle #3 110.313 0.69700
Cycle #4 109 688 0.69700
Cycle #5 107 813 0.70000
Cycle #6 106 969 0.70000
Cycle #/ 130.063 0.70100
Mean 112 652 0.69829
Standard 790175 0.00198
Deviation
Maximum 130.063 0.70100
Minimum 106.969 0.69600
Range 23.0940 0.00500
Median 110313 0.69700
Cycle No. Force Relative Charge (pC) pC/N
#2 111.500 69600 624.22
#3 110.313 68400 620.05
#4 109.688 68400 623.59
#5 107.813 66800 619.59
#6 106.969 66200 618.87
#7 130.063 87600 673.52
6 Cycle=n% & % #ic(coefficient of variation, CV) % 3.11% | 629.97+19.58
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Voltage (v)

DC mode_20(())N of 15mm per min 110N set_1e6 pC Meas. Range - 01

- 0726 (g ggs) 0.714(9.93)
0700 |- $OTB)g o 0 0 o o 0.713(11.08) ¢ 70612.05)
. 9 2 ¢ % 2T 3
‘ S0S & 0.700(13.1s)
0.600 . - &
L ®» i ¢ A ¢ o
e \f % 9 ‘:, Wi K\ S
L d ¢9 i ! |
0.400 ?. L 2 )
1 < * L 4 'S .
+7 %% ¢ o ¢ [eo )
00 * s 4 44T 17 (¢
¢ < L 4 'S .
9 94 ¢ %6 %4
I L 4 00 4
0.200 1. I1134 1% 13
3 208 1r EXR 1 4
- ’ } ’ 8 _
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Time (s)

(0.049-0.018)/(12.6-7)=0.00554 V/s (X 325 §) i 45 £ )

Name Max_Load Max_Disp Min_lLoad Min_Disp
Units N mim mm
Cycle #1 198.531 0.73800 0.00000 0.37600
Cycle #2 196.094 0.73800 0.25000 0.65100
Cycle #3 198.188 0.74500 02158 0.64500
Cycle #4 194.844 0.74500 -0.4688 0.64600
Cycle #5 195.781 0.74700 -0.6563 0.64800
Cycle #5 193.656 0.74700 0.7813 0.64800
Cycle #7 191.969 0.74700 0.40625 0.66100
Mean 195.580 0.74386 -0.2098 0.61071
Standard 2.34867 0.00410 0.45242 0.10364
Deviation
Maximum 198.531 0.74700 0.40625 0.66100
Minimum 191.969 0.73800 0.7813 0.37600
Range 6.56201 0.00900 1.18755 0.26500
Median 195.781 0.74500 -0.21588 0.64800
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 196.094 140791 717.98
#3 198.188 134413 678.21
#4 194.844 133668 686.03
#5 195.781 133046 679.57
#6 193.656 131157 677.27
#7 191.969 129646 675.35
6 Cycles% & % #ic(coefficient of variation, CV) : 2.16% | 685.74+14.8
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Voltage (v)

DC mode_200N of 15mm per min 110N set_1e6 pC Meas
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Time (s)

(0.13-0.117)/(6.2-1.1)=0.0025 V/s (L 355 £ & # £ )
Name Max_|Load Max_Disp Min_| oad Min_Disp
Units N mm N mm

Cydle #1 195.063 0.74900 -0.3125 0.65700
Cycle #2 193.906 0.75000 -0.8438 0.64800
Cycle #3 192 531 0.74700 -0.9063 0.64800
Cycle #4 193719 0.74700 -1.0625 0.65400
Cycle #5 190.613 0.74500 -0.9688 0.65300
Cycle #6 189.504 0.74400 -1.2500 0.65600
Cydle #7 188.063 0.75000 -0.0625 0.66400
Mean 191.956 0.74743 -0.7723 0.65343
Standard 254741 0.00237 0.42600 0.00553
Deviation
Maximum 195.063 0.75000 -0.0625 0.66400
Minimum 188.063 0.74400 -1.2500 0.64800
Range 7.00000 0.00600 118750 0.01600
Median 192 531 0.74700 ~0.0063 0.65300
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 193.906 132160 681.57
#3 192.531 128575 667.81
#4 193.719 128775 664.75
#5 190.813 128990 676.00
#6 189.594 128365 677.05
#7 188.063 123785 658.21
6 Cycle=ns B % #c(coefficient of variation, CV) 3 1.2% 670.9+£8.02
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Voltage (v)

DC mode_200N of 15mm per min 110N set_1e6 pC Meas. Range - 03
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Time (s)

) -0. .3-6.18)=0. S(THE=4mi v
(0.042-0.028)/(11.3-6.18)=0.0027 V/s (L 5% #; 4 &)

Name Max_Load Max_Disp Min_Load Min_Disp

Units N mrm N mm
Cyde #1 191.625 0.74900 -0.0688 0.65100
Cycle #2 191.344 0.75000 -1.2188 0.65400
Cycle #3 189.344 0.74700 -1.2500 0.65400
Cycle #4 216.938 0.75900 -1.1563 0.65400
Cycle #5 215.000 0.75700 ~1.2813 0.65900
Cycle #6 212344 0.75100 ~1.2813 0.65400
Cydle #7 213313 0.75900 256250 0.67300
Mean 204273 075314 -0.6563 0.65700
Standard 127301 0.00505 142352 0.00744

Deviation
Maximum 216.938 0.75900 2 56250 0.67300
Minimum 189.344 0.74700 -1.2813 0.65100
Range 275940 0.01200 3.84380 0.02200
Median 212344 0.75100 1.2188 0.65400
Cycle No. Force (N) Relative Charge pC/N
(PC)

#2 191.344 128773 672.99

#3 189.344 125584 663.26

#4 216.938 153384 707.04

#5 215.000 147584 686.44

#6 212.344 148784 700.67

#7 213.313 147584 691.87

6 Cycle=s £ % #ic(coefficient of variation, CV) 3 2.2% | 687.05£15.12




Voltage (v)

DC mode_255N of 15mm per min 161N set_1e6 pC Meas. Range - 01
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Time (s)

0.196-0.123)/(12.3-6.55)=0.0127 V/s (L 354 ) #h # £
( 4 ) ( 1 )

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm
Cycle #1 234 813 0.75800 -0.9375 0.65700
Cycle #2 265.063 0.76900 -1.0313 0.65700
Cycle #3 261.563 0.76900 -1.0000 0.65700
Cycle #4 259.613 0.76900 -1.1250 0.65700
Cycle #5 254 625 0.77400 -1.2500 0.66400
Cycle #6 254 656 077200 -1.3438 0.66600
Cycle #7 255094 0.77000 4 59375 0.68400
Mean 255.090 0.76871 -0.2991 0.66314
Standard 979139 0.004509 216228 0.00996
Deviation
Maximum 265063 0.77400 4 59375 0.68400
Minimum 234 813 0.75800 -1.3438 0.65700
Range 30.2500 0.01600 5.93755 0.02700
Median 255094 0.76900 -1.0313 0.65700
Cycle No. Force (N) Relative Charge pC/N
(pC)
#2 265.063 194130 732.39
#3 261.563 186930 714.67
#4 259.813 183981 708.13
#5 254.625 181403 712.43
#6 254.656 177730 697.92
#7 255.094 177584 696.15
6 Cycles% £ % #c(coefficient of variation, CV) % 1.7% | 710.28+12.04
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Voltage (v)

DC mode_255N of 15mm per min 161N set_1e6 pC Meas. Range - 02
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Time (s)

(0.065-0.039)/(12.8-7.23)=0.0047 V/s (L 325 ) 4 £)
Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm
Cycle #1 251.125 0.77400 ~1.0313 0.66100
Cycle #2 254.844 0.77200 1.2188 0.66100
Cycle #3 255.313 0.77200 ~1.3438 0.66600
Cycle #4 251.781 0.77000 -1.1875 0.66500
Cycle #5 240.688 0.76900 -1.4688 0.66800
Cycle #6 248.156 0.77500 ~1.5038 0.66700
Cycle #7 281563 0.78400 378125 0.68600
Mean 256.067 0.77371 10.5804 0.66771
Standard 11.5330 0.00499 1.93229 0.00852
Deviation
Maximum 281.563 0.78400 3.78125 0.68600
Minimum 248.156 0.76900 ~1.5038 0.66100
Range 33.4070 0.01500 537505 0.02500
Median 251781 0.77200 12188 0.66600
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 254.844 180330 706.00
#3 255.313 178930 699.22
#4 251.781 174530 691.55
#5 249.688 173130 691.74
#6 248.156 171930 691.18
#7 281.563 205930 729.93
6 Cyclesns B % #c(coefficient of variation, CV) 3 1.96% | 701.6+13.75
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Voltage (v)

DC mode_255N of 15mm per min 161N set_1e6 pC Meas. Range - 03
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Time (s)

(0.082-0.034)/(12.9-7.15)=0.0083 V/s (L 3= #; im 45 £)

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm
Cycle #1 252.000 0.77000 -1.1563 0.65900
Cycle #2 247 250 0.77000 -1.1875 0.66500
Cycle #3 283.031 0.78200 -1.2813 0.67000
Cycle #4 279.000 0.77500 -1.3438 0.66700
Cycle #5 280.844 0.78400 -1.6250 0.67100
Cycle #6 282 406 078100 -1 4688 0 67000
Cycle #7 276875 077600 343750 0 68900
Mean 271.629 0.77686 -0.6607 0.67014
Standard 15.2346 0.00567 1.81444 000928
Deviation
Maximum 283.031 0.78400 343750 0.68900
Minimum 247.250 0.77000 -1.6250 0.65900
Range 35.7810 0.01400 5.06250 0.03000
Median 279.000 0 77600 -1.2813 067000
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 247.250 171570 693.91
#3 283.031 205120 724.73
#4 279.000 202770 726.77
#5 280.844 202570 721.29
#6 282.406 198970 704.55
#7 276.875 198736 717.78

6 Cycle=% & % #ic(coefficient of variation, CV) % 1.65%

714.84£11.79
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Voltage (v)

DC mode_285N of 15mm per min 180N set_1e6 pC Meas. Range - 01
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Time (s)

(0.075-0.049)/(13.3-7.58)=0.0045 V/s (L 35= #; m 45 £)

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm
Cycle #1 288 688 0.78400 -1.0938 0.66600
Cycle #2 286.875 0.78700 -1.2500 0.66700
Cycle #3 283.906 0.78700 -1.3750 0.67300
Cycle #4 284 375 0.78500 -1.5625 0.67300
Cycle #5 285.500 0.78700 -1.5625 0.67600
Cycle #6 283906 0.78700 -1.5000 0.67600
Cycle #7 282 438 0.78700 1.81250 0.68900
Mean 285.098 0.78629 -0.9330 0.67429
Standard 210742 0.00125 1.22294 0.00761
Deviation
Maximum 288.688 0.78700 1.81250 0.68900
Minimum 282 438 0.78400 -1.5625 0.66600
Range 6.25000 0.00300 3.37500 0.02300
Median 284 375 0.78700 -1.3750 0.67300
JIS Mean 287.394 0.78700 0.31561 0.68220
Variation 0.00739 0.00159 1.31070 0.01129
3 Sigma 6.32228 0.00376 3.66882 0.02283
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 286.875 207905 724.72
#3 283.906 202305 712.58
#4 284.375 201177 707.44
#5 285.500 202150 708.06
#6 283.906 200260 705.37
#7 282.438 198860 704.08
6 Cycle=ns B % #c(coefficient of variation, CV) 3 0.98% | 710.38+6.94
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285N of 15mm per min 180N set_1e6 pC Meas. Range - 02
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Time (s)

(0.055-0.038)/(15-9.28)=0.003 V/s (L 2% #) 45 £ )

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm mm

Cycle #1 287.000 0.78100 -1.3750 0.67000

Cycle #2 283.250 0.78300 -1.5000 0.67100

Cycle #3 284.500 0.78500 -1.6875 0.67300

Cycle #4 282 656 0.78500 -1.7813 0.67300

Cycle #5 281.375 0.78500 -1.9063 0.67300

Cycle #6 280.313 0.78500 -2.0000 0.67900

Cycle #7 315.906 0.79600 -0.4375 0.68600

Mean 287.857 0.78571 -1.5268 0.67500

Standard 12.5562 0.00479 0.52739 0.00563

Deviation

Maximum 315.906 0.79600 -0.4375 0.68600

Minimum 280.313 0.78100 -2.0000 0.67000

Range 35.5930 0.01500 1.56250 0.01600

Median 283.250 0.78500 -1.6875 0.67300

JIS Mean 300.828 0.79050 -0.9500 0.68130

Wariation 0.04362 0.00609 0.34542 0.00834

3 Sigma 37.6687 0.01436 1.58218 0.01688

Cycle No. Force (N) Relative Charge (pC) pC/N

#2 283.250 199870 705.63
#3 284.500 199040 699.61
#4 282.656 197100 697.31
#5 281.375 195840 696.01
#6 280.313 194900 695.29
#7 315.906 231440 732.62

6 Cycless & % #ic(coefficient of variation, CV) % 1.86%

704.41+13.07
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Voltage (v)

DC mode_285N of 15mm per min 180N set_1e6 pC Meas. Range - 03
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Time (s)

(0.074-0.033)/(13.9-8.13)=0.0071 V/s (L 3= #; im 45 £)

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm
Cycle #1 282 688 078300 -1.5938 0.67100
Cycle #2 279531 0.78500 -1.6875 0.67300
Cycle #3 277625 0.78500 -1.8438 0.67300
Cycle #4 IM7.125 0.78800 -1.7500 0.67900
Cycle #5 314.344 0.78800 -1.8438 0.67900
Cycle #6 308 469 0.78500 -1.8750 0.67900
Cycle #/ 314.500 0.79700 5.84375 0.69800
Mean 299183 0.78729 -0.6786 0.67886
Standard 18.2375 0.00464 287782 0.00910
Deviation
Maximum IM7.125 0.79700 5.84375 0.69800
Minimum 277 625 0.78300 -1.8750 0.67100
Range 395000 0.01400 771875 0.02700
Median 308 469 0.78500 -1.7500 0.67900
JIS Mean 315194 0.79220 2.09999 0.68850
Variation 0.06096 0.00590 4.24087 0.01340
3 Sigma 547126 0.01393 8.63347 0.02730
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 279.531 195191 698.28
#3 277.625 193262 696.12
#4 317.125 231890 731.23
#5 314.344 227890 724.97
#6 308.469 221690 718.68
#7 314.500 224948 715.26

6 Cyclesn% & % #ic(coefficient of variation, CV) % 1.81%

714.09+£12.96
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Voltage (v)

DC mode_377N of 15mm per min 250N set_1e6 pC Meas. Range - 01
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Time (s)

(0.240-0.119)/(13.8-7.48)=0.019V/s (X 325 #) i 45 £ )

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm
Cycle #1 380.563 0.80100 -1.4063 0.67900
Cycle #2 382219 0.80600 -1.4375 0.68200
Cycle #3 376.906 0.80800 -1.5625 0.68400
Cycle #4 378.031 0.81000 -1.7813 0.68400
Cycle #5 375.500 0.81000 -1.8750 0.68400
Cycle #6 373.781 0.80900 -1.6875 0.68600
Cycle #7 372156 0.81000 1.90625 0.69800
Mean 377.022 0.80771 -1.1206 0.68529
Standard 3.58416 0.00330 1.34574 0.00602
Deviation

Maximum 382219 0.81000 1.90625 0.69800
Minimum 372156 0.80100 -1.8750 0.67900
Range 10.0630 0.00900 378125 0.01900
Median 376.906 0.80900 -1.5625 0.68400
JIS Mean 380.772 0.80990 0.23124 0.69160
Variation 0.00951 0.00409 1.20097 0.00878

3 Sigma 10.7525 0.00991 403723 0.01806

Relative Charge
Cycle No. Force (N) pC/N
(pC)
#2 382.219 288634 755.15
#3 376.096 281024 747.21
#4 378.031 277720 734.65
#5 375.500 272900 726.76
#6 373.781 270720 724.27
#7 372.156 266900 71717
6 Cycless £ % #ic(coefficient of variation, CV) 3 1.8% | 734.2+13.24




Voltage (v)

DC mode_377N of 15mm per min 250N set_1e6 pC Meas. Range - 02
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Time (s)

(0.111-0.062)/(14-7.75)=0.0078V/s (L 5% #) 45 £ )

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm
Cycle #1 373.719 0.81200 -1.5000 0.67900
Cycle #2 374.656 0.80600 1.8125 0.68200
Cycle #3 372.906 0.80800 1.9375 0.68400
Cycle #4 371.000 0.80800 -2.0938 0.68400
Cycle #5 373.938 0.81000 -1.9063 0.68600
Cycle #6 370.960 0.81200 18125 0.68900
Cycle #7 369.719 0.81200 2.37500 0.70100
Mean 372.415 0.80971 S1.2411 0.68643
Standard 1.85403 0.00243 160472 000714
Deviation
Maximum 374.656 0.81200 2.37500 0.70100
Minimum 369.719 0.80600 -2.0938 0.67900
Range 493701 0.00600 4 46880 002200
Median 372.906 0.81000 18125 0.68400
JIS Mean 34172 0.81180 0.37500 0.69420
Variation 0.00498 0.00300 1.29300 0.07040
3 Sigma 5.56480 0.00729 4.81416 0.02141
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 374.656 270895 723.05
#3 372.906 265142 711.02
#4 371.000 263620 710.57
#5 373.938 261020 698.03
#6 370.969 261464 704.81
#7 369.719 260064 703.41
6 Cyclesns B % #c(coefficient of variation, CV) 3 1.11% | 708.48+7.87




Voltage (v)

DC mode_377N of 15mm per min 250N set_1e6 pC Meas. Range - 03
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Time (s)

(0.078-0.050)/(13.9-7.65)=0.0045V/s (- 2= ) m# &)

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm

Cycle #1 375250 0 81000 -1.7500 0 68400

Cycle #2 370.000 0.81000 -2.0938 0.68600

Cycle #3 370.813 0.81200 -1.7500 0.68900

Cycle #4 360.250 0.81200 -2.0625 0.68900

Cycle #5 367.969 0.81200 -2.0000 0.68900

Cycle #6 366.875 0.81200 -2.2813 0.68900

Cycle #7 366.000 0.81200 1.62500 0.70100

Mean 369451 0.81143 -1.4732 0.68957

Standard 3.07047 0.00098 1.37931 0.00541

Deviation

Maximum 375.250 0.81200 1.62500 0.70100

Minimum 366.000 0.81000 -2.2813 0.68400

Hange 9.25000 0.00200 3.90630 0.01700

Median 369250 0.81200 -2.0000 0.68900

JIS Mean 372794 0.81200 -0.0875 0.69500

Variation 0.00831 0.00120 0.93625 0.00785

3 Sigma 9.21141 0.00293 413794 0.01623

Cycle No. Force (N) Relative Charge (pC) pC/N
#2 370.000 261523 706.82
#3 370.813 258905 698.21
#4 369.250 256950 695.87
#5 367.969 255460 694.24
#6 366.875 253950 692.20
#7 366.000 252860 690.87
6 Cycle=n% & % #ic(coefficient of variation, CV) % 0.75% | 696.3815.24




Voltage (v)

DC mode_486N of 15mm per min 350N set_1e6 pC Meas. Range - 01
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Time (s)

(0.422-0.212)/(14.9-7.93)=0.03V/s (L 2% §) 45 £)

Name Max_Load Max_Disp Min Load Min Disp
Units N mm N mm
Cycle #1 496 906 0.83300 -1.8125 0.68400
Cycle #2 493.063 0.83300 -1.9063 0.69000
Cycle #3 483.156 0.83700 -2.0313 0.69200
Cycle #4 484 156 0.83300 -1.7500 0.69500
Cycle #5 484 406 0.83700 -2.2188 0.69200
Cycle #6 482 813 0.83300 -2.1250 0.69500
Cycle #7 480438 0.83700 -0.8438 0.70100
Mean 486420 0.83471 -1.8125 0.69271
Standard 6.09257 0.00214 0.45857 0.00522
Deviation
Maximum 496 906 0.83700 -0.8438 0.70100
Minimum 480438 0.83300 -2.2188 0.68400
Range 16.4680 0.00400 1.37500 0.01700
Median 484 156 0.83300 -1.9063 0.69200
JIS Mean 493228 0.83660 -1.3188 0.69770
Variation 0.01253 0.00256 0.25300 0.00753
3 Sigma 18.2777 0.00641 1.37570 0.01566
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 493.063 379500 769.68
#3 483.156 361280 T747.75
#4 484 .156 355000 733.23
#5 484.406 347000 716.34
#6 482.813 342800 710.01
#7 480.438 340600 708.94
6 Cycles% & % #ic(coefficient of variation, CV) % 3.02% | 730.99+22.07
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Voltage (v)

DC mode_486N of 15mm per min 350N set 1e6 pC Meas. Range - 02
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Time (s)

(0.189-0.098)/(15.3-8.35)=0.013V/s (X 325 ) i 45 £ )

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mim N mm
Cycle #1 480500 0.83700 1.8125 0.69200
Cycle #2 485.188 0.83500 2.0313 0.69100
Cycle #3 480.438 0.83100 2.0000 0.69500
Cycle #4 478.313 0.83700 22188 0.69200
Cycle #5 476.969 0.83200 23750 0.69500
Cycle #6 477 406 0.83500 2.1563 0.69600
Cycle #7 475.000 0.83700 6.12500 0.71400
Mean 479.116 0.83486 10.9241 0.69643
Standard 330787 0.00248 311247 0.00798
Deviation
Maximum 485.188 0.83700 6.12500 0.71400
Minimum 475.000 0.83100 2.3750 0.69100
Range 10.1880 0.00600 850000 002300
Median 78313 0.83500 20313 0.69500
JIS Mean 482.619 0.83680 2.11562 0.70480
Variation 0.00690 0.00297 3.36900 0.01145
3 Sigma 0.02362 0.00744 0.34041 0.02393
Cycle No. Force (N) Relative Charge (pC) pC/N
#2 485.188 337362 695.32
#3 480.438 333110 693.35
#4 478.313 328300 686.37
#5 476.969 325640 682.73
#6 477.406 321840 674.14
#7 475.000 318440 670.40
6 Cyclesn% & % #ic(coefficient of variation, CV) i 1.34% | 683.72+9.17
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Voltage (v)
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DC mode_486N of 15mm per min 350N set_1e6 pC Meas. Range - 03
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Time (s)

(0.204-0.071)/(14.2-7.13)=0.019V/s (X 325 §) i 45 £ )

Name Max_Load Max_Disp Min_Load Min_Disp
Units N mm N mm

Cycle #1 480.969 0.83100 -2.0000 0.69300

Cycle #2 478.250 0.83700 -2.1250 0.69200

Cycle #3 521.969 0.84700 -1.9375 0.69600

Cycle #4 521.094 0.83800 -2.0625 0.69200

Cycle #5 520031 0.84500 20313 069600

Cycle #6 516.906 0.83800 -2.0625 0.69800

Cycle #/ 515.469 0.83800 4.40625 0.71400

Mean 507.813 0.83914 -1.1161 0.69729

Standard 19.4162 0.00534 243581 0.00772

Deviation

Maximum 521 969 0.84700 4 40625 071400

Minimum 478.250 0.83100 -2.1250 0.69200

Range 43.7190 0.01600 5.53125 0.02200

Median 516.906 0.83800 -2.0313 0.69600

JIS Mean 521.006 0.84460 1.21874 0.70560

Variation 0.03823 0.00636 2.18248 0.01107

3 Sigma 58.2485 0.01601 7.30744 002315

Cycle No. Force (N) Relative Charge (pC) pC/N

#2 478.250 324520 678.56
#3 521.969 371930 712.55
#4 521.094 363454 697.48
#5 520.031 361720 695.57
#6 516.906 356720 690.11
#7 515.469 355720 690.09

6 Cycles% & % #ic(coefficient of variation, CV) % 1.47%

694.06+£10.23
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