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Fig. 3 Measurement system.
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Fig. 4 Invers transfer functions (n=3).
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ProcessingB

Fig. 5 Application of the inverse transfer functions to the measured sound.
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Fig. 6 Color map of subject A.
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Fig. 7 Color map of subject B.

(a) Bone conduction sound, (b) Processed sound A,
(c) Processed sound B, (d) Air conduction sound
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Table 1  Frequency range of strong signal

@ (b) © (d)
Subject A| 40~450 Hz_| 300~600 Hz | 300~ 1000 Hz| 100~ 2000 Hz
Subject B| 40~500 Hz | 200~400 Hz | 200~800 Hz | 100~1000 Hz
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Yy ELOREASET T A—ZTHY, "Mz LR EEESRRT S &, REAKRTICED 5%,

SBR & 72 0 RN A B L2 WRFES B B RYICRRRI BAE H IY Brovin D . 2 OME IS B B B A E
EMEEINTEDY, BLR OBRKOFBETHD. ZiUT XV, RBIZROEE & RIFFCREERINA T2 5. £
2T, AWFFETIE, WRICHBTT DAMAEE & Fpdtil 247 5 2 & T, AR 2R R0 IR & 22 M) 72 R
BROW G Z2EHLTND.

4.4, ~I)VF T T AN

FRLOFRBIERZ, W 2 7 T AP EITHI DD DTH DL, AMREETIX, H£F, £F, &D 3D
OEEBEBE LY T v 7 A%, TAENERFOLRER], g, fnE, #EoEECED Y TTWSH
W, 47 T ADWRNEATOMERNDHD. £ZT, 277 AMBlgRE AT~V F 7 T Z8RIEAT O ke
LT, M2 okt
W2 FF OB TiE R RE LT,

relax yg
motor image

motor image

| | |
right vs left right vs foot left vs foot
| | |

| decision by a majority |

f result ;

X 2 #®_EHE

5. CHIBIFEER
AKFETIIEBRE DK T2 EZE L, AF - LEF - VIV T ADI3 7T AEFO N —=0 T %1To7=.

5.1 FHHISAE:

AA—Y GF-EF-VT7v 7R

BB HREZRRABES A

SIS — 2% KEES hIATALFoR LBy bEL,
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Ft6 &y MEHA

1 B A7)V Rest6 ¥, Actd F», Rest2 B

T—F 7727 MEH Act TOREABE L D REWGE, EEHH
St polymatell

EBMEE 12 FEM (X 3. Fpl Fp2 F7 F8 Fz T3 T4 C3 C4 Cz P3 P4)
Y7V T EBEE 1000Hz

B 3 EARALE

5.2 EBR1: A I9A4 74—y

TR 1 T, A T4 74— Ry ZICEDRE L —= 7 ORI OV THRGEE L7z, X4 73
ER1 O M= 0 UL Thd. BEHEBPOEY TS 70y ZICabE TS A—V%ITH 2k
T, F=LEETHRL == T RITZD X105 T0D. EHIT, AR L&A A=V DL RHER
Z, 1 hIATNITEIHEREIC 7 4 — Ry 7352 LT, @HlROEELZM T, £ 1 HWER1 O
FRTHD., FPL—= 7K D@HRO LHITHER TE oo, #BEMRETIE, FTA T
WAFERE 7 4 — Ry 7 SNDGE, A ATV LBRSTERNTD ERKT D] L) B RSEN
ofb\ét , /kf?)/r% /’E”E“%:&ibfb\éT EMERE X BID.

. training_system (=1

S

K 4 FL—=2%GUI
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£ 1 EBR1(EHE)
| set || right | left | relax | ave. |
1-2 33 30 43 35
1-3 26 39 a0 37
1-4 12 40 5K 30
1-5 22 26 54 34
1-6 22 25 60 39

5.3. EBR2: AU TA 74— Ky 7 LRRIEROEH

FEhr 1 OfRREZT, By MECHHIZROFEH 1T Z LT, RO EABRAONIBEELTZ. B
L—=U 7280, A A—=VREICRBWEEAA T D L3 0UE, @AlERE2ERL T 2 e T, #ilE
FEFLTW EEZOND. £ 2HER2OFRTHS. BAIROEFREZIT>Th, RO LHIX
RoNighpole. TOZEND, A TA T 4= w7275 &, 17y FATA A=V OFEIIENR
IKFLTCLEI D, @HHRZHTE L TOEBENEH LN EBZ 26N,

# 2 EBR2(PEHH)

| set || right | left [.l'elax ave. |

1-2 31 32 o8 40
2-3 18 26 67 37
3-4 30 22 61 37
4-5 29 41 H8 43
a-6 31 20 49 39

5.4, EEBR3: AT T4 07 40— K7 LHBIEO TG

EE 2 OREREZT, AU T4 0TI, T TAL L TODT 4— RN I &fToic. 77407
A= RNy 7 &L, FIATAVEISHEIGEREZ 74— RNy 73550 TIERLS, 1y METRIZELD
TI7A4 =Ry 735G ETHD. ZHICKVEREIIA A —VIZETTHZ LN TE, B, £
DEY ENIELA AT TECWEDEMDIENTEL. A A—VICETTEHILET, 12y FAD
A A=V DIX DX NS D TR, B EZEHT52 LT, @RI EA LT EE
oD, & IVFERIOERTHS. £ 1, £ 2T

TR —= T RITHEGR TE R o720, £ 3 2T, F—=2 7o THAIEN EH L T0D
ZENROND.
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# 3 B 3(EE)
| set || right | left | relax | ave. |
1-2 14 32 72 39
2-3 30 39 5l 42
3-4 30 40 64 46
4-5 42 a7 64 48
5-6 38 35 68 47

5.5. FEERFERDLLEL

X 5 135K 1~ E 3 OMBIEE ELOERTHD. BNFER 1, FER 2, ROER 3 OVHIE,
BrLOMERRFETH S, £, EBR2IITEIOED, BRI EFEANDHD L EZD. tREE
IToTofER, t=23.29>2.776 = 10.05 &7e0, EER3 D2y FHE 6 £ bEHOMBIRICHEZED
R T,

6
* RERI
60 f
EER2
55 .- * %ﬁs
50 .
Bast ‘
oR .
"
N | |
T l T
30 - | : )
25 ‘ : ’ : '
2 3 4 5 6

HERAT—42tv b

X 5 MAREROHER

6. EVaTNT 4 — KRNy
AEITIE, #7740 74— 7 hb—=U 7 THRALEEY 27 V7 4 — KXy 72OV Tl
T 5. £7o, HOPREOFNEDNENGELHINZE D, TOMRIZTOWTHRIET 5.

6.1. HWHEDOT 4 —F Ry

R e 7 ny b9 52 8T, SRNICHIEEZIRTE 5B R, LrL, @ldErLEe§
DREEOWITIT—MRANC 3 ot LV mi<, ZOEFETEIRFRTNIFAETH L. £ 2T, EKICFFL
BZERND, MANCROEETHD LS 2 SORERERE T LICLl. &1L, H1 X
—VIOWNWTaEEZDZET, IV EDaT VT 41— RNy 7 & LTHBREICON D 0T WIFHRIC L
7= FL—o U PRRERENTES, FRENEGEOREMENRE L TV L5 I8 T 5. X6 1%
& B WERHF ONLJRHAI DS 67 % TOREETH L. EONNEFLEEFORMBIT, AHOXPEIHEL
EUT o ADOFHNTHS. 6 kb, BHIZ 2 RILTTEYy FLTWAED, MBIERSTNTLE
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STWDZ LD D. e, BHNIMTAIZE LTS, 2Pl ETIHRES > TRALE S bH D LH
ADBND. ZOEIZ, FEEEL T 4 — Ny 7 EFT 25818, Mot 2 RockH#E 2 vzl &
T90, 74 v v —OMIGHBI DT O & 9 ZRFHEERTT ORI ATT 9 KO RGEREL TS LEX
bihd.

X 6%#E 6 &> MH)

6.2. AINT v TERNET 4— Ry

AROBRIFIETITZEM 7 4 V2 N T DT, FHEESEMONLE & BB 5 2 Liden
F7o, WONCARE L BoN 2R EEITHIR SN TWL T2, ANV T <y FITFHEERICET 25 W a2 i
ST EIFEEL. 22T, R & I3RS BMOER IO T —ICET 2FRE AN T~y TITFk
D END HEEE AT IR S ITEERIRII RN, EEEDT R TV 0REE L 225 T
W, EVaT AT 4= KRy b b—=r 7L LTOMRIIETE 5. 18y MYORKED o, B
DENT =AY MVEMEFE L, BRI, BTERRTLHEIIC L. T, WELLT —
SPBIRIBASY MVEREL, ThE T T SO TNEESZ i L= b 0% ~ Fi() &7 %.
DIXEME S, RS LICWEEEHE Th L. 22T, alil BIEDMEA S, pi= " Fi([1, 13])/ ~
Fi([14, 50)) #E#£KT 5. —MANTEBIERI X ol (n V) X)) WRED L, BEHNS LEAT D2
EMB, BUTFOX I, VT v 7 ARFOR L@ & D22 R TEISRE TRELEXD. B,
0.1 <0, 0<0.1 ORITHIZANTEIZEID B TTWD. X 713, 6 1515 2 AW T~ FTh
5. EOMBPEFOEMEE, HFORPEFOEHDEZIT> TWDIRTHDS. HFOA A —VRHTIT
WD LA DIEBLATUEDS, LEFDOA A —PRHTIIMO AP OEBNEAFUEA AR 722 Z EBHERTH 5.
ZORTIE, HEBY LEEXRVD, TNTOUMOLEN, LRDBR Lo TND 2 EDPHERTE S,
ZORERN D, AEO & D 7R FERELE S O\ EEE T —ICBEE T D E T 4 — RNy 7T H T B,
PERE ~DOEBARLEATH 1m0 DT F VAL LTHEINTHD L F2 5.

> 0.1:7r
: — & ®)
pre AX _ pl-llD orinage ]
: i = 0.0:8 7
pi_'elax ( )
< —0.1:%F (8)

EFOE—H—A4—T  EFOEH—AFA—T

T 2AINT<y7 (5 &y MH)
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(A

27 T AHBIERE RN~ VT 7 T AN FEE LT, VT v 7 ARBRINCHENT 5 HEERE L.
PREERICKY, T4 T 4= Ry I BPRE DA A — DB 2 KT AR H 5 2 &R
Dol Flo, 77347 40— KNy 7 LRIFFICEZGROEHZIT9 b —= 7 HEIZEL - T,
FIRER CRBREN M T2 2 L3R TE . ARSI DICEREZER, ORI RIFIESCYE k%
T A NERH D, TO%, $HRE ML —= 2 VEEE X EBEHER T ML VAT LD AT T
(ARG

8. ASHOREH

KM TIIWERE ~ DT IERITTA, FL—= 78D X I REENL I NERE L. 5%IT.
BREREAMETHL TRV S DIZONTHERG L TV BERH L LEZEZXOND, £/, 477
ATO RN —=V VR OMREIT I, S OITERBIATEE/e 7 T AR HIRE L, #RE 2 & ICEIER m &
EEZDHE I, Mo—= T K D IEREMAAATTEEEFT BML & A7 ADOBAREZ1T> T <,

Fo. BEL 5] T, A A=Y OEMNEIZ L > TMOFEBEFTNZLT 52 EAMEENTND
SBITZ DX O AP AMEINZ TR L—=2 0 ZOHEEEZEZ T LERH DL EEZBND. F
7o, BRG] LV, BRAOEGWEMOIEEEENOHW T2 Z LN THL LB bND. Th
X0, No—=U T &S D00 D hOHEEEREIC 72 5 LRI,

23 SR

[1] ARIEDS,” Training-Free BUI AT AZ LA EENER O HEENE, Ry b A b=
RS 2010, 1A1-E29 in CD, 2010

[2] HARIED,” WA FIH L2 iEB) A A — T Okl & st oY 25 H L EB Bk 76" , =R
v e AH bw=2 ZGEEHES 2011, 2P1-HO7 in CD, 2011

[3] C. M. Bishop, “Pattern Recognition and MachineLearning”

[4] H. Ramoser et al. , “Optimal Spatial Filtering of Single Trial EEG During Imagined Hand
Movement” , IEEE TRANSACTIONS ON REHABILITATION ENGINEERING, VOL.8, NO.4, pp441-446, DECEMBER
2000

[6] FAET (2007). IEEHAR XL FERICEIT 5542
B TRRFENFFEACE, 12, 1334147
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4.2 Ny L TEBRFELHBZRA V- BERITHEMADR

ZARE NSRS A
BA M BB KRR e TR MERTHIERE 14 BParsEs

TV M A N—
KEF B EXOEE KT HRE LR EEREERE 14 | arE=s
KA ORES EXOEBIERFEE  HRER L AT 24 | st
NZXT Ty Ay FyFeRy BROBERTFE MEEMR LY HY AT 2 4
UL v
N RE BEXOEE KT HREs L s LA 14 | A=
BrHE A JUNTRERY: HRLPE SiEmR LR 44 RYTiE=

EEHE | % Hdx
W Al HEHEE

1. WHEERY

UTAE, A2 (UAV) ORFZEDNE A TOI TV D, Lo L, TRATIRIFSMELCHIE o IR #7222l X
DIREN L0 <, ETe, HEERENZAT O BRICRUEREBEA OB AT O 120,
KEHIE 21T 5 Z EREEL V.

AT, BROBIERFEOMPHIET, SLICE HBEEBOEE NS Y, NATATICES
WEMEIE A B L LT, /Sy o 7 RBZ E R 2 5 LT R o k
DHI%E, BAREIT> T D.

Ry VT EBEEE T, BEPENTZIEAIL, A= VIR X R EKEICRE D £ D
WLl a3A s, ERBIOWERENZITH Z LUANDT 7 F o= — 2 % HOT ISR O RS & L2
fbSEDZ L2EWRT 5. ZoMENERbIUL, ASLICREIND Z L MTTHHENTE,
REHIH 21T 5 FAHHIT R D

ZIT, KTuv=7 ME, Ny TRV ECEE AL T BRI TR OME - B - R &
TV, BAHIENC L 2 LZE LT BRI T2 EBLEE, AFEICL Y, K0 EER Y 7 R E i
OB EITH) Z L2 HNET 5.

2. WHRH A T % H T H0E B EHIH 525

A7aY =zl NTIE, AHFEEE TR SNy o T RS & 2 -7 A v b (Fig.1)
OHEFAERIC L 5 BHEVGEBMEREERZ1T 5. 72k, FRERICLHME - BEOHEEIZIT Visual
SLAM A7 L3 PTAM % 7=,
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Fig.1: /o ¥ TR ELE 2 58 LT R v b

PTAM (2 X 54T ARy hORE LI-HUE BRI A2 KBIT 5720, K7aY =7 FTIy V7T &
B TEARSRE 2 3 L QO A WA (R 2 BRI Y a7 &) &, 5 U7 RIAR (R 2 s~ Y
AT B ARy T REETEA AR O 2 FEEORIRIZ OV TER AT, PTAM O F[REHERS LW, Ry v
TEREE EACKE DA AVEE R T

2.1. FEBMEE

Fig 2 ICARFEBROWME 279, AEBRTIE, & & 1000[mm]#5 2hE 2000[mm], #47X 1500[mm] %
EDHAODRA L MERET D, ZORF, Fig2 "EFRTHY AIRZRAET 5L, HEHATHD
4 S>DORA > ME A(Omm,0mm), B(2000mm,0mm), C(2000mm,1500mm), D(0mm,1500mm) T 5.
9, FEITHEEAITY, yaw AL x, y, z OMLEOHIEZ BBHIEICDI D B2 5. 2ok, BIKL, JH
RTCLORRBIORNY v T EAToI %, KR A V D HER TRHEATEREZ A>B >C->DoA L BEIT 5.
7k, REBRTIIFATEEICKT2LENL LV, [EORELEBRT L0, BENEE 5lm/secls &
0%, 10[m/secl® 2@V (DWW TC, TNENFEBREITH.
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Ye
= == Xe
é KETA—ILK
1500
1000[mm] DR ) e
2000[mm]
XY
Al i3 Bith =

Fig.2 : #EiB A H 525 O

2.2. [Fldh 2 FCHRT A Y 277 & % U - 0 B G A

Al 2 BRI a7 2 O8Ny 7 REVZECEEZ 5 L TR0l a7 2) & V7o B
DI K HHIE BRI FER 21T o 72, RS R4 Fig.3,Fig4 [Z7R- 7.

Fig.3 &A% &, HATHEE 5lm/secl DG, BAEHAIZIIRT 5 L HICHRITLTWD. iz, BAEHIA
TIEHNKT L LAY T Z L THDD, IRLEATELT, mANY U IZBRHRTWRNn. &6
12, BREHS A SHUEBMEICB W TE, RBENELTEY, iR C-D IckB\ T, BEFICENT
BV, B2ClzBW\WTiE, MHEH<LIERITLTNS.

Figd #XH 5 L, BATHE 10[m/sec] TIL, BEIEHSIZIXANA>TWDA, BAEHUSCTHEAY 7ne
S TETWRW., F7o, BEMSZ®ESHEBIEICE VT, 2 TORMTHEGEBMESHK O
WZ ENRTENA. Fri, His DA TIEAERICRELSIELND X O ITHRITL, #iA C->D Tk, H
BEHLED HRE BN TND.

INOORERNG, WRIEHRE AR 2 EEETAY 272 O BEIEIZ PTAM 2 W24,
5lm/secl DK TIL, HUEBEICEZTIA LD OO, HAREOHEBIEHENTETBY, £/-, H
S TORNY 7T LT, BORT2 XA 7 L TWnDEHR, ZELTHRNENZD.
10[m/sec] TOMEETIL, BUEBIEICRRZAENAE L, PuEBIEHEN TE TRy, £z, AEHETOR
NY TR LTE, AN CTZHRHRTE LT, BBRETE TV RVNENZ S,
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(1) x-y plot.
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(3) roll and pich plot.

Fig.3 : [Aldih 2 B~ Y 27" % OfUEBLERIEIEER (R 5lm/sec])

0

il

2m
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€ 1m [
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- W;\\ sy
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(1) x-y plot.

pitch [rad]

3 L i : L
U:%' -04 -03 -02 a1 ol o2

o
roll [rad]

(3) roll and pich plot.

Fig.4 : [Alflh 2 B CHARIA~ Y 2 7 % OLEBRERIEZESR GEE 10[m/sec)
2.3. /Xy U T RENLTEAVKEIE 2 A U TR IR A B T B B A A
Ry TR T L2~ a7 2 2RO RRIER ORI X DEEBIEHIE IR 21T -
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7o, FEERfER % Fig.5,Fig.6 (2”7,

Fig.h ##5 &, #E 5[m/sec] TiX, Ml B TRAENEL TWDHA, BIREMAIZIERT 5 X 51T L
TEY, BEMBETENY VT 527> T05. £z, BEMSZBIEB/EICBW L, #i5 C-D—
A TIEHRRENET TWDR, ZRUSOES TIXEEHIEIZBETE TVD EWR 5. Fige #4225 &,
P 10[m/sec] TIE, &HST x FAIZREEITSH 50, BEMAIIPORT 2 L2 ICRITLTERY, Him A
USNCITEEMSE THENY U T2 ToTW0DH EWVWE D, £7o, HEMSZ2BSHIEBEICB WL, #
A DA THEHRESHEEPELTWDLIDN, ZNUSNOEHSTIEZLVOMEXH L OO, HEHEICIE
FBRETETWD LN 5.

INHORERNS, HREIEHRE ATy & 7T REVEE S 2 P53 L 7B IR o B #hifil 1812 PTAM %
FAWe5a, 5lm/secl O E CIIM R OBE COPLEBEIS LW, BIEME TORNY 72BN T,
ZVOBETHDHHOO, WHEEBMKRIEATE CWDHZ EBbhb. £/, 10lm/secl DEETIE, BIZ
METORNY 703 x FANGREBRELTWDHEODORANY 7 TETEY, £, fulhBiticikn
TiE, BEITECTVDEY, HIREOHEBIEHBENTE TN EWVZ 5.

3
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‘W[ ] -500 o Ey 1000 = 220 fesiy 30
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(1) x-y plot.

ol il L - poE &
it -04 03 02 =01 0 al 0z o3 04 s
roll [rad]

(3) roll and pich plot.
Fig.5: /S o 7 BB EALHMNE 2 858k L 7o~V 2 7 2 O uEBIEHIE KSR GRE 5[m/sec])
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(3) roll and pich plot.
Fig.6 : /3w o 7R EE A H5H LT~ Y 2 7 ¥ OfuEBieHIE 325 GEEE 10(m/sec])
3. B

BRAFRO I L HPLEBIERIEIC IV T, [l 2 BRI Y 27212 PTAM 2 AW 2i56, 2
FZIBIERRZEN K & <, FRIZ, 10[km/sec] DHE TOMATTIE, B<BRETE TRV, KoT, [Hifih2
Y 27 %~ PTAM O3 LV E VW2 5.

IR T RN TEA VA A PAEL L 7RIS PTAM % AW o354, 5lm/sec] Tidd 2FRE DFREILSH 5
POETEHIEA TETH Y, PTAM I X2 HUEBIEHIEN CETWD ez b, £72, 10lm/sec] TiE, i
ENRKELR->TEY, PTAM OFSIFEHE LN EZE2HND. LrL, AVed=7 FTHALTWS
Ry T RTEACKERET, TRATHED 2 FIZHA L TRIER T OEMBKRE LR D720, EOFET roll
1 L pitch ADIRENKE 0D, 201D, FUR~ORENRKRE 2D, PuEBERAD KE ko
TeeEZOBND., ZOZLnb, Ny T ERBEABEOIRZUR L, [EMRSOENEZIMAD
ERHRNIE, LV RWRITHE COLEEEZ/OND EEZLND.

4. FLOLA%BOMHE

A7 v Y= MM Visual SLUM ¥ 27 A TH D PTAM % AW 1RIEROAC L D270 R > b
PLUEBTERIBNEBR 21TV, Ny o 7 RV A 2 15 L o IR L T o AEE2 R LT-. L
L, — &L EOMEETORIT TIXLEME, BIEENED TN Z bR, K 2T AOH%B %217
VY, KB mO RS L OIS 2T A E HEET.
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4.3 ZhhLDERINEZENE LE-RITORY FEEFIEHS X T LORHE
1 a7 MEE

KAzl Mt TN ORFRINEZ B E L2 YT e R v b EEFIE S 2T A 0B
R ThbH, Rl r MIBMTAFEITIUTO 64 Th 5. RBIEHE % 1 — 5 HiwCnherk
WA & R EHEZEZOuN TR ICBEWA L.

ZASRVES/S R
BEF T FIREHMR Lo MERTHIERRE 14F mOPpisEE
Ty FA N
LR Bz AREREAR LS MR 2 4F B EE
TAJal JRAT FNREREAK TR R IIERE 3 4F M tsEE
Dr.Ying-Jen Cheng Departmento of Electrical Engineering, National Central
University, Taiwan (FE508{5 K7 ENREREM L PR IR INFIEE)
6 RS MREMIR T mhbigE=s ARgEE
AEGEERR JUNTEERY: IHR LA iR LeR P 448
fREHE - |Hh —5  Zix CaRetdi L) |, RY EdesEdR OulN LERT)

2 WHFEHEK

AR, H A A28 UAV(Unmanned Aerial Vehicle) DAfF5E 43

AN Z b T g, UAV &3 N CHERIT T 22 OBRHTH D,

RN D O HERREE AT O HL2EHESC, GPS 24458 L Thi@EiFma o v v 7 LRl BARRITT o5
KOAEET D, BEATHA L W O FH8a F5-0 UAV 1T OTEE) ) I 7 At

ZET DM EEI(EEE, Wikl SRk x IR TEMMEIWD. 20—, BUEF - ER ST
W5 UAV OZ  (XEERELOEEREETH Y, a2 b - fil#EOH L S - BEORE S - 2okl no
T COMBERNZET b,

E.l red—#a pro 283 FL -0

INBITXL, NT T T A X —\Z8 ) 2N L T=8h Jifh /X5 775 A % — (Powered Paraglider, PPG) I,
B DOFELEZIFTOTWNEWVWSIEESIIH D b0, VL - iR ECIREIEFE b A <, EEITHEICERET o
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MRS THD. £iz, MEOELTHDIENE N EAEAHT Xy ) =0T D720, HEN
B FIROEEZ L THICH Y/ E—DHETIZRE) ET5. 202 L, BROHIELZ 3 5 LENRHE
SHEBRORENFES ThHhD ZE2EWT 5. S6IC, FE, Jah, R, ik, 7 SwEnms+o
IR CE RV CH AR OB WBIE & FRIFICL VRN TRETHD. L, PPG IS
50D N7 T NATENMEIE LTHATYH, B2 L CHERMSICHENET 2 Z ENAEEICR DR E, B
Ltk L ERAN ATV AT ATHS. AT7aY s bTIE, Bhff&E T 7T 4 X 05T
TIVOREEEAT, ZOFT MK L CHUEBIENE 2 (RAET D RIS ORE 2175 . Bt & 577
A ZZONTIE, FEMRIERIEET A BMEE SN TV DA, HEREF OB AR, #4720
HEMZRR AR BREE LTV D o L b, HIRRFHIIIE KR 2. £, S CEMRET VDR,
ET AN — A R CHLEBIENEZ RFET D R ORREHZ1T 5 OIFEF IR TH L. 22T, BhftE
WG TIFAZDEAFT I T ADOKREEKR LSOOG, HHHREREHIA R85 723 E 7 L & A5
T, KFavcs hTIE, TOHE—BRLE LT, @ELKEED 2K FEHNTO 3 HREET IV
ZREEE L, FIC, ESELZHIET S HEERE AT, £, TR I 2L —2a ORI RARE
Z CARHERE RHIT 2 B O A RIS TR AT T 2 LW TH ERT 5.

3 RS

3.1 BT L OREE

PPG OEH) HRAL, BEICIE 3%kTD 8 HREIRILET L TRIND. ZOHBEDKRE WIEHRIE
ETUIV I alb—v gy ETOHREENRRKEIVW L0, HIESESRGORNE S S425E 125 L IEFICHR
Wz W, EZT, AVrY 7 NTIE, BININENRTTIATDOEAFTI T AOREEFELOOD,
HIE R FHE AR 22 MR S8 5 7o IR E T L 2 HEEE LTz,

%L

Z mi = ucostl — %p|-vp|2C,‘DScosa'c (1)
—%pi}%CL Secosa, — ka

mi = usinf — 3 p|vp|?CpSsina, (2)
1 1., |2 , :
+5p|vp|*CLScosa. — ki —mg

#mg O Iyé =ul — -mgfsz'-n(l?) - k‘;.z"q; (3)
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3.2 15 B4
Table 1: ZZ8ES 2D
T, 2,1, 2 FEIR D Ha Tk, s
Te, Ze, Loy Ze Fyv /E—D %@jﬁf@%, W

Ves Up Fx /S E—, BAOHE~Y R
u fES

0 Fy /S E—Likoizd A

o HZ A

& RT 7T A X —DfIK LA L EE ORI A ISIIAT ) 2 LIXTERWY. NI T T AL —~D
ANERIT e —2 ORAETDHNTH DN, KERITOIREN HHES) %

RELTDHE, HELRELARY, BRI EATS. —FHT, #hE2/hS<T5LEELNS<RYT
B2 (FRERHIART ¥y VXX —NEE) = RV F— B EN D700, —RiICITEEN R E
%) . BV UL, HEEEE L TCEATSIE, £, ZOMIIFEMICIIAFRETH D, T Ok
PN D, EEEOTERHFHIIIEEDOE S L EICRITT 5 2 ERERINAHHNB LN Enb, EED
HfE 2 A A 2T 5. WERIEH OO OV — R R 2R 57201, BiEREe 2L TDO LI
ERTD.

e=z—z. (4)

2L, Zr i 3REEEMm THY, EHTHD. Zoex, (2) X

mé = usintl — —p|1:p|2C‘DSqtrrm %p|vp|QCLScosa —mg  (5)

DEITEEHRAOND. SELZEMDTZODHEN~D AU ZIRET HlHEGL LT, UFoboz
LAY

u=ug+ (kie+ keé) (6)

1
—pi?Cp Scosa —mg = 0(7)

1
upsinf — ap:&QCDSsina + 3

b xEGRITRATD &
mé = (ke + kaé)sinf— %;}S(C’Dsina — Cpeosa)é?  (8)
Lien, ZZT,
%pS(CDSina- — Creosa) = c;(a)  (9)
EL, a0 EIRETILERK Cz LES ZENTE,
¢ = (Kie+ Kqé)sind — C.é* — £e (10)
LRTZENTEL,
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VIalb—va VIHWEBIE ST A =2 TEFR DB LIIR[2]) ORF A—22HWn5b. £2, ¥/ E—0D
FRATREDO TR & L CTHBIEIRMEL TR Y, — i K < 2NACA2412 [3] (2xtd 2485 16R %5, HiitRik
AR L7z, Fig.3 ICNACA2412 O] « BUIMRBOE AR, 7ed, ¥ Iab—a r ClkeEaER T 2085
2 b, CL &Co FfEZ LU T o Tirfl L7z,

Table 2: /35 A—2ERK
p = 1.2250[kg/m3] ZExiErE

S = 0.97[m?] F ¥ J V—Omks Cp =—68341-10""7-a* +6.350 - 10~* . o
m = 1.3[kg] PPG DOEH —-1.30-107% - a +1.610- 102
[ = 1.2[m)] DRE

r = 0.229 ED 5T Cp =—7.4339-107%.a% — 1.5355-10~* . a?
K = 6nrp AEPERE +6.860-1072 . a + 1.591- 10"
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CRPAEAWALES - il

4-X6 1232 = b—v g UREREZRT. BAESE 1330(m] - 50[m - 40[m] THDH. Z OFEEE R X
D, WINDOEETHEELREERNEESEIBIELTEBY, &SN =HEZRoa2EEH 5T
H5.
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4.4 BHEERFZANALELEOAABREEMHIESRORRE
~BERANDEHAAZ K B IEREFTHE & $hFRIE~

[Tay=s b —4]

EEBENEY iR Vo S S 2 i R SV =t G I s G U S NV R e
[Fuy=7 b A N—]

R T mEE LAMER e TS 24 NSRS
MAARTT  IEHEETEES ARt T2 44 /NArE=
A BEXR - & RERE 14

AR+ BHEKR - E KRFERE 14

[(fRE# A ]
AL BT R, PRI SR GERD (BER - [E)
1. S

AROEL, S, H/AVE, Wb ~tmEsh, WARNoY N IREBISE 5. U N ROIRENIC
LU, RO S, BERESPMEAOND ZETELZK LD, ORI b
DERENECD CEIEE 2%, HIEE~OLE L LT, ARFI-CHESEORAR S 5. fillasE, <
HE 2R 258G &, BEE 2R 5 EMIESRIC SN D, REMIERE, EEAY
U7 ORENS Y, MHEERED ) L & Mg O/ NE 2 WL S5 2 LN TH 5. H M
FENRRWESNDN, T ZAREOIZODREIZL Y BEOAENRE . £z, OEMESHITE
JEAEBICB DT AR ENMEE 2o Tn D, £ 2 TARMIETIE, it oMER % k3 HEEE O %
JE TICHLOIAT Bl 2 R 2T 5. ARETIE, BRARBROIREFHTF 2 o r—2Z2F L, #i&
B 2Bl S s & E OANHERNTEOFH 21TV, K2R OFHE 21T - 72.

2. BHEERTE2FIH LB DIALT B EERESS

ARFESHL, BEaAN, v~ 7, YU RT7ak bbb EekER (Rra=y ) &, ZE
A v, IR0 D 72 5 IHERS (RN =y F) & THRERSN TS, AHiBEZRO#RE Fig. 112
R A=y FERN= Y BT, A VOMEFEIC LV RENICEBRXEEITY. aA Ao
FERAREITIE, WEIRICHES (B CEREEZ T2 AMAEFEZE2AW5. INREIFE/5121F,
A7 (Giant Magnetostrictive Material, GMM) % H\ T\ 5. GMM &%, MR CCF
RS DOMEZRD, JEEMEHCES, BRSE, WERE L L ICEN-ETTHDH. GMM 2=
ANEBRE, ZOaA MIFIISUEEREZHKRT LT, TICALE ARSI ELZENTES. GMM
1%, R — BN IERRIE ThH D720, A 7 ABR % 5 2 LEHIRIE 2 sk 2 R % . GMM (2
X, BREha A L e L CHifR A EEEE X, GMM il i3 N1 7 AN & 525 34 Y LA % i%E L,
ZAE A L EBRE) 3 A VT EANCHER STV D, 20 GMM % AV 7=/ NUIRE) - 2 IEEE O F% T
SEAINZH DAL F CHEMIEAIT O . AT, BEFOFEAES X 0 HRESHD AL ORRYYE
~DY AT HPNEL,, BEOAMENRKSND EWOFENH L. IREI1-1X, $ifk4 130 & L7 GMM
($2x10 mm) DR A Y LA (94%1.5 mm) ZEO F T2 DE T ¥ VRO — R HHATH 2
ETHRIELTZ. SEERMEER T BT Ol % Fig. 2 O, Mo Loz, F4 Moy —=21%, GMM
ZREANTDESY &, BICHEET A THEA SN TWTWS., 72, FH2U7r—R2FAY v BB Ao
TV, GMM B DN K- THfET 2 &, RIF ORI TR LIz % 30802 U CTRBN -3
5.
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3. WA ZE AW RIERE INRRF O S BB N T EH I =6k

3.1 EBFiE

AEERTIE, Fig. 3ITRT LAY v hOFRANRERD 0% SHEKR L. ZhEh, GMM Off
il o THIEEE £ & PATICENLT 5 b D% No.1, MIEEE ML TE, EEE LB D T mc B4
5 H 0% No.2, MEAERE & WEIEEZH LiAte FIcEM 75 H0% No.d & L.

REFOFEFEL, BEROFNMEEZLD, BFHIEEZAZHIAT LV ABOX v B3Ry
(M3x8mm) Z# AW CHES®E, 0%, HEEZNSE, EET 28 S W7 b & OSEENEE 2 JE
U7z, EEEICIRE 2B E Lok T% Fig. 4 177, 708, RO GMM 2385 HH L TV D503
Jarya A TEWBAKNTE L.

A I A EE 5720, #EaAvicxtl, 7u2/ 7 4577 b LabVIEW (2 X - TIERR L
7215 % PC 75 DAQ /34 2 (NATIONAL INSTRUMENTS, NI USB - 6251), 7> 7 (NF,
HSA4011), Eifiit (YOKOGAWA, WT210) 2/ LA L, MHET S Z Lz, (§50%, 40kHz D%
VAP E RN L L. 0.125~8 kHz O IEE TR 2 M 2 T2 IRIEZAFRIE 2 8 L7 b 0 &= Hn iz, 215
I A )W EREIE 100 mArms & L7z,

SEENOEEORIEICIL, SAHENIC e — 7R~ 4 7 a7k (ETYNOTIC RESEARCH, ER-7C) %
AL, BoNEEREE 4> 1 Aa2—7 (LeCroy, DS-5524) 2Lk ESGL, ZOFELEKEEZ FFT
fEMT U, A CE A LB E O FEIC A LT, FEB 2T A% Fig. 51RT.

transmitting /skin te/mporal bone
coil P . g
GMM and driving coil GMM and driving ‘

titanium case

receiving
coil
yoke

microphone and
sound processer

Fig. 1 Implantable hearing aid Fig. 2 Details of transducer.

(a) b ic)
Fig. 3 Transducer
(@No.1  (b)No.2 (b)No.3

Fig.4 Transducer installed in the cadaver.
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transducer

amplifier
P ammeter

microphone

Fig. 5 Experimental setup for measuring the ear-canal sound pressure
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o

sound pressure level (dBSPL)

20
noise level
0
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frequency (Hz)

Fig. 6 Sound pressure in the external ear canal generated by the prototype transducer

4.2 R BE

SRETEWNICRA LB EO b A Fig. 6 \oRT. 7T 7132 S E L~ %, ARl 2305
W RT. PO ) 4 AL~LZR L TW5. 7228, 1kHz L FTHEHIZIT 7228, Wind
) AR YLE FRIDFER LR ST-OTHIE L T .

No.1 i% 4kHz IZBWTHO LD LY S RERFENSF LNz, —F, 2kHz LR T/ A4 XL~k
TEY, 8kHz THALD EDIZH DR Lo 7. No.1l TIHAEEE F£H 2 HIEENIHEE 2, No.2 &
No.3 TIIHHE N TEL RD2bDEEZOND. ZDZ LD, WOREOEWC LV AFEICEET DS
DJEBEARFENEAT D e sb.

F72, No.2 & No.3 OfEREZLKT 5 &, MEAERE ST ARSI T 25 2 A 7 OHRE) 11 X[REEZ2AH 7 23
BonbZenbnd. LiL, DT s No.2 DFNRRKEWFENMELNTWS. ZiuE, HlK
IRV D LS &2 58TV 2729, No.2 OIRENF-0MAUEEE IMANC N+ 25 Z LI L > CTREED
& b IRE S A HENIGESNIZ O TII RN EEZ DD,

AAZED 5 SOREIE, B0 7+ 1~ FM0.1~3kH2) O EHIIC I W KRIT 5 Z LN TX
5@, XoT, filgRThOIART A RTITZ OFEEEFKICK T 2SN EETH L. SREIOER T
W A21T o572 3 DDOIEEN DT, No.2 & No.3 2% 2kHz IZBWTHT N/ A AL-~YLk kal>7=0
T, No.l X9 IEZNo.2, £721% No.3 BNlEZRICE L CWbEEZOND. £, KRBT {EZ %Y
TEEL, KEHAOUENENT 2 Z LIZL > TREIZ B2 50, Z0O& &, Z Ok & [TEE OHzfih
BAIZLY, TENED->TLEY. LML, No2 DIHEGERGIE, X0EERHICEESHT, 72
BO, DESOLKEREIHIEL LIk T DL L REREENEL LN TELLEE
ZHib. £oT, No.2 DR 773, BB CIIAMIESRE LTHE L TWA LT Tx5. LL, K
JEIE IR D SIN LES/ NS W ERFRETH D,

5. MEREET V& RAWTNER P ER
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AR LD, (KEREIRD SIN LEB/NS W ENFRBETH D Z EnbnoTz. £ 2T, AFHIEIRORSZ
fREHA A NV EIRHICEET 27-DICHN TN D 3V AEADIES ZFIHT 5 Z & T, KEREIEO
HAOREE S ETELNEREI T

5.1 ZERFIE

ZIEAANE XA T LA ET v T V7 7 TRIEREET L (OHNO CONSTRUCTION LTD, OmeR
9R02501) IZEE L7z, #EZEIANVOMICIFES 3 mm O> Y a I h— Maekd, fEHEET v
I~ =2l —¥THEHEL, PCOrOEFIANMIEFEAN L. 0L X, R HIXMUBAEET LI
WSO AR, BENRZBATICE W, ERE A LB I OEZE A VNICHERE L TV D R4 Y LA
DOFE% Table 112”37, 728, BEIAVITHMNIRA VLA EZHEL, ) a I ATHEELEZD
DOEMH L.

FERICH W=V AT 5% Fig. TIOR7. 85 ANV AT 5L LT, PC, DAQ 7 /31 A (NATIONAL
INSTRUMENTS, NI USB — 6251), 7> 7 (NF, HSA4011), #Eifit (YOKOGAWA, WT210) %
ML, EEaAVEER L. £, BHEH 27 4L LT, L—Y— Fv 77 —iK#E (ONO SOKKI,
LV-1720A, LDV), #vnm z2a—7 (IWATSU, DS-5524) ##ifiL7=. PC b7/ A8V 7k
LabVIEW (2 X » CERk L 7= 125, 250, 500, 1k, 2k, 4k, SkHz DIEEAEANTHZ L2k =x
TP AEANET L, METETANEDTS. ZoESANETET ARECE T 2T I AL
JWZLDV O L —H—ZRE325Z L THMEIL, EEEA T a—A2Ly 3EFEELE. 20 3E0
E— 7 @& B A UL LT BB A RS L LT L. 2o & X, BE A M T EiifEix 100
mArms & L7z, LDV OFHll#H% Fig. 812/R7. Dk, ZIEaA L x4V LAETRVIL, [FL
NEICIREN -2 3 U CREE L, RRICEHIIZR 287z,

5.2 R -BE

RA Y LA EEE T ENEIVTIR L7558 OB E S ERO 7 Z 7 % Fig. 91277, Kindi
TWRWEIRE DT — 213 A4 RN THIERRETH - 7-.

REN - TR L723%810F, 1k~8kHz DfE 5% AT LIZBRIC KR E @3S o/, £7- 1kHz L
TTIIIEIIMETL, /A AL~V LTFERoTLE D ZENDND. FATHIROMEE L i+ 5 &
RIBEISENTH D OO, A4 XL NT IR TE 2@EEIIREOR R E o7, —F, x4
LREATTHNER L7236121E, 250 Hz~1 kHz OfE 52 A LRI REIEE L, REh-L 0 b R&7%
MR R L TWD 2 ENGND. BE A NVOBEGEEIC LY BAE LRI 342 L0
MEINN EZ TR S, ZORIEIZE RSO ER LUK T L. i, 34 Y LA DOIEMEOR
#glLzzonbd.

PLEXY, IREFOHLTIXHII AR TH o T AREEEIRII A AV LAEAIC LV WETELEEI LN
5.

Table 1 Details of coils and magnets

coil turns [turns] 54

.- . |resistance [Q ] 5.5
Transmitting coil [

Receiving coil f:hametc?r [mm] 31

inner diameter [mm] 30

length [mm] 3

shape circular cylinder]

diameter [mm] 8

magnets length [mm] 3

magnetic flux density [mT] 325

total magnetic flux [nWb] 16336
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ammeter
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AJ/D board [® @ £ S
ss.,| amplifier external
3384 auditory
e S RN meatus

Fig. 7 Experimental setup for measuring the vibration generated in a medical model.

rement point

Fig. 8 Measurement point of the vibration generated on the medical model of the temporal bone.

—e— magnet
-8 transducer

noise floor 2magnet)

noise floor (transducer)

amplitude{nm)

noise floor

1w 10 10°
frequency(Hz)
Fig. 9 Frequency response of the vibration generated on a medical model of the temporal bone.
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e X, AHEWNICRAET HFEL2FHA LR, WEas & ®E, WEEs S8 s FRlcEBALT 5
DONEMIEERICEH L TWD Z DN bhoT-. £, WAZIRE L L THWS Z & TIREWEM S = &
NHESD Z Lotz

7. 5%DOBHE

AR DOFERZ2 I, Bl & & HBRER - OIRE) 7 Cm 58 & s UG 12 X 2 IRE) 7 TR I & i
THEI7RV AT LD EI T T\, Fio, BFERIC KL DLEEMEOFME - wEEMERE O 21T -
<.

BAYRYR L (@S

HETHE ¥294, 500

4 ==X &% 15 B {f4&
R HIEEE £ 7 v ¥ 27,000 3 ¥ 81,000
F XTI ¥ 16,000 9 ¥ 144,000
35t CAD ¥ 7 | (Solid Works) ¥ 10,500 1 ¥ 10,500
B ER A ¥ 5,000 15 ¥ 75,000
oz ¥ 301,500
SE 3k

(1) JRBIIRR, BEERFZHA LA SRS ETEZS O MR 5 CE AR IREI R & 2 0I5 (2),
H AR 2 R KSR SC8E, Vol 6, (2009), pp. 217-218.

(2) FETAR BER &5 ) T8 =R B ANERE SmE s,

(3) A-E-77—7, {THL, BEEME, BRI TZEHEHT.
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DA EE S M STV D BUE, ERZHZ I8 2 @i A2 TETRY, ThieX
ZDONMBEDOAHEPRKE o TETWD., HEAIFENE (ADL) O THR1-72H DL H B0 BhEI,
A CEATIMEDO—D2THY, FEAREODHEIZONDLEMNRKE WD, TBIZ LT LT 5 Eiln
BN\, ZOMBEERT 2720, SiH ERVEIEELSART 20 R Yy SOWREREI I THON TN D,
L, FATHIROZL1E, B HICL D7 0 — Ry 7072 HHER DTz, HHnTH
HHEEPPUER RO HITE Y, #ITBIE OEWEEE 72 EOEAZET RIS T 2 2 & 3 EEE L v 5 [
RN HITHND.

ZF T, AMFRETIEIBHI =2 L —% (¥1) kA AR—LaH—R0O—BE L TR EHE
OB YT 2= g TRV BIE OBAEITIG UL ERVEEY VA FOEBEZBIEL
TW5. fibEe P LV G T 2INEFRE EHR L FIC KV IET 2 REREREGT 52 LIk
DN BB DBAEIE LT VA RN TELLEEZTND,
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IR 26RBET S
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2. WFROMAINE - B A%

AN OBWESRIC N E oW E L TMBEFERA S Or — DNV RERE2HORBIRED 7 a—IrL77
BWMNET HND. £ 2 TR TIE, iR Y& 3RITIATEH NS,

ARFFETIXTEE 22 1R TCoP o235, it oL, AfEFErARY Mok o
T, BEMRESCHMENEEICIIMLEARRTH D, £, oV afliotc 7 4 — w7 HililaE 25 1
TR OREREITEECTH L. @EOBR Yy MIEIZHW L HEL— 7121 3XIms R L Shi
TWDA, CoP IS 6 B3 0 ISERE230.1ms THDHDTT 4 — Ky ZHIEN -+ ETH 5.
Z D &, BV D e il v ot BICd AR EOHRHIMIEEARET I ENRTE DL 0O F
Rbdd.

3WILA A T I1EK3 1273 F Mesa fEDSR-4000 Z 325, Zot o HFEREICELGINIZLKL, T7
AF ¥ g EOFARICE DS NT U TV A & (Feri50fps) (ZERBER(G SIS FIRETH H. = D IREfE S
ZHNTT VA MO N OEBZTHL, 74— v 7 &2T 5.

INBDYTNEA LD SD D o adE LT 2F TR @I AN ORELCHE & 245 L,
B BIE DMEAZEIE Tl 7 v A Ml EIT) ZENTEDH LB BND.

3. BFZERRE
3. 1 ML ERVEMEDOKREHE

ERRLEEITIS U2 7 VA REIT O 120101E, 7V A MNE &R AR T 5 720D METERLRERT &
2 NEWEAR EBLT B2 D NOAE « BEERO 7 4 — Ay I RNE LD, FO7-8, HEt o4
EZHOWTAMEDLS B0 B{EOREBHEEZEY LiF 5.

WEARE OFSE T 3 IROTHRBEIIE 7 A 7 % VTR 7 L— 4 3.7[fps], 2 7 L — A HLIKE 30 [fps]oi
J, APIFNLE O 25[mm], BEYERZE 13[mm] O kS THA B OALE & BB OHEE B TTHE & 72
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ZOISHPTEE LT, MFC OO G 2 MR EL 0, FCO > H KU 7 7 F 22 —& &L THIH
22 &T, MFC 2 O 2 AEVIBGESIHRE CRIE -2 a Ry boKkfFoRy b)), A > 7YYz oy
Yav, 770747 XEVYINOFHLZEXZ DTG 217> T 3.

AR S e TARF P

RIAIFRT 40N

N
EELT Iy

X1 MFC O 4MEi ]2 MFEC D&

2. AL OMAIE & R

AH OB TH B EBEMEEASMEI MO 2FHL Ty 7 boRy he8ET3Eicd D, 2L
HousehTwadx— R4 ETHRESN 2Ry MR, Zeh0WTZ7a Vv AROT7 7 F22—KTh 3B
DT, 77F22—RHBRESMML, 77 F2T—y 3 i iz EE Y o fEmcEsE+ 2
HHEM K. Ol EhOfE s fREAT 2 FHAHE, R Bl alBEinE k2. £z, NLH
WCTH27 7 F2aT—ROPTUENAT =T A NVF—BHRBERARODT, & 0 EEHEDORmHY 7 b
DRy bR, L 0EHEDOY 7 hohy MZELE B.

SHUEMBE b S /K - T2 F 22 —% - £rH - 3L F LD ZHERE 2 AN 2 FEASH
K2DT, AA 77 a—FHHETH Y, MEAOESHEAEEICHKRS. Do, HilfH
WLRT DO EYOBREARETH S, FrmBEEe L L THO 2H L ELZ DT MFC AR
BT BHEL Yy I E[RETH .

MFC % F s 72 ZE MR O SE BRERS & BUE 4 2354, WFCIE B = 7NN K27 2 F21—KTh
0, FHZEFIRO7 7 Fax— k% FHT 208y b& 0, BETHENLZMBIEC/ED LT 2HENEER
2. S50, BRMCEEEOR - RREEHDO LI CEEKEY 7 2 NTHRWTH 5 MFC TR
TBR3HCT /Faz—varveeryy /72 )F v ks eHz6n 20T, f#H EEHH
VT EHRT B EnEKB.
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3. BFFER

3.1 P&k y b

IE, HRROEPRER A EOPL - & RITOMM ML, ZOmuEEIEZE»AL, L AF 2—
WA, KERCBU 22, BEMAMACHERN, 7ol coBRINES L SCIHL £ 5 &N 72
EoRy NOHABBEACITONTWL S,

BIEORPL & oRy bOZE, T— KRG EOHEEMT 7 F 22— K& FHL, HizdEifEz 75>
MRS X TG 2L TPNE - EEIEC BT 2 A H AR TV R, COHETIEFINDIE
BEROMFIC T AL F—2HFEL, B AIEBEERCE T 2 2—2% 50, S5 CEEHK
EL v MERDZ. 61, W7 7 F2T—apiEsFo>oRy N Thdo, HRAM
DEYO & S 5FTehr B0 WECL 2. #-T, BRIt LT 20, RITEDKC
HWEIEOEBENTEZY 7 o fy MBS TV 3.

AR TE, Y7 T2 Fax—REL THFHMHIESNI MFC 2T, Y7 baaky b OWFEH
ReT>TWD. REETE, P& ory b OFFFEHFG MEBERMHE R R 2B e U rPid e &
BEORMEL by ROWBREBML 23L& o Ry b¥fTbi .

3.1.1 HERAMBHAEBR#HHE L Pk 7z BB ORE

¥ 2 RGO D & J7 2 6 KAl L T HEARHNH A R R & MEARMH M ERD 2 FHCHT 5
N3, AATEIIERGZRHHAL Tw2eHEzon T 2MBRMHMEEICERL 1.

MR A R R & &, RS CEG S L, HROWARC & 04K 24 S € THEBERNCE
FEINLTCw2RRTHZ. 2ORBOREFE L TAFHENZTHAD T 5N 3. IMEIKIC ETFCE
DN ERIBICERHNAEGE SN TED, k> T 2WMEFEIFCE»T L TRITT 2. LT
&2 RO & AR E 2R ORAR I & > T, BEOTIRA FANTHY, CZORETHBIT S5 I
Fenz. FruificE 2 mROUEE & b E 3 5RO iR T IR A TR AR S TR s Bk b
WY, BWMAFTBEF280 3.

PERE

Eﬁ@ﬁﬁﬂ [ 3 1278 AR R R B R D G B & b LB . &
foo AERLL 720 > ZARERE £ ¥ 2 — )L O LRI ) % PN o K BRI 28,
PE 7 SEENOEBUCEIIL /2. LA L Ao s, EBROMBERMHE RS &

DPNE e & B ML, PiE - smEspha <, HBheE v AER IS

’ VLo, BHREECEE Y ARG LOTLELORERD Y, Wil a
B3 ek WerRT20NERD 3.
L OWEEIEY 2 — L OR/E
FIRL RO MBS 2 IR 2 129, MFC OME &R L 2D, &0

[pver—7]  [EmsmmapE]
A

KoE O MFCOR & WERBIHRD 2 AL 20 422 & CRAENERMS ¢ 2. ot
PVCT—7

ERERENE ¥ 2 — L AAETEL 20 E 510, BT B - 1 ik A
é -
- -
(b) WE
4 RELE#EY 2 — L
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DY Y ZIRERBIE Y 2 —VICHHZHIET & 24862 BAT 2. RELLEEIEY 2 —vid¥ 4(@) O
FORES 0.2 mOMFA—R Ry 7L — M MC 2T XX BIIECHELEL, AMLLO% L FedEb
¥, F&0.2 m]O®b 550 PVCRO 7T —7 Ttz 454 L 7z, -500~1500 [V] O IE5XHEXKE) & T
EXEL, Mab) D& > % ERERAEsNI.
BHEY 2—VOKESIC s ZHE

BRENE Y 2 —V D KE S & BHELFIN 2 2%, MFC M8507-P1, M4010-P1, M2807-P1 % FHu» 7z BRH)
Y 2 — VORI, RAEAMEREL 2. HEsERER 1 CRT. 1 O&FERCL0, ey
2 —VORSH/NS OIF EIIRFBEDE L 2 2 &m0 T

] ] MFC M8507-P1 | M4010-P1 | M2807-P1
, SREE Y 2—NdH Y E & [nn] 101. 05 47.85 37.00
y 1% [mm] 16. 00 13.20 12.80
% & ()] 19. 50 6. 75 4. 40
A & [mm) 19. 20 6. 35 3.90
—, BRE)E 22— 7 L Hs[g] 1,27 3.32 1. 60
\\(q«\ HAR A (] 32 120 180
=~ I3 K A5 A7 [m] 25.19 3.34 0.92

F 1 KEEENE Y 2 — L DL L BREN R

FEL, BUASHDT 20D EEH B, EEOMERMHR RS OPE 7 & FEs 45~600 [Hz]
Thzid, HERMBHERLOPL 2 &@ELEB T 210, &bme 180 [Hz] D% FBET 2
MFC M2807-P1 # W /-BKEhE v 2 — Wi & L s, AKEMAD TS 0.92 [m] Lok vz, PE
fo STEENC AR T 2B PL L S AEANSLK 22 0O BEREZ 6N, > T, 120 [Hz] DIk
PRJEPE L 3.34 [mm] D KZEAr % F64E L 72 MFC M4010-P1 # WL 2BRENE Y 2 — L D 822472 & % 2
5N 3. %z, MFC M4010-P1 # W 2BREE ¥ 2 — L D FAE 2 MIE L, FJ5 534 [nN], RJ5 196 [mN]
DFREIN G NI,

PhE - BB O RE

PERMEDASHERE T, [T & 2MEORE L RIEREORERH 1,
BHELLIho . 22T, M50 &) iz v o2 H 2 AR £ 2%
Lic. &7, EBROMBERMARROINE 2 & MEE 35~60 [degl, T
ELT45 [deglTH B0, SHEIOPIL & v ARy FOPNUL /- & AL 45
[degliz & 2 & D 1 ZEHbhE % 3%t L 72,

P 1z 8 EB 5 HR% LT AR Ot 3

TR T R OO L /2 & B 45~600 Mzl Th B, Zhiild 28 EL 50 m] LR T
H2. 22T, BRI Z2HELHARNZ Y, ES 0.2 [mn], 184 [mn], EE 50~20 [mm] D #—+ >
7L — P REPL T SIS, SEOPNL fo & K EIT o /2.

EEHOHER L 0, BEAEOCIZEMNS 2 & FEEAEINGT 22 R anot. £ 25ROEEKE 20
[mm] D E TR AL 102 [Hz] D PNE 72 & AEnEsnr-.
P& Ry bORE

[ 6 (a) D 2 ML, X 6(Db)12/”"T 300 [mm'] DRERED M % JF S
0.2 [mm] @ PET MTAERRL 72. COWEN T D & 512 L 72 x b

B €Y VDL

6 »~x [H Rhagionidae fEDM
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BOBEICHIY AT, P& aRy FH5ERL 2.
B - #HHOHE

P& ary P OEEHRS S 05 - HAOOREET I 1o, Pidfc&m Ay bEr—FELi
BEL, Bhs s OHENZREL 2. &7, 1200 [fps] DFEHEE# 4 5 THRL L 2BNL - S EfEE X 8
T,

X7 PE=EeRy b

(a) 1Ei (b) T
K8 I xuky kOB

9 TR

ERL 1B e & by Mg 94 [Hz] OILIRFE HE DR 2 36.67 [N] D-FI445 ) & 37. 48 [mN] D-F I
Nnfgent. &, 77y ey 7EHEREL, 70 [deg] O RS OHL s MENF 0L

LoLans, RExAr—LoBh - HhnBensn, P& ok y NOHED 39.2 [N i@
Z2EEDVIGI) - WhEEART I ENTE Lo 12,

A K74 Y& LEEEER

AAR7AYEHOT, P SHFEC & 2HEEIERB 1T /2. LIRL 28377 - OBl R
T, BNV EHBECHZ ML s amolzlzd, GHHOBEEBARNAREL KWL, M9 O
BT R O EERBED & THRE 1T 12

FEEEOAE R 16 BT 10 [om] OFEEE&EA 7. 720, BEIOKRIC 2 4 —X LRiES RS, FiE
fo&oRy MCREINAEL, WM& > TRET ZENOTRBABIANLZEHZ 60 5. &5 PET &
gRy NOREIEEEAA KT A v OFEMEN BEENEC, ZTOBENCE > THELE Ry NI4T
ELWEC L ->TLE-feeEioN 3.

ERE)

PERLL 2B 72 & o Ry b & 94 [Hz] OBNE 72 & B OB 70 [deg] OBNE 72 & ffiE % FHIL , 36. 67
[nN] D V1445 71, 37.48 [mN] D P AR s e, ERBEE U TEEMN 24T HEL Lo 1245, 4.67
RONE 7= S MPE, 1. 18 {50 JNE 7= & FPEL, 59.59 F O E R, 13.94 O EELE 20,
E e KIEFD N F A— KB & O - HHOR I 2.

3.1.2 P AROEBREBEML 2P &Ry b
AR CEEBBEESME 27 7 F 22— K ELTHAL LML E o Ry M2, b ROEFY
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TN 235N NN 2 2 OB £ B L THO AR 2. ZOMERE 25l + 2 292, 85 R
P B # O CHEHEMRAT - ERAT OPNE 72 & Ry & AEPNL 72 KRR B 235 71 DRE #4170, BifiiL T3
TELIelBENL T H IO LRMRE L e s TOh 2 RAET 2.

bR ORIR & Z OREE

by ROMOTREFHTE 2 <, DE MM ER > TO B MO MUK L 0, b RERITT 2
FoilFvmnERALT, SOREEHNEHRB VI EEbRTWS. &1, thEH & RGRVE
ROBrHFEs, Aka s WOMMEOIRT 2L L4 225, MNTBRGC & OEIEOIL T 2B <l & ¢
F-oTunwa,
L T

KEE TR S L CREOMATHIES NIRRT Y > 7 BEREIE Y 2 — L & b > ik
FHOEY Y 25 HALE Y Yy PREREBIEY 2—Lid A—A v T L —bX T F2x—kELTHEE
BMEIE AR & — AR G GM:DP-460) THE 0 AHF, 2 sy Ty v 7 BREL LD TH 2. HEE
335 Imm]ic L7, ®EL 720 > 7 BUBRENE ¥ 2 — )L IEABS BIflE CHeaiA A, K Fa G el THHL
Fo. e v vREEHG Y v 213 EE2 [nm] OPET% L —+ — Lk (AD-VD60100-60W) THN L. L 7=.

(@) V) > 7 RIEREI € Y 2 — b eroEsHury >~
X110 ERENHHS
o

My RO E B E L 2BOEC 72 > TE W (Sympetrum arwinianum) O % KELL /2. Z O %
IO 7 — 2 #/E8 L, FE&0.2 [mm] OPETT L —+ —n T4% (AD-VD60100-60W) THIT.L , D ik3x
FAERL 2. i b > RO IERE 2 IR, S EER 3 2 101 EHEA 2 RA35 (] & /ML LD TH
S, BEMAHEL ho. ZOLHUTD2DD R & V2O MBE 2 :EL 2. #EOEM
EERAREH VL TL 3.

- JiE 1
L—H— I THEE O TOMNTERO B 2 MERI L, BUC AR 230 L AT 3 2 & TR N VIR % AR
L. WEORECR/MTEE2 mle s> Twnd.

- Jik 2
KD b > AOBORHIIR 2 BE L 727 — K & o TPAEE TR YRR 2 AL 2.

TERL 72D MERE Ll o 2720, FHZAB O MERL 7. FHEAME LK EL Mili-> 220 Tl &
HBCEMHTL O 1o, HEFAHO LD ERAKEZ2 B2t D, 3 Hliot DEHELT
KER AT %o 1.

EKE AR
K 5O B E % v T, B SEGERpREE L, #FEE o ORI - S EE) £ 1T

78



Lo OB REL 2. Kl - FIHRHBBO NG 1/ EROEERD o & 2 53K2, R3O & D

o,

2 HE2.3 [n/s]ic B 2 IEWkRIG 1/ EROHE #3 JAE4. 3 [n/s] B 2 EW 1/ EROH

50Hz 61Hz 67Hz 50Hz 61Hz 67Hz

W 2 2.673 11.53 5. 950 I 2 8. 697 13.57 9. 347
W 3 ' 2. 704 6. 891 6.516 AR 3 5. 701 13. 34 8. 030
ik 1 4.700 13. 27 7.185 ik 7.822 15. 06 12. 24
ik 2 5. 049 18.43 6.671 Jiik2 13. 45 24.24 11. 80

ERG 1/ EEOME % F 2 & 6T Hz] BRENR % B CHE2CE-L 72liham b M e 4 - Tw
Fo. TR OCBOMIE 2 MBI T B L & 0, EF VRO E S, 7 ORES
NBERNEGZICEHRLTEY, $LhE OBEWURBEL > eFisn 3.

Lo L, JEUE6T [Hz] CEREI ORI 5kl TR L 12 A IEMRIG S R O IERIG 1/ BR O T b
Wl E RS> THEY, HE2THERL G BE2E - SEOBEIERIBITHZILIEEAEEDS LW l%
RL T, SR HE2THERL ZBOMMEAMEBC 28D EBbn 3.

Few

AR TEEBSEE S 2 O TR &Ry FOMRER B2 B, b AOBORRCE
HU, MMEREREOWERIEL 2. SMEL B2 PL & 0 Ry FAREL, B & 25Hli2 1T 4
o fo. SRR E % H v TR 42 SdERPREE HBL, 20ROEGHEREL 2. &%, @E
CHOw s T FIROM & 0 & SEREFPRETCOH N2 s €232 LB TE .

Cephalic Lobe

3.2 Koy b
| s 3.2.1 vy RELKFOAR Y b
y-— S MLl KEERTOKF o Ry PE A FOFT e AF
ce SNBSS, KRR T Y RERD LT B, vy REER
i CRIAETT, BO L DB AAn e L 2 BF D & D@
w4 BT L Ttk 2 2 & T, @l CER e, &5 m0i
B i TIME & s o ASHE RO, vy RO MRS £ 11 R
e v OMFEAAHEE 2 RESE2OCFEFCEETH 2 SN 20, v > 2O E L O
EIEF T H 2720, WMe L OBIE2 EECHEMT 20 L L. Lo T, L OHE &R
DHHEEFODETNVCEEN SN EZNETHDZ LWL 5.
Ko Ry b ORE
M12D~> ZDEKLEERESHICIMI3O L )~ 2 Bo Ry F&RIEL 2.
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3 7

L 0”\\\; s ~]0. 3x

\\\\\Jﬁii/gX// T0.35x  0.3x 0.35x
X

X X = wingspan
(a) ki (b) 1EHX

X 12 Ak M13 ~>&Mafy b ORI

oRy FEBKTZ2EMELTA—RY T L — 2RO, IRMCEBT 3 LBHICIERT 7 F
2 TR EMOAMT, BMCEI S HMASCERRAERZMTH S PET #Hw 3 2 e TRk e L O
BEOEREL HIET. £ 1FHEO DR E#] AU 72,
P BBl R Bk

FL o Ry NOMWREZFHIT 2 20 E1T5. £ L OB & 2 YRS, JElITERE % BRI &
DHEL . cLOHERc O LT, WhTOEL Ol R iciFEsE 5L Telty &k,
Ny FEZEFEEL ZREBTRBEA/T> 2. £ L OWEFAIECTEMELS K& » 2Hz O sin FICBE L TH
SEL 72 M 14 pIEHAS Rfco Ry bOE L OWEE, M 15 sMils s Ko Ry Ot L OWEFT, 2
NEThPL - &FMEC BT L 23T FA L REHMBL Y 2 7L 2. &z, EBEDO > XDITH
TALKOE L O RL, CheBlEFRE2HRT 2 &Rz e L OBMENKE &
STW3DT, Kkt L OWMBF& Bk T2 L0z 3.

6 t=1. 60s 0.8
4 =1 655
% 0.4
7 £
E t=1.70s 2
2 0 2 0
s \ 2
-2 =1 755 N
) \\ t=1.80s -0.4F
t=1.85s 3
, 0 05 T 15
-6 x value (Spanwise)
0 20 40 60 80 100 120
Pl O BEEE[mm] _
o €14 Efin 6 R RIETFO £ L OB
6 t=0. 58s
4
t=0. 63s

ZE{sz[mm)
o
z value (Vertical)

2
/ 0. 685
s
M
-2
W

.5 1 1.5
| t=P. 83s | y value (Chordwise)
-6

0 20 40 60 80 100 120
St o0 FEEf [mm]

15 (s 5 5L REZTHO € L OH
HEEZLCOOT, FUHBETY sin P& VRO O MEREEAHE S, £72, sin P ARH
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WCHIEL 2niy, ERETCERE2T- 7. M 16 (CHEREFEONELSEE 4 /R, MIETEHEFC B
WT, FHEBAEL A2 EEELRLA LB Enbrot. £17, 4 [HZJuBWwTE—2nHasn230
&, HRICED e LORENRKE S L onbtHEions.

200
180
160
140

120

100

£

w 80

50

40
20

0

0] 2 4 6 B 10 12
]
X 16 itk id
— 77, WEMIEE)E 5 2 2 BN & o THEMDEE S ERIES) O € — F»%Eb - /o M5 O MFC Z sin
#5Z, EIL 2O FHOE L MHZEDA 7y b & 22 & THRRAIBELZETRTE 2. R
RO EHEREL 2w 2o iR T &3, B e iRy s ) & arEs mofEEs K& <50,
JEFEIAEN R E oo MMIZES 120 [° O & EJERIFOARENE &0, & FEEREEA/NES L 115
[m] & %o/ &fe, AAOELVCHEREEZ5Z2, SV AOFEHZ2EMLS €3 & TR TRANOHEE
VEBT . 5230 iz s DlMlAaEDb L), HIEE, EH, RoBENEHETE
1z
Few
PEr &ML IT O v 2OBEES Nz L OBIE 2B 22 & T, P & & 25 5
Bk, 752 2P0 HBEC & > TIRETE— F 2L, Y ziE@s RBET& . 5K,
T B LT cOEMEDZENE HIEL, LTI MOHEETREE 35 2 & T 3 KGR & FEBL
W naEs k2o fy FOBIEEHIET.

3.2.2 FiEJEEEERKF 2Ry b
RERFRO e Ky F &S, WIEKEREER KPRy beREL 7.

D17 fESL fea Ry b
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AAEL oo Ry b EEER W ABS BiflE, R 0.5 [mm]CFRP 7L — b, FAMAHENC 0.2 [mm]CFRP 7L —
FEMHL TW3. FAEMERHMORERZEC & > THITR2 LS ¢ 2 EH 5 EH T 2720, FHEWC
R hERBE D #WOfTT 2. &7z, BHEHRTRETCOTLFE S > TEIAEZROL I H>TW
%.

il & 33EE)

W, BRENE S (E - el oEgiH & L COEEE1T - /2. £ 9 EE 150 [mm], £7jE[R 180 [-],
Hif 150 [mm] #Z HE®EHEE ¢ 234 1T-o7. TR nDHE ARG 5 [sec], 22 [secl], 5 [sec]T
H3. TOERM»rsFeNT, Ry FOBENXS bL ERHOMEFEEX 18 C/RT.

40 £ 200

= 30 2 100

2 Z

" g:

=20 y =0

= =

5 o

g0 5 -100

© %5 10 15 20 25 30 3 S5 10 15 20 25 30 3
= Time|sec] [m] Output Time|s]

(a) HENZ FLOKE S EFROEEGR (b) HERZ VO & &R O BF

18 B - ATE - EEENIE O &SR

& fz, Akl 45 [o], Zcfigll 45 (o] # HEE@EE 3 2 R # 2 e 8 [sec], 8 [sec] &FtH
L, EB%aiTo7. Bontcaory NOBEEXRZ ML ERMOBEZEX 19 2T,

BonrtRrs, HARMEL BATEOHM TE —EORENBIN TR EnbH Y, KM
OTHECTREIHEZ L RS 2 E THEIEOBEENZEL T eEz sn AR s, 2O
WoEB O ML TF— K& ERT 22 &T, HIMHRC BAFBEOMI I CRHT I ENTEBEHL
5N B.

® £

= 200 Ezo

g £ 15}

= 100; 7

= 0 -

s S 5

% 100 : : : 2

<7 5 10 15 20 = % 5 10 15 20

Time|sec) = Time|sec]
(a) BENZ PLOKE S EROMIE (b) HEX 7 bLO) & & RO BE

%19 A7HER - /2 e FBhE D&
PTP il 928k
D iIE777%
FIEE LT O & 5 2 RnTITH .
(1) R RO, gy bORMENEEBOGR 2RI EENT 2.
(2) HERL 728306 %, voXRy bOWRE)NZ X—x (B, &, B, e 28H 522 &7,
ARy bEHEL, HESABHT 3.
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2) FEER&E R
T4 RT3 DOHEMNE REREEREL, 1HE0, 0, 0) 550D PIP HIfHEE 1T - /2.

x4 HEEH A
HEHA | (z[mm], y[mm], f[deg]) T
ES 3 (100, 300, -45) IHE—ATERl—EE
5k 2 (100, 300, -60) EE—GhERl—EE
TR 3 (100, 300, -20) EE— A el = e e — e
BEEBRIC OV TH FOEE AT, FEECREL 8 & B0 TFHHEE LS CRT
5 FiEH A
FRERS | (x[mm], y[mm], #[deg])
S35 1 (88, 280,-49)
55 2 (92, 284 -63)
ELE (78, 357,-20)

BeonraRslze, 81 £EB2 CEd HEGCEWEAHETH 20 L, 83 Tk HIEAL
BEFFEMNBEOMRENRKEL > TWB I ENDME. Ik, EB 1, 2 CEHERIEME 1 8T
AEREN TR EwhL, 3 TEHEREIE2 B CERAERINT WS 8, SERAEROET
DATE RIS (2 FE4E 3 2 ik 22 %0, HATEIERI O M 42 2B 2 R TSI & 2 2 w0 & 3mEL E
WRAETZENFERIZEHEZ 6N 3.

R

BB A SbY CRET CHGHIESITY 2 & T, HITICITA > T - EEIOEMEA K & L L
T2 enbhot. i, BadEodlasb¥ic, FEOEHMOEHORELINZ 22 &£ T, PIP
FIHEITS) CENTE . SBUEETRES /Do T 22010, BBRAER - BROKER EX, 74—

= =

Ny 28I MA 2 & EORKE 54T .
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4.8 Z—FLAMDEEZGHEBICE TS5 =— FILIRBIZ AV RBEZEREDHIH

JovzHo r)—5F—:
JEWE— R FnREREAR LRI L RTIER AR 2 4R LA

A N— 1 NTHER el el L% IR R 348 & LU=

2. HLFHEKHL FNRBREAR T s L RTIERRR 1 45 & LdFgE=

3. T ERE JnEesmR LR 44F FILMFEER

4. FEIR B FNEEREMR LRl 44 AR =E

5. Pichaya Kietkaroon, MF4%4: (KMITL, Thai)
BEHE - THEZMBH., FLURZEE., SHFEFEZR
1. ¥R
BE, MOBEOREBEDER - MEHMIE. yTAS PHLHESETSTHENHTEELL TS, £ T, BHEDKKE
PLA—HF—TEHTEHLDTEEZ— FILAMDREZMEELFARE I TWS, MOBEEREBIL. FSRERY
FRZBH-_—FILNEET S LT, MOBRBZEHURLEETHD, —— FILEEREINEEMTREEZERT S
BEZld, —— FILEIBEEHABEEDEHTHIERTX vy TH4EL D, BHX Y v TOELIZEY ., FHEIZESDEMN
HELTLES, LEA2T, —EDEHFT YV I T, REEEMTHIENRDLATINS,
ARETIE, —— FILIZHMREZSZ. —— FILREBEFMHEIEZERANT., —— FILAHROEEE Bhm & O - JE
EMERNT 2FEZIRET S,

2. Z—FILEREEEEEEBAVRBROFE
——FLIRBEEELERVEEMRMOBREZLUTISRT, B1 O&512, BREEERFERERERAWLNT, =—
FILIZIREIZ 5 X %,
——FLERRICKRENGELEEE, RBROEBEFERFL-_—FILTHD, #IC, BENEMEICEMLI-EE, IR
HROEEF. —— FILOHERD, Tz, REOHEERASEMT S, RAIC, RENEME S EM - FEfL-LE
12, IRBZROEIREERIIELT S, CORIFEETLEFIAL. BEEEMTEEOERBRMETS,

3. HEEHEEMLIE-=— FILEB#BEOSE

—— FLIRBHFMEEZ AV ERRANFEZOARAMEZERMICHERT 52012, 20T RTUo=—F)L. EEBRF.
RIEREFAVWTR 2 ISRT LS B_—FILIRIHEEZRIEL-, —— FILDIRBZEMFAET 51012, —— FILHES
ENFERIEROEEIZ 4 MODVTAHT—CEEof=, RI3DEIBHBIVATLAZRNT, —— FLIRBEFEZELDOEIE
7otz BH. INET., Z— FILIREBBEBOAICLDAETIE. BELEREEOEMBRMHSATEETHD S EHHER
INTUWB[1], ZT. REFEEIX, —— FILIREHEICKIZOZEML CRAEZTo 1=,

Piezoelectric actuator

Glass capillary

with sampleliqui
Mass Damper

I
Target surface
B1 =—FILIREZ AL RSO BHIRE
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Fig. 1. Micro diagnostics robot with hardness and stiffness testing for

Abstract—The development of the instrumented indentation testing robot for bio materials with micro surface hardness and

stiffness test is described. This micro surface measurement system is composed of the piezo-driven micro-robot with the
indenter that can move to the measurement area precisely step by step with 1 um per step on a metal plate and camera base
coordinate measurement instruments. The position of the small robot can be controlled precisely by vision base navigation

system. With the help of image processing technique, the coordination of the small robot can be identified precisely within £10

pm resolution.
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Since the performance of micro hardness sensing is compared with the hardness standard block to certify its ability, the

sensing head is implemented on a micro-robot. In the experiment results, the elasticity investigation with a human tooth is
successfully checked by the indentation load-depth characteristics.

INTRODUCTION

Most of the insect species, like caterpillars or grasshopper are plants eaters. How can they find the right plants for eat?
The answer is they have such kind of sense organs or sensory unit on their body. That allows them to see, smell, taste,
hear and touch their environment. At the first, the compound eyes (ommatiaia) allow the insect to see in wide angle of
view its function of searching for the green plant. The duo antennas (feelers) on insect head are using for smell, taste,

detect sound and air movements. After land on target plants, the mechanoreceptors such as tactile receptors on there legs

can detect movements, vibrations or other mechanical disturbances.  Since these all sense organs of insect act like a

sensor and transducers, to convert mechanical, chemical, and physical properties of their environment to electrical signal

for their sensory neurons in their brain. These feedback signals allow insects to finding food or even avoiding dangerous

conditions or predators. On the other hand if we want to select a material for an engineering application, a primary

concern is to ensure that its properties are appropriate for the operation conditions. Just like the tactile receptors on insect

legs, the hardness testing can determine strength of material under test. It have been widely used for nearly 100 years,

due to the indentations are small and never destroy or effect to surface quality of material under test so that the

hardness test are considered to be non-destructive test method. However, recently the sizeof materials and machined
components are keeping decreasingly due to high density with down-sizing trends, meanwhile the region of bio material
surface analysis is increasingly interesting. In term of traditional hardness testing methods, the indentation depth or the
dimension size of the indenter imprint are used for calculate the hardness value. The accuracy of hardness value is
depending on a measuring device. For bio or micro scale materials, the application force of hardness testing should be
very low due to the stiffness of these materials are very low. So the traditional hardness testing method is difficult to
obtain good accuracy of material properties. For this reason, the instrumented indentation testing is becoming very
important for determining the mechanical properties of such bio materials and materials on the micro scales. The
instrumented indentation testing method is similar to the traditional hardness test in that pressing an indenter of known
geometry and mechanical properties under pre-defined conditions into the test material. It can provide a continuous

record of the variation of a testing force as a function of the indentation depth of the indenter into the specimen, the slope

of unload curve has commonly been used to calculate the elastic modulus [1, 2]. In order to achieve such micro

hardness test, the loading force of the indenter should be precisely applied to the material without any shock or vibrations.

There are a number of mechanisms and methods for a nano and micro range force generator such as applying force by
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Fig. 2. The prototype of micro hardness investigator robot.
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Fig. 3. Control block diagram of the micro hardness testing robot.

using a coil of wire were inserted into a cylindrical slot in a permanent magnet [3], electrostatic force [4], a spring
method [5, 6]. We have been developing a new unique surface stiffness and hardness investigation system with insect
mimics as shown in Fig.1. The down-sized instrumentation design micro hardness and stiffness measuring robot with the
position controlled by multi vision images navigation is presented. Thus, the primary goal will be employed this
measurement system to investigate a hardness/stiffness on a micro parts/B1O sample inside a special chamber with high
precision position controlled.

This paper is organized as follows. Section 2 describes the combination of a micro-robot with micro surface
stiffness/hardness measurement system. Section 3 introduces the robot position control using vision base navigation
system, including an accuracy and repeatability of this navigation system. Section 4 presents the performance of the IIT
robot via experiments on a human tooth inside a specified measurement area. The tooth surface stiffness characteristic
can be identified by a series of indentation load-depth along the designed robot path. Finally, section 5 presents a
research conclusion.

MICRO-ROBOT WITH SMALL FORCE INDENTER

The hardness and stiffness measurement robot, i.e., the combination of a piezo-driven micro-robot and the compact
IIT hardness detecting mechanism is shown in Fig. 2,. The IIT measurement mechanism composes of the micro force
generator and the LVDT displacement sensor. The micro force generator unit is made up from a voice coil actuator
(VCA) technique supported by parallel leaf spring mechanism [8, 9]. There is a parallel mechanism force sensing
structure embeds with four strain gauges on both of parallel spring is attached into an actuator body. Finally, at the end of
pressure plate the micro indenter is attached. In operation, this micro actuator can generate displacement by suppling
electric current to VCA. Then, the sensing part moves micro indenter down to make an indentation on the sample under
test. When the indenter touches a sample surface, the bending action of sensing part can be interpreted as an indenting
force. There is a LVDT displacement sensor placed on the top of the sensing part in the same direction as moving axis of

93



1000

Numerical data

High magnificati Image acquisition |

on :
o () IMage 5'gna|i frame grabber device .

R — .

| 800 ".‘
¢ -
- *
| L .*
ens -
\ / S 600 Kad
: \Top View VDT case \ R
N/ / —
| ; < o- - . L
| Cong e . . | o a0 —F——
|"'S!an%”””g L - _ EBeControl S|gna|s Position 5
ce = o —— = o »

" system -

g . m 200 * N
' -

~ o
3

Pixel change(pixel)
*
*

. 1190 1200 1210

0 500 1000 1500 2000 2500 3000
Stage movement(um)

Fig. 4. Camera vision based coordinate system for robot
Fig. 6. Comparison results between actual movement of a marking and

a micro indenter can be monitored the indenter depth during whole dwell time. When testing force and indentation depth
are combined together, the load-depth characteristics of an indentation can be obtained.

Next is the small footprint piezo-driven micro-robot[7], its dimension size is about 30 mm in width, 50 mm in length
and 30 mm in height. The small robot consists of two front and rear electromagnetic legs connected with two
piezo-actuators for providing the accurate inchworm locomotion on metal ground surface. The movement of a
micro-robot can be controlled precisely by supplying the specified waveform to piezo-electric elements and the electric
current to electromagnetic legs. Its locomotion movement is archived 1 um per step for forward directions. Robot has
good motion repeatability, although it is managed without any guidance or feedback control.

Finally, the 1IT measurement mechanism is mounted onto the piezo-driven micro-robot using an adjustable cantilever
mechanism. Such mechanism allows the control of an angle between indenter tip and surface under test precisely
adjustment. Thus, the target sample to be measured is set on the height adjustable z-stage and the initial gap between the
indenter tip and the surface of sample are positioned precisely. The control diagram of this system is shown in Fig. 3., the
computer with several data acquisition (DAQ) boards are utilized to manage the hardness and stiffness testing process.

However, since the kinematic model of this robot is similar to the mobility of a car, which is very difficult to
maneuver in limited space. The non-holonomic nature of the car-like robot is based on the assumption that robot
wheels roll without slipping. Meanwhile our robot is carrying a hardness measurement mechanism, in addition its
movement relies on the magnetic legs which walking on a metal plate. Therefore, IIT robot leads to the slipping
movement inevitably. For these reasons a robot position tracking and control are very important to maneuver a
robot to measurement target precisely. The position tracking system and robot path design are described in next
section.

VISION BASE NAVIGATION SYSTEM

When the insect size robot is doing an indentation on the sample under test, the behaviour of the indentations is also
monitored by the microscope. To identify the indentation position on target, the robot need the position feedback signal
to archived high precision position control. In this section we described the robot position control system by using image
processing technique. The block diagram of vision control system as shown in Fig. 4. There are two type of usb
microscopes are used in this tracking system. One of them has high magnification lens (HM) and another has long
working distance range lens (LWD) for top and side view respectively. The first HM type is setup for grab image from
top view of the robot. This camera is focused on the red marking that placed on the LVDT case which is the same
position with the indenter rod. The second camera LWD type is placed on the right side of a robot, for acquire the

image of the indenter tip.
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An image processing technique used in this tracking system is the IMAQ Vision from National Instruments
corporations (NI). The IMAQ Vision software provides functionalities for machine vision and scientific image
processing. Many features for example, gauging and measurement, edge detection and pattern matching etc. are available.
The automatic colour pattern matching is used in this paper, thus a movement of small robot can be tracked and
controlled. The colour pattern matching is able to accurately locate the object that the size of which is varying and
rotating within 360°[10]. The colour pattern matching is composed of two important parameters, i.e., a marking and a
template. Built up the template pattern of the marking, such template can be scanned in the image to get the matching
position for shape and colour sensitivity. The matching score can be determined by a comparison of color and pattern
between a marking and its template. Such a score of the match is related how accurate of the pattern model matches of
the marking founded. The matched pattern can be marked and the position of a mark can be identified a coordinate pixel
from the whole picture. Such coordination can be utilized as a representative of the marking position.
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Fig. 5. Experiment setup for calibration of pixel change due to actual Fig. 7. Comparison results between actual movement of a marking and pixel

object movement. a) Marking, b) image from top view camera and c)

To ensure that the accuracy and repeatability of a vision tracking system are capable to control an IIT robot, an
experiment with precision controlled X-Y stage is done as the experiment setup shown in Fig. 5. The custom made
marking is placed on the X-Y stage, with two cameras, one focusing on the top (Fig. 5, b) and the other focus on the side
(Fig. 5, c) of the marking. The marking that we used is the red plus shape for top view and square red shape for side view
(Fig. 5, a). The focusing length of top view camera is fixed at 2.5 um per 1 pixel. And for side view camera focus length
also fix at 5 um per 1 pixel. These two cameras has the same CCD effective range at 1280X1024 pixels, which means the
operation range from this vision system is around 3.2X2.3 mm.. By moving the stage with 10 um per step up from 0 to
2.5mm, then compare the pixel read out from software with the actual stage movement. The experiment results as shown
in Fig. 6 and 7, for top view and side view camera respectively. It is obviously shown that the accuracy of this technique

good within £1 and £2 pixels, it is around £5 um and £10 pm for top view and side view respectively.
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Fig. 10. two incisors teeth samples (milk teeth and permanent teeth).

The teeth were placed on substrate by epoxy composite glue with

Fig. 8. The vision navigation system of tiny robot with two
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Fig. 9. The tracking software, (left) top view camera focusing on the marking on the top of LVDT case, (right) side view camera focussing on the tip of indenter.

After we checked the accuracy of tracking system, then we implemented it into the small robot navigation as shown in
Fig. 8, and the camera view point as shown in Fig. 9. When in actual the operation, the robot will move within the view
point operation range of the top view camera (3.2X2.3 mm),. At this moment although the tracking system is in the
manual state not in full automatic control yet, but the combination between two view points can benefit for high precision

position tracking. The full automatic tracking system will be the next goal.

EXPERIMENT ON BIO MATERIALS

To present the performance of our micro testing system with micro hardness test, surface stiffness investigation has
done on several BIO materials [11]. In this experiment, we investigated the sample of the human teeth. The teeth samples
were collected from the different age human source. By scanning over the sample surface, the distribution of
stiffness/hardness with the dentine and the enamel region can be checked by our micro-robot testing.

Before make an experiment on bio samples to be realized and comparable with ISO standard, the machine needs
verification. So, the certified hardness blocks will be the first materials for an investigation. In the experimental, 30HV
and 100HV certified hardness blocks product from Yamamoto scientific tool laboratory are used as unit under test. By
making a series of indentations with 15mN testing force on the surfaces of both hardness blocks, the elasticity of blocks

were investigated by the indentation load-depth curves.
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After the verification of the machine has done, the surface stiffness with human teeth has been measured. The
human teeth are composed of four important parts, enamel, dentine, cementum and plup. The Enamel is the hardest tissue
in the human body and even stronger than bone. It is composed of inorganic substances (96%) and organic substances
(4%). The next is the Dentine, its layer is similar to the bone, it composed of 35% organic and 65% inorganic matter.
Inside the dentine the Pulp occupies at the center, it consists of soft connective tissue and blood vessels. Finally, the
Cementum, it is a mineralized dental tissue which covers the roots of the tooth [12]. There are many researches about the
tooth hardness investigations; due to the study of teeth hardness is very important for understanding, for example, how
toughness of tooth is change due to age and sickness. The hardness of human tooth has been explored by many of
methods including indentation hardness [13-15], scratch hardness [16], abrasion test [17] and the famous
nano-indentation hardness [13]. From those of methods, the average hardness value of enamel is around 250 to 360 HV
and for dentin is in the range from 30 to 60 HV [18]. It has founded that the hardness values, of tooth decrease from the
outer surface to the enamel-dentin junction until inner of dentine [19, 20]. However, some other studies [13, 21] have
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©

milk teeth_enamel
milk teeth_dentin
— permanent teeth_enamel
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Fig. 11. Indentation load-depth curves from dentin and enamel of

found only slight indications that the enamel is harder in the outer surface than in the enamel-dentin junction, but the
difference were less than the standard deviation. Thus the uniformity of teeth is dominated, rather than the experiment
area.
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Fig. 13. The series of indentations scan pass trough the glue hole on

In the experiment, two ages of incisors tooth were used as a sample under test. The teeth were cut vertically and placed
both of them on the substrate with epoxy composite glue as shown Fig. 10. One of the influence factors that affect the
hardness measurement is the specimen preparation. If there is any tilt or bumpy surface, it can cause the indentation
problem. So the teeth were polished by silicon carbide paper No. 2000, in an increasingly way, with water. In transverse
samples, the series of indentations were done from the enamel outer surface to dentin inner surface, going through
enamel-dentin junction then dentin inner and enamel outer. The indentation force is 15mN with 10s holding time at the
maximum force.

From the experiment results load-depth characteristic on each indentation area compare with certified hardness blocks
is shown in Fig. 11. We can conclude that, the hardest zone is the enamel of permanent teeth, it is nearly 100HV. And the
softest area is the dentine of permanent teeth, because the indentation depth is lowest from group. Both section of milk
teeth hardness is stay close together and placed between enamel and dentine of permanent teeth which is quite different
each other. It may because of the milk tooth life time is just 5-6 years old so each layer is almost the same stiffness,
meanwhile the permanent life time is more than 50 years, so it apparently different for each area.

At this moment, our robot can show its performance to make a surface stiffness investigation on bio material decently.
However the ability of vision navigation system is not present yet, due to the indentations are only along the one line
robot path. Next experiment we built up the artificial bio sample to be representative of unhealthy tooth. By using the 50
pm and 100 pum drill bits, the series of holes on both enamel and dentine regions of permanent tooth has been made with
200 um deep from the tooth surface (Fig. 12). After that insert the elastomeric glue in all of the holes, this glue is very
soft and high elasticity. Thus when make an indentation pass trough the glue hole, the indentation load-depth must be
different from normal tooth surface. However as we mention before, the vision of sample during an indentation test is
covered by the robot itself. The only way to control the robot path to be scan on the glue hole is the vision navigation
system.

In this experiment, series of indentations with 30 um and 15 pm separation on normal tooth surface and on glue
surface respectively were done with 15 mN testing force, the close up picture around the experiment area as shown in Fig.
13. The 3D plots of indentation trough the glue hole on human tooth is shown in Fig. 14. The micro-robot can give
precise surface scan check with accurate 1 pum separation on the indentations along the robot path. Along the first
indentation path there are some strange behaviour of the load-depth curves, obviously shows that the effect of a glue hole.
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Then the robot was control to make the indentation in the second path start at the same position of position 1 on the first
part and shift right 60 um, after that continue in third and forth path respectively.

The experiment results of load-depth characteristic of the artificial unhealthy tooth are summarized in Fig. 14. Here
the different degree of hardness on the different surface characteristic can be checked in this experiment and then the
several load-depth curves can be given. It is clear that the vision base navigation of this robot can control the robot path
precisely, so that it can check the target sample. These results indicate that this system can profile the micro surface
stiffness to diagnose such bio samples including the inside defect identification.

CONCLUSION

The first prototype of micro surface testing robot with the combination of vision base navigation system has been
constructed and described. Here the simple image processing technique can provide the benefit of micro positioning
surface scan task. In the experimental, several results have shown the ability of the newly developed small robot with the
micro force generator and the indenter that can investigate

the microscopic elastic behaviours of unhealthy human tooth by vision base position controlled. Thus this machine is
available as the smallest micro hardness testing machine in the world.
In the future, the improvement with the hardness measurement performance will be conducted to verify with standard

hardness testing machine. Furthermore the automatic small robot path control with visual coordinate measuring system
will be the next goal.
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Day1[2011 4£ 11 H 04 H(&)]:

In recent years, in developing manufacturing and mechatronics systems, "sustainable
manufacturing” which means industry and development satisfy preservation of environment
simultaneously, is strongly focused on. After the earthquake disaster on March 11th, the necessity of
energy reduction requires to focus on energy efficiency issue more than before. Thus, in this short
course, problems in conventional manufacturing technologies are pointed by design engineering
approaches along with lecture on design and evaluation method to establish sustainable
manufacturing systems.

On the first day, the concept and some examples of sustainable manufacturing technologies that
have been developed in AIST and were named “minimal manufacturing” were introduced. Then, a
new evaluation method for “minimalness” of products which was proposed by the lecturer’s research

group was explained. The method which is called “Total Performance Analysis (TPA) can be an useful

tool to evaluate and design sustainable manufacturing technologies.

2 Complex shape machining on a 3 Compact modular production system
Ultra-thin tube for MEMS device
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As for digital camera components, LCD and Body should be reused or recycled.

4 Features of TPA 5 Design suggestions by TPA

Day2 [2011 4£ 11 H 11 H&)]:

On the second day, as a main topic of the lecture, the history of development of downsized and
energy-efficient manufacturing systems has been explained, starting from "microfactory" which was
prototyped in 1999 and continuing to "minimal fabrication of semi-conductors" which was proposed
recently. Then, the application procedure and case studies of TPA which was introduced in the first
day, to manufacturing systems and manufacturing processes were explained. Through the case study,
the lecturer tried to show that such downsized and modular manufacturing system can be a solution
to establish sustainable manufacturing. Using some extra time, another topic of the research group
concerning design support of “eco-business” has been introduced briefly. Since eco-business can play

a key role in establishing sustainable manufacturing, the research group is also trying to carry out a

case-based approach.

6 The first “Microfactory” 7 Minimal fabrication of semi-conductor
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= 12 eco-business rules
= Management of lifecycles
= Expansion of the business scale
= Reutilization of wastes / Use one more time
= Utilization of knowledge and information
= Linkage and cooperation among various industries
= Combining various business values
= Technological innovation
= Outsourcing / Contracting for environmental loads
= Servicizing
= Timesharing
= Management of hidden bottlenecks
= Application of cleaner methods to satisfy customer needs

8 Twelve eco-business rules

B EcoBusinessCaseBase
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KEZAEDHOEREICORN T EZDND,

H B 7H110 (JWKEH) 1368005 ~16H500%y
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Sb

B H : Real-Time Feedback Fuzzy Control of Mean Arterial Pressure in Postsurgerical Patients at Cardiac
Intensive Care Unit

7 : Hao Ying, Ph.D. Professor,Department of Electrical and Computer Engineering, Wayne
State University, USA

#E  Z : In this seminar, we present a fuzzy control system to provide closed-loop control of mean arterial
pressure (MAP) in postsurgical patients in a cardiac surgical intensive care unit setting, by regulating
intravenous infusion of sodium nitroprusside (a vessel dilation drug). The fuzzy controller was mathematically
proved to be a nonlinear proportional-integral controller whose proportional gain and integral gain inherently
adjusted continuously according to error and rate change of error of the process output (e.g., blood pressure).
The gains became larger when the pressure was far from the desired pressure setpoint and smaller when it
was close to the setpoint, resulting in more dynamic and stable control performance than the regular Pl
controller, especially when a linear process with time-delay or a nonlinear process was involved. Clinical trial
results showed that the average percentage of time in which MAP stayed between 90% and 110% of the MAP
setpoint was 89.31%, with a standard deviation of 4.96%, which were much better than manual control of the
nurses. These were calculated based on 12 patient trials, with total trial time of 95 hours and 13 minutes.

Accomplished in the late 1990’s, this is the world’s first real-time fuzzy control application in clinical medicine

[ Real-Time Feedback Fuzzy Control of Mean Arterial Pressure in Postsurgerical Patients at Cardiac

Intensive Care Unit | Department of Electrical and Computer Engineering Wayne State University, USA - )
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7.2.1 B
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Fig. 7.2.2-1 Opening Ceremony

e =1 -

Fig. 7.2.2-3 Commendation Ceremony (Team SHINOBI)
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Fig. 7.2.2-4 Team SHINOBI’s Robots
(left : KOHGAS, Right: HIEI)
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Fig. 7.2.2-4 RoboCup Rescue Robot League Group Photo
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Fig. 7.2.2-5 left: SHINOBI'’s Operators, Right: Setup
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