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1.1.1 BEEDRE & IGAM

BERIXSBRIZBMZAONS LD ICe NOEERERETHS. b MR TLIHIE, 0K
BRBICEHT A RESE HESIINT DI N TES, QG & BB E B2
EWEEE Fig. 1.11RT [1]. KBS K2 EMLNEINSGETHS. JEETIEE
B o EL[OREVMED o 7288, HH, TH, NEOIIZERL, NE THEMIRE D ES
ERITEBRINPALESNNBEING., ZDL S IZELKEERUNE, hEH, NEAL
BHKEFIZHKL, BIRERIL < OEREREZRDS Z EPMoNnTWDS [24]. B{E
EEIAE LD R E X MISEE 2 R U TR L, AEEOKED? S 22K A O %,
HE L OMMITEND Z 212 X > TH/NE DV HRINCHREIT 2 2 itk b, KEEHLF
FRIZABE TR I NS [5]. TO XD WEEEDEMEREIZDOVWTIEZ K DRI NT
B0, LEPANMZENENERS NS, WMEHIREERT 270 CEBORERH B Z &
HonTwa [6,7].

AR IIEES © IZE R DR CHHE I NS 720, FICHERRE X E SR 2 A

Cz{rtl lage In this research, the pathway shown as bold arrow is focused on.

BC -

Skin |_>‘| Temporal Bone Human head

N == x Skin

H o=z H

i 52 |& S 5 ¢ Temporal Bone
o €2 |5 @ a
s ¢S |8 g g

["H =} :
gz iz JE
45; < 5T £i O ol

AC_,] Outer ear | Middle ear || Inner ear : Brain

Fig. 1.1: Pathways of air-conduction sound and bone-conduction sound.
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HINTWa., BERREIZE VT 19 i & 0 & XEEH M & RIS W2 AL TD
NTEHEY [8], BEELLEDEZ ATHIEOH NI TONT WS, HETIEA VA A —
PEHERE FORRIZLD, [EHLCEEENE KL, o0k (AEEE) &
R EEE U CRGR VS & (RS RIS O IZ R 2 5 (9] [10]. BEEIINE -
FEHOMEREZ B EEETHRETEEZ 06, ZhHICERNT 2 HIEE OmMliss e LTH
HAEnTwad, ZoiEh, BEETIE20kHz 2 A A BEHEPHTTE S Z LRI N
TW5 [11,12]. 2 OBSIIEEB ST L XN, @FH 721 Tk BEE OREH
BEDEBETHHINARERIGANH 5. T D7, RO TIHEMN R TH - 728
JEEANDBEAPHZE S N T WS [13-15].
BGOSR AIEFKRE 3T 2 L RENIR GIE L FREW IR HEN D S, &

BRI 22 B R VRIS I RE) 7 2 DA A, THEIREIS T2 THEG2REIY
5. ZOHEZHAVDDIZEIEETHIEE OO OHEIRTH D, BIZHOHIT2Z L
7> & Bone-Anchored Hearing Aid (BAHA) & KX 5 [16]. (REER 7 SIEIXE I EEIRE)
FEED M 572 DMFIIRE ZEZ SN0 5 — 1, ARIZR TN BIEIZ R 572 TR
FHATEZ 2D TIE AL, MBI FOWD MITEHS 2 HRIZROBERD 57224 <
DREMH 5D, 2 URBERNICEEEERZ AT 2RAVRZEITbOUTWS. S8

BIIAEANG 2R T IMBENDHLDITH L, BFEFITRMEIICHEAZNIXE A
RUTHHEDRNWZ &5, BEIZEU TERORREBAPMG T T WS, IR
DISHTIE Fig. 1.2 1R & 512, AMREE L IEEN A HEROEE, B U I3HNHE
LD DG SRR NRE 2 IR T 200 —RITH 5. B IS ~IRE) 2 S
SELZLZHELEZSDTH Y, SEFLIEL TR E 3 < BEZ D IRV FLREE LS
~ERENG, T NRE 2 EZ 2 BELRD B2, RET%28 5 NREOMRN ) TH
UM CIREI 2 RS 2 BB D 5. BT I3 EOBRND X5 ITHIHEL 5250,
BWHTHULNIT 2562 < DANIFEAZIRL 2 L OREVRH L. £7-, BIIEI OELL
CEENRE) T & Y TR 25 A, KEICHREVREI 2GR H D, TNITK LIEE DML
(Fig. 1.2(b)) I&MASHE ~DIREMEIE D 1Z A, KEREXPWRE 2 EMH L 72 E P ANEALDOFRT
ZELRANBH SN, FH - WEEA LU THRIND. ZOHAIL IR EflTE T &
DEZ A5, £z, IS TIIMERSBEHLTLES 2D, Thit &5 5510
PE PR E DM ANEET A RE I N T WS, ), HHEEECCAREDZH
D~y Rty N EREERTOT TV 75—y a vTid, BEORE I S EAE
WANELO 125 DD —RITH 5.



1.1 WS = 3

(@) (b)

Mastoid process Anterior to the ear canal

Fig. 1.2: Typical placement of bone-conducted sound transducers.

Suggested for comfortable fitting
<54 N (Toll etal. 2011)

Suggested for stable hearing

3.4 N (Watson 1938) Wearer reports pain
7.5 N (Whittle 1965)
0N 5N 10 N
| | | | | | | | | |
| 1 1 1 | 1 1 1 1 |
Contact force / Standard for transducer calibration
E and fitting for audiometry

54 +0.5N (ISO 389-3:2016)
Suggested for headband fitting
4.5 N (Whittle 1965)

—>

Suggested for stable hearing
> 2.4 N (Bekesy 1960)

Human head

F

Suggested for BAHA softband
> 2.0 N (Hodgetts 2006)

Fig. 1.3: Examples of contact forces suggested by previous researches.

112 BEEICLZ2FRTEEMENICET HEER

BB IFREST I HAEHE R Z WS THIRINTE D, KERRORRZ RERIZ &L -
TEMNEATEZZ WO NT WS [17]. & ITEHBERBFOEMENICL > THI X
BEDNEAT A Z M SNTWA [18,19]. Figure 1.3 12 2N F TIZREI N T\ 5 Hfil
JES1DH1% 77T . Bekesy S EEED L SIRE 25 A 2 5BIRE T D54, HATE A
24N LA EOGEIZHRREDOEBATTONSE Z L EZRLTWVWS [20]. ZOHIPHIZEWNT
[ Z 2 & 35D S Y] e E 12 RD 572 24-54 N I28 1 BEEINEER BTN T
B, HEROFAZES Z PS5 SAN KD VWEMENTER2IERTED I LHE
FLWVWEINTWSD [21]. ZDIED, ZEOWKTHRMIZ X D BT PRI N
THED, 20N E[22], 34N[23], 45N [24] R EPREINT VS, HEELREZ H W
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2356, FREMTECTEMUTWAE Z L 2 HRTA2RERH LS. EMTEIC L5250
A1 HETESE ] D 72 D DUE B E 2 ECIREHIEETH 5 Z 5 5, BEEEE 0 F K
(ISO 389-3:2016, %) TIXBZEBEER O IERHZEMT )% 54405 N TRl L 727 — &
EHWAZENEDLNTWNS.

D& ITHMTE N EEZ T 5 EEE CHEND 2 iR - 5HllE1T 5 720121,
HRE) 7 OElT ) % B S 2 A D S, IRE) T DAL OFEE XK E < 2T 6 JE
S Y 2 A UREAIE S 2 5HI0S % 753k (i) 33 0 2R 5 T3k (i) ~v BV FIZ
L OEET B HED3@YDFENPHNONT WS, (1) OED2FEN Y 2IREIT-&
REOHICHAT 2 FIETH S [25]. ZOFRITEEEMT N 25HITE LM H1H 5.
—H, EHe YR BALZEEER2IERT 2L EN VY EERPZF I ELE X, EH
SRl IZ v Y 24 L CEEIR T 254G, THRTFOEMIE TS5k 0n. Th bl
D7z DL H M T B S N0, () IREI FORER EDHRTIFEI DR E -
FEY)ZIREFICEEL I TCEOEMTENZEBLTWS [26]. LU ZDFEIX
i RAETHE Y 2 /ELMBENDH D720, AERNRETEHEITITRRREENBE L
D EEEDNEE A Z 2 h SHBESZIEFHTE RV, (i) BE QR A P HEESR ClE~ Y
RNV RZ2HAWTRE -2 EET 2 FEPHVSNE D [27], ~Y RNV NOATIEE
JESNEEHHIC E 2. FHOBEEZ VA ERERE T 2 BIMEZ TV, ZTNHITKER
PN E B THEMENR —ETHEZ e 2EHELTWS., L LR SREIKD
% ETHMTEAR DN SN2, REET TIREIF213TN25E6TH TR TOMENIK
DEETINZEMBD TR\, £z, FHEESRHRTEERTEIIC X 5 H D20 X
N, EROUWIFLL>TWNW5.

FOEMT R EE 5 2 THEICR AR VY L AT I HEE A IR L i, B
HREICB 1 DIREF Oz HHETE 2 & & H12, M THBEMENICIEL 25O
EIZEVEZ X2 —EIZTELAHEMNELD 5.

113 b MNOHEA Y E—F VR EFDOEHAIAE

HEETIEE MUREIVERT 22 TEEZAR TS, 20L&, b NOKE - Bk
HOLPT I Lo THMREIND FITLT S, ZOBMIREI D LY X 131 > ©—
RUALIFEN, HEHFEMA-LE, ZHICX> THBARAVPEEY TBEILZET
52, WA VE—XVAZ=FIVXLUTEHRETES. BEEIZEET B> -
RV AL LTIE, HEGOBEWEA Y E—X Vv AL REOBHA v ¥ — XV AN I T



1.1 ZEH R 5

Wb, INOHBMA V=XV AR ERMITE I I D BT 22T, BEEICL VAR
NEEVETELEEZONS.

SHEE OB > & — & v Ik R TEIE N, ZTOETABREINTWS.
Khali 5 DIffZETIE 2 DDk b DEHEE Z R e U THIREBEEZEHIIL, 1.3 kHz-5 kHz
DFIFNT 7-12 DIIRE— RH3d 5 Z & 278 L7z [28]. Hakansson & 1986 TIXEHFD T v~
E—XVADETIUDBREINT NS [29]. @S E7-e MOEBFF 2GR L U ZFH
T, FURRERIAIRE) % $R U 72854 500-600 Hz THART 2 Z L AURI T W5 [30].
INEDLICHETOBMA V- XV A2 RTEMEBEET VP REINTED, &
BNSR  RUNREACER L ZETURREINT N S.

FEOBA Y E— XV ABETIUNREINT VS, & NOEIIZE T 21 >
Y — XV AOFHAITI, BTSEH & O AR ES TH 1 > ¥ — XV A2 51T 230 A0MT
PNTE [31]. ZOFTEERY 1 OEMTE PR D5E, Bl -V 2%
KRIETINVDNTA=ZDRERLR B L HIRINTWAS. F7~ Hakansson 51EF X VARV b
% (UISEE CEE U EEE 2 IRE) X 556 L ARSI KR E O Ey SHikEI & INZ 555
AT, Bl E—XADKREIN10-30dB 725 Z L Z/RLTWS [29]. FERD
SEER A W B SEERTIE, K82 &Y 150400 Hz BRE THIRT 2 Z & BRI T
% [32].

s bOBA =&Y ADFHNCIZIRS F & 2z & B HREEE Vv O FH
DB 05, ek, B v ©— X v A3EROFHIE TRl T wad., O DiEAa
V=RV ANy REREEN S EEE % W CIEE & kS % 5Hi3 2 FiETh 5 [29].
AVE=X ANy RCEHIIL 72 E 2R L, TN CTEHAIIL 720k 2 &% Z & TR
WA =X 2% RDD., ZOFETIIHELOMM A v E—X A %2KkDEZ &N
ARETH DN, A =X VAN FIlE OMBESRE ITHAAD 2 LIXES TIERW.
iz B IEF AR Z FHWTHZIMA, L—Y— v 7 SiREE & 13N 5 IRE g
ZEHHIT 2 EETHMZT S FEND S [33]. Z OFEIIIRE T D IR S AN ORH)
DEE FHIIFTRETH 278, L—¥— Ny T IiREGE 2 HW 254 ¢ N OERES) & 212
L OISR E 22T 5720, HBZEE L CEHT 2 H0ELH 5.

PED XSz b OB v B — X 0 AGHANZ I3 RR LR ERBETH D, T o 2
fll = S HERE D 72 O I MBS (TR AGA D T & IFBERTIE 0.
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1.2 MHREMNRUERERK

AT e b EHRE) T OEARIERIC X D IREREDN 2T 2 2 L 2RAL, REITE2 N0
LTk bW V=XV A%EHT 5 Z & CHEMTEN2HETIE2RET 5. AW
DO HMIZEEIRE T OBLRA Y E— XV ADEMTE I & 0 2T 5 EL, Y
L AT HEE FIEEENL T 528 Th D, R XX OMEIIAROM®Y THh5., F1E
T e U CEREOFI &G, Z OB L 72 2 ST OREF IOV TR
7. F2ETIIEMENHTOBEEZERICIORTLLEEIL,  NORFLEEHKEL
TV hLENRE L, BERETFOBR N Y E— XV AN SEMTE L 2T T 5 FiE%E
RET D, EIRTIFE2HETIRELAFEEZ L ME2NRICFHGT 5. 12 AO#EE %
WHHREUTIREEZIMEL, & MIBU2EBERG O v E—X v 2282 HwT 5 &
LHIT, REEOHWEREEZWSNMZT S, FEA4ETEIU EOEREZL LIZI Y E—X Y
AZALDOEMMEIEE TN 2 REL, TSRO EMENEZRTS. 72, REEE2H
W5 Z & TEEIRE T OAE T & EOEM AR OBREHS ML, REEOFHEE
RY. BS5EIIFMTH S, Figure 1.4 ITARGR X DR Z RS .
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Fig. 1.4: Structure of this dissertion.
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BEFIIHETRR 2B, RETOHEMTEIZE D e MPE I NEEVET S
TSN TWA. Figure 2.1 IZARFZE TR & 2 BAUE D OB ZRT. Z DX,
b MREET S BTN DIED, IREIFEREORIZEBEZNEEEL D, TNIZKDEVE
b3 %. REROBEMEHFMETIZ, BIOY > YRR E L 7 B 7= O~ 05 AV
LW N D 5. M, BERE FrOBESKWRICEET 5L, FMiEEKETLEL
TEZDLIENTES. [ERZOHEMEEET VEH NS Z LT, FEREFOH LTS
N FEWBOBEEE U TRTRAPRINTWVWS., RIEFADEERE 1% HWTH DX
NoEZ2FHIT2RAATHDLOD, BFETETEEZ FHTHITIIALYA M FEIFE
NERRBEM B BETH D, b MIEE SN T8RS T OEAREZ FHITE 250D
TIXZR,

AFITE T MINT 2 HESRROEREZITV, TOMERZIERT 5 [34]. Zhic
SHUTT7 7> baENKE U THEMENIZE2BERHFOELKT Y E—& v A% L%
R, BMECEB2ELA V=X ADE A TivE W B BT S O TR fRE
T 5.

Bone-conducted sound transducer
Skin Human head

Temporal Bone

A
Amount of hair
Tl

!

Inner ear

and A4 affects to the sound

Fig. 2.1: Overview of contact force and amount of hair.
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Sound at the inner ear.
This cannot be measured directly.

S Hao Human
»-| Hyc Hear the
X + mixed sound Transd
S: Sound | X (AC +BC) rrgglol}lscgslenarch
+ and adjust H
! until they are
> 1 SH suppressed ¢ 9
) (")
When the mixed sound is suppressed,
H would be - Hxc Human head
(a) Method to measure AC and BC sound difference (b) Placement of the AC and BC headphones

Fig. 2.2: Measurement of the difference of AC and BC sound using cancellation
method

21.1 EbEXNRET ZEREMOFIEETAE T DRE
EHRRFIEZ= DFHAIRE

BIETRLAEZEEBY, FEFLGEFIEHLOENHFIITHARING. 202t %
Bekesy 5 0D T UBRIZHIM E S n-DiF, KEE - BESHPNEOFTTHHHL
BEOBKXTH S [35]. BEYE, [EHFLHIZTOEMREIRELRRTHD LNET S
&, BERGOEDOFEMIZED, 4 DEMP SRR UZEEE L QEEDNE &5 EHRET
X5, DEONETINSDHDHEIZ0I1Z7%5 &5 RN - MIAHOMAE DLEDF
35, ZOBHKEANSZ LT, ZHhE CHEBEOFIDH L D - 758 ORI %
%§%®E%%%Kﬁ¢%%tbf%ﬂ?%:tﬁﬁ%?%é.%M@E@%Hglﬂ:
KT A~y RRYe o NHICE S KREH ORI %2 R ITIEREZE Hye, BEHORK
WAEIE 2 RS ERIB R Hpe © B/ T 5. F7z, HEG 3JE IR Y AT 28 7 {5 R B R
HZEBELTABIZERLTWAEDE TS, ZDLE, @{—DFSE2INSEEY - BE
HFEUTIRRUZE, ANEONBETHREINSHF L SHAc+ SHHgc L RT Z N TEX 5.
ZZC, NEIZE > TEPE I AR RELD HEZHT S, 20L&, HIFIRATEK
INnb.

H = —HacHg} - 2.1)

ZOBBRERY, E0BIZABL RS EIAEPHZHRHITHIZ T, JESLEES
DRI DENZFHIT 5 Z & SAHETH B. 72721, Eq. 2.1) DBEfRZm 72T L D12
BRA IR AP BR D 2 B0 FIZOWT H 2 #AfiT 2Dk, NI A—XBFRTH O BHFER



2.1 XL oIic 11

TR\, ZZTARETIE, B—AEMOEZ2ERL IOV T H 2Hlfids L
, MBI BT BIRIE - A D 2 BB O AR S ETEHIZITY, ThEERE
BT D IRT Z & TIELIIZ H 231l 5.

I E TIZHRRZER (Fig. 2.2(b) AEA) SR UZE IOWTZDHE G
%b,ﬁﬂfo%@Hﬁ&f%é%a%éawmmﬁﬁﬁéﬁwb%@im%ﬁéﬂ<
LESEWVWISRARRINT WS [36]. T DHUH T I3 B & $2R & Al O T % HLlki
[EDE S AEED SIE WV EICFER I N T WS 728, Fig. 1.1 TRT 55, Temporal Bone
ERETORBOEZFILTCWEEDEE X 5ND. O TIEFHL 7GR
AEFHT ST, KEFITIERERVE DDOFIEOMREHBI > TE O ZDHIENE
HThdeiEmoIOTTnWa., LXrLENS, ZORBTERZERIEL7-DIZIE NI VA
Fa—YEEEFMULTEIBRERD D, RIFHOEEDVH L NI Lh o iHEH
M IZ I3 AR TE S TR,

BEFLEE~NY Rhr e LT BN DIXEOREBO S (Fig. 2.2(b) ARIARI) 2 b
FVAT A=Y EMULMITZEDOTHY, ZNEIANEEIGES HEEHEWI &0 5 0dko
FEC IR EKBBREILNFHTES., LrLAYS, ZOMBEIZEZ2IERT 56
BLTRINETITRFINTWARWL., KIFETIE, AHEPSL S OEMEMKT 5 &0
SRED S FARCFREDORINTE L L E R, FHT ORESLEES2F vy LT3

IZ& o TINS DIRIREIMEE ZFHIIT 5.

%
H

il = DETHRIEER
WERE I TR D FIHTERZ1T - 7.

1. #ERF X Fig. 23 ITRTEDICKE - BEDOAY RRVEHEET L. ThEhD~NY
K& OBEEESNIWERE D A THE IR U R I 2 9 5.

2. B—JHPDF I OWT, HEFOMRE - AHZ2 2 LT ETHREFWNES CH I X
LSlAGHLEZHT.

3. HMELP 2 Z LI ATWAF L 2 HIRL, HMEL L35 R UMNILKHEHIZS
5E, ZOROHASHLEZERT 5.

4., EFd2. 3. 2MEHIZDOWTITS.

5. BEEd2. 3. 4. 2B AEZ NS 30 B KT,
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(1) output AC and BC sound Amplifier IAC Sound

D-A I for AC sound
PC [ C
onverter
L Amplifier

for BC sound |5 Sound

(ii1) Adjust amplitude and phase of BC sound
until they are cancelled each other

(i1) listen to the mixed sound

'\\
| |
AC’jeathone

Front view Side view

Fig. 2.3: Experimental setup

24T S FEEIC DWW T, EETFIEZ 1 ST 21247 ORI A 2025 Z &
Mo, TRRBOREEER SN D H/ND I L UT200Hz 725 15kHz £ T% 500 Hz
TLIZ30RELENTNIZDOVWTCEHIZ T o7, ZORBTEREZIT- 72, £2TOMA
BT DOWCEIZFE A 2 £ TIZhD o 2IIEEIT I RERETH 5 2. HllZiHo
BEITIE, LEOFNEEFHIL 2055 EBICIREE S B EIEHIEOERE L. Hhi—,
BN ERE R OEETIRRAL TWVWARTOREETPHEI 2R WEEIZIEZTOE
ARk T AL OHR U, 72, KEFLHEEEZX Y UL IELIENTET, 2<F
DEMLURWERITIE, TOGHMT 2 X 2R Uz, Zofth, HEHEPERIIZEL 72
FEOMZ A fimEx2EBBIZe TV V7L, L7z,

FERIIMEENTIT 72, KEF DAY REVIZIE MDR-7506 (Sony) 2\, 7> 7
IZ E6 (Fiio) ZfHH L7z, BEZ D~ K& IZIE AS400 (Aftershockz, 7 > TWIEK) % {H#
ALz, RESBIOBEEOT v TOMIERIZT N TOWBRE TH—L7z. D-Aav
IN—RIZIZ USB-6259 (NI) Z{HH L, ¥ > 7V v 7 REEE 500 kHz THEZIT 77, R
#1Z1% LabVIEW (National Instruments) & I\ CHEZ OIRIE - A HHZBIESIE7-. #5R
T ORI L BHRIE - MHOZLIEHAET 2 ED 1 AMI L ITKMT 25D L L.

FREDERE 6 ZOWERE I LIT o7z, EADBIZDWTRES & FEEHE k5 KH
ZRARLK o IROGEZ I T 2 BEE O NN EEORIED &2 #ERE Z L izzhzh
Fig. 2.4(a)—(f) 12T, F£7z, TOROKRE S & 58 O HSEE DA% Fig. 2.4(2)—()
2R, 20D BIRIEHIZDOWT 6 4 DY - (R % Fig. 2.5 1TR 7.

% 9 Fig. 2.4(a)—(f) KU Fig. 2.5 2 A5 &, 3kHzHED 5 7.5 kHz (i ¥ T&, 8 kHz
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Left ear e—e Right ear

[}
2 @sumea T ]z [t subject T
& _ = 20}
°3 £ B
EL G | ]
s E 0 L»'\;f,r-»\.z/'/ﬂ
g ~
< -100 . - 10 , .
>O%) Subject 2 30[(h) Subject 2
A 20r
g 0 ) )
E b 10 -
Q - S
)] SSPE
10
30

(i) Subject 3 o

-100 . ,
S0[(d) Subject 4
g 0 [ .
Q250 \\/\" WA No2 .
U
(e) Subject 5 (k) Subject 5
o
oo 0
50 (f) Subject 6 (1) Subject 6
_20f
g 0 FNW%w‘&“
" ﬂ ok i OM_/v’ﬂ
-100 . , I e
0 5 10 15 0 3 M) =

Frequency (kHz) Frequency (kHz)
Fig. 2.4: Results of the experiments. (a) — (f) amplitude difference of each subject, (g) — (1)

phase difference of each subject

MED S 12kHz ML E TR T, EOMERE THIEF 1IN UEES OiRiEA Mo
WERIRIZHARKRENZ b5, £z, 3kHZMEIZH TR TOYWERE T/ v FHH
bhd. ZHIELENFOECTHRKROBEALP A O NG, ZNSIED-A IV N—XDFE
HEROKEEDT v TANDATE» o A FEBRETH O, BHARTIESDEDH5 D
DDEEENRILR /) vF - U= DRFEBP—HLTWE., ZOI LIFEBITRUEHE
Lo TREE L BESDOAEZHMTESL Z L 2R LTV, RIZ Fig. 2.4(g)—(1) % &
%Y, QB FEEDOMHZIMANMIE > TREIESDLZeWbh 5. Ll
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Left ear — Right ear
50 Error bars represent standard deviation of 6 subjects
3
5
g_ 0
SR
52
29 .50
s
Z
100 1 "
0 5 10 15
Frequency (kHz)

Fig. 2.5: Average and standard deviation of amplitude difference

5, EEDOHEREFIZBWTREEED LS Z TP EG SIFELTE D, ZokRiE
FARERRAROLE S L BFEEOBEICBVWTAT 28D THIEEZIONS. 12
U, ZOREBEBEMEZIZT TR~y RARVORELHENTWBEDT, MAELNENS T
HHINY REUDROHANINTRONEEF TOBESFLLREZTDADAZ R TWE DT
TRV, ZNTH ZOEERMEEZHWE 7 VX E2HHT L2 T, TV 7P~y Nk
Y OREE IR L THEAY RERVY RS H 71 LKBEENTIND LS ICE2IRT S
EDARETIE WAL EZ D, ZO5E, ERICEBEMORIEE SESE, MiERLDOF
HEKROFHIEROEEE THIRL, TNENEERENEND D EBGLT 2 BER D 5.
ARERIZPVWTIRGAES - BEEHOT Y 7R ENTNHIERZRE 2R EICL-> T
ZALIHTH 5T, Fig 2.4 121 5N 5 BB ERED 2 XA CAET & B85S D5
R IR WRH LI 2 RBLTVWS, ZOLIREVWEFEETLZDIE, FTUA
T 2 —H O M IFALERHUSE &\ o 7SR DR DE N &, BEEBO TR K8 DE
ADFENE WV IZfANZEAEDED E NS 28D DR EZ 655, FHIHTEZ 21k
SR ORMERMEAMIZBWTERROERAR NS L EZXOoND. INoilEED
ML, BEGFRRIC X B OMERERIA ST 5 72011%, Bl SO EREM %
ERAIZFHIT 2 BELRH L LEZO5ND.

212 BEFELXIEFTOLRFUEEMEICL2ETREMNDRE
{E R M 247 IE DRI

BIEIC CEH 247 o 72 G A X K8 S e BEEDEZXLTEY, ZThE2HW5Z
CIEoTEEEZMETNEDZ0PEXREETTH IO LD IZHENE DL Z EBHA[RET
HBHEEZOND. J{HBZE Fig 2.6 (TR Y. GHIL 7= H 13 H = ~HacHgl L 75
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S S Hac
—_— HAC —_—T1 —————

=8 Huc

Complementary Filter

With complementary filter,
the sound at the inner ear sounds as if it is AC.

Fig. 2.6: Compensation of the difference of AC and BC sound using measured difference of
characteristics

5206, ZOLMEREEZBALZ ETHEEZFIZLDE S 2ZBWEEGES, TONEIZET
B HRIE - ALAHAFMENS —SHAcHg Hpe = —SHac £76%. ZHNRKEETH 2HW 55
FURMETHD, ZOZ OB EETH> THARINDIBITIFKESHYDOFIZR -
TWEZEWHIRTES.

IR ERIEIC L 2 EREMANDHEOFMER

AREERIZB W TIZATE DM EZ OFHINTIN A, HHEAREZ GHIIS 5 72 D EER
2175, EBRFHITEHOLEB D & Uik,

1. BEERARERE &2 Bl
2. BT &SR ORI A
3. HEREAFER

FERCIIMBRE 12 Fig. 2.7 \OR T 8 AP S FZ2FR Uz, AE—AIXIEHEA S 45 &
TO8HMIZAY — A Z2E, BEOFLLS | mOAEICHE L. RS I 5 EIER%E
T HBITIIWERE Z L 2P ORI A AT o 72 BEIEMER R A SR F I B AAA T, R
IZ1& 500 Hz 225 15kHz £ T500Hz T DAKEBEZELE 2 AW, RREORI I 1s
U7,

SHER AR DGO BRIZ I ELA D~ A 7 0k > %z 0 AR O EEER D HuFE Y D
MEIZEE L, ¥ 27 vk BROEEER 2 2 nTh POsHIZIT- 72, #aEIC~
A 7RV EHEEL TEHIU 2 EBEERME» O <1 20 R v DA TEHIU 72 & BBV
EDFREERD, TNEZFPS OETLERSE UTHA Lz, FHINCEA L 72551
Log Swept Sine(XI #8375 1IE5%3%) [37] % 3 IHERE U CIEE L 2 H OPIZHY T 2 XD
BEEZILE L UTHW ., §Hlll7225R5 % Table 2.1 12, M % Table 2.2 /173, <
A 270 RVDEFIEXT YT RBUMZBIZAD I N—=X %@ LT PC Ntk L 7-.

FEEIZBWTIE, WRITRT M (D) 12D WTEMEMEZFHIL 7-.
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Loudspeaker 0
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20
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o

Wall of anechoic chamber

Fig. 2.7: Experimental setup for measuring sound image localization

Table 2.1: Specificaiton of log swept sine signal used for experiment

Signal length 10 kSample
Signal shift 6 kSample
Sampling frequency 100 kHz

(1) WEREDRMIZEE LAY — 05 5 2IERT 2548
ZDGE, BAY =S RAUTRTE 5 28R T 5.

30
ﬁm:szMﬁﬂ 2.2)

n=1

T 2T, f 13H S DEMEE 2 S U 2B BT H Y, f, = 0.5,1,..., 15 (kHz)

Table 2.2: Equipments used for experiment

Names Model numbers Makers
Microphone CS-10EM Roland
Amplifier PCM-D50 Sony

AD Converter USB-6259 NI
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THb.

(2) [REDANY RERVNSE2IERT 58
SEBDONY RRVELADOIRT 55 %2 TNT A siac, siac & U, Fig. 2.7 13RT
A=A m ITRHIET BLELAEANDEEA VNV AIREZ ZNEN hyy, ey &5 5.

ZDHGEITE, ~NY REARYPOIRMITRT sjac, siac 2R 5.
30
siac(t) = hyp o Z sin(27 fu1), (2.3)
0
stAC(f) = hem © sin(27 fut). (2.4)

n=1
ZIT, fogldflgDKREEBAAAZRTHDLET 5.

B) BEDO~NY REVNSE2IERTI5E
ZDHE, &M Q) TRUT siac, stac ZHEDAY REVY R HERT 5.

@) BEDO~NY RARY 1S 3ETROZEWEEEZDOMEZITWE 2R T 5556
BHDO~Y FRVELAD SRR B EETNE N sipe, sipe T 5. £z, FoFE
BU 758 & EE OEBRREZ I OWT, f IS e 2 EADKRES & 55
DHRMELLE ALy, Arp DMAHZEZE GLp, den &5 5. ZOHEITIE, ~NY RERVRSHIR
RIIRT SILBC» SrBC EIRRT B,

siBc(t) =
30 (2.5
hl,m o ZAl,n Sin(zﬂfnl + ¢l,n),

n=1

sepe(t) =
30 (2.6)
Ry © ZA”’ SinQ2m fut + ¢rp).

n=1
FEERIZBWTIE, £9T8M4:02), 3), @) IZOVWTENTH, &FHS HFANZDOWTS
[ OEDRREIT> 2. TDHE, KD~y KRV E2ILUTEME ), 3), @)IZ2\WT
FRRDFEER % 1T > 72, EOIRROIIIIIELIZRE L. ZTNS6DFIZDWT, A IZ
X8 AMDIHLED AN ENREI A ERIETSHLIEBRLU.
fEH % Fig. 2.8 \Z/”T. Figure 2.8 DZHTZNZEN LGiD 4 Rzt d 5. 7z, &
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Fig. 2.8: Result of the sound image localization. (a)L(f ) Presented from real loudspeakers, (g)—(1)
presented from air-conduction headphone, (m)—(r) presented from bone-conduction headphone
without compensation of characteristics, (s)—(x) presented from bone-conduction headphone
with compensation of characteristics. Each row shows result from each subject.

St WEERE T L IR IEMRD G IR SG1R % 2 12 [R5 % Table 2.3 1239, %9 Fig. 2.8(a)—(f)
DFERP S, EERIZH N2 30 DRBOATE SR GEDEIE %2 EDH B ATRETH %
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Table 2.3: Number of incorrect responses

Subject No. Condition

- @ 3 @
14 13 18 18
13 25 21 19
18 20 28 25
22 22 21 24
22 18 17 19
17 22 25 19

AN N AW =

ZeWbhb. WEREIZE > CTHBEMOIERES TR DN, LA H G GBRENDE
REMERADZLIZEOHBREIZE L, BUARBRARORMIHEL W bbb,

B2 5 [ D EALIT IZBMZER B D IE D, MEDOKE LR ENRESSHE T EELNTE
D, HEETOFERTH > 2 7-DICHIEOHENE oD EERA LGNS, TN
Z, BEHECIZEEMICEREZT>TH5-oTHED, Fifi3EOAE =T HBHFRIZA -
TWZens, INSDRBIZL S THIAICEMDPE> TWD I AFEZ LS. &
7z, HIREARE S00Hz L ADEEHAWTE D, ZOELVEIERLGRANDENZHET 5 H
HeizoTWbIebEIOLNS.

DFEIZ, Fig. 2.8(9)-(x) 2 LT 2L, o ORIZEEEAREND D &S ITIFR A,
Table 2.3 IZ/R T RIEMOBZ I LU THRMIZE > TEMT HMAPA RS ND DI TIE
L, ZTNSIEFAZEDEMEZ L TWEDTIRRZWALEZSND. BEHFIZXLDMIEE R
ZUL72H00, REETIIHED-ODGET - HEZ OREZEFHD &% D FEERRE
IRETIZ I RHEREP»-TED, ZOMICHEERI 72 FNTL EWRENED > TW
DHBEMED D 5. BEEOEMIE 2 FEERT 21T, HHRERADRIEDRNE DA A
ST 5 &S, BHEIRE) T OHAIRAE % BRI U RHED 2L TWRnZ & 2 LT 2 0%
EhRd 5.

22 EfMEAHICLZHmFEESSA Y E—Y Y RAE(LDORE

PREIRIT & B BT e 1B R T O T RIS v ¥ — & Y AV RS T RO
t NOBT Y E— XV AL TEAT B Z L Z2HVS. Figure 2.9 IZARWIZETHW 5
FEIREFOSMEEE TV 2 RT. AR CREERHFOMFHEL I Y E—F V2
Z Y, BEEHTLS R OB V¥ — & R 79 ROEEIRE - FR DB 1 >~
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Measure contact state of human via

electrical impedance of the transducer
Force of
Bone-conducted transducer vibration F,

Electrical signal Mechanical signal I-) Impedance
L—-]- F-—- 4 F— of human z,
E Ze Z o
’Q tET_ AVE ©-Al ;T#Qv J Velocity of
o l : 6 t ! vibration 7

Electrical voltage F m=pp

Electrical current /

Fig. 2.9: Equivalent electrical circuit model of a transducer on human skin.

V=XV 2 OBFREZENRT S, FEREFVERAOIRT FChHod I L 2lET L L,
HRE) 7 DFEAES B F, ROHRE) 7124 5 BIR DI XA DBIFRAYEL D 32D,

F, = Al 2.7)

ZIT, A RIBREEFENSERTHY, IREFITRNSERVERFZIZL>TH
ZEMI NS ERT. £, ORI FORIRAEE V CHREI L& &, ERGEE
12 & o Tl F-FNC BN S B BCEE E, 13IRA 2 i 729

Ei = _A[V. (2.8)
INSDBBRANS, IREFICIMASN-BEE LBR TIROBEG 2T,
E=ZJI+E =Z1I-AV. (2.9)

ZIZT, Z 3BEIRE FOFE 1 =XV ALIRENZMETH Y, HREIT2HRE) L 7%
W (V=0) & ULG&IcBllEn2ifFlof =X 2AThb. ZHHREFD S5
BLRRILEDA V=K v 2% KRT. FARIC, IREBTFORETSZNF LIRENEE V OBE
RIFIATHRINS.

F, = —AJd + (z+ 20)V. (2.10)

Z 2Tz \ZRITBRIIRFF DB T V=X VA, 20 IJEE 06 Bz b OB~ ~
V=X VATH5D. ZN6R(2.9), NQR.10) 25, IREITDEEE, BRI, HF, #E
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VIZRADEFRTREINSD.

E
F;

Z, A I

4

2.11)

-A; 7+ 20

WRITZDOBEBRAZH WS 72D, ATLXAN RZHWTF KOV 2L, WEON
TA=REEELTCWS. ZTOORHFOATIEHDREHIZITS Z e TET, K
REEAZE=XD VI TERV. ZHUTH UAZEIZZ OBGRD 5> 5, REIF1EEIH
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Impedance analyzer {(ii) Measurement with human
(E5061B, Agilent)

Contact force
F=0-5N

Transducer

Electrical
impedance

of transducer 7 ,

Aparture of transducer
d =18 mm Force gauge (HF-100, JISC)
Coil sprin

‘Transducer (AS400, Aftershockz)

Contact force
F'=0-5(N)

Artificial skin
Acryl board
3 mm| | Acry’ board

Fig. 2.10: Experimental setup for experiment on verification of characteristics of equivalent
model compared with human head.
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Table 2.4: Physical quantities of materials used for simulated human head.

Physical quantity Value
Gel sheet
Density 1.04 g/cm?
Longitudinal sound speed® 2536 m/s
Attenuation coefficient? -1.9 dB/(MHz cm)
Hardness Asker C 30
Acrylic board
Density 1.19 g/cm?

Longitudinal sound speed 1534 m/s
a) Marked values are measured by experiment.

Other values are from datasheets.

~
o
N
~
o
~

Impedance /2] (Ohmn)
Impedance /2] (Olin)

Impedance =2 (rad)
Impedance =2 (rad)

Fig. 2.11: Measurement results from experiment 1. (a) Measured electrical impedance with
equivalent model and (b) measured electrical impedance with human head.
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HThd. TDd, U7 7V MLDOWEETI, 1 v E—X 2V AD WL Ll
FOENSOBALIERE Y TS, £, ¥—7210, 11, IV &, AEROMEEL2ZT 51
V=XV ADMEANIZ DWW TEET 5. Figure 2.12 12, ZEd0ZEh 7 RETEHHIL 728
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Table 2.5: Frequencies and impedances of peaks obtained from simulated model.

Frequency (Hz) / Impedance ()

F(N) Peak I Peak 11 Peak III Peak IV
68.95/11.29 180.7/14.47 1506/10.96 9532/12.84
76.34/14.61 217.4/12.77 1506/10.75 9532/12.55
80.06/17.69 261.9/11.35 1506/11.11 9532/12.84
83.43/19.43 282.5/10.86 1506/10.97 9532/12.88
94.78/26.86 not observable 1686/9.908 9890/12.63

Table 2.6: Frequencies and impedances of peaks obtained from human head.

Frequency (Hz) / Impedance (€2)

F(N) Peak 1 Peak 11 Peak 111 Peak IV
48.24/16.27 129.7/22.02 1454/16.55 9532/17.69
51.63/15.25 123.8/16.93 1506/16.60 9532/17.70
64.97/17.06 119.9/14.76 1506/16.59 9353/17.71
68.05/19.31 not observable 1506/16.68 9532/17.86
83.43/26.42 not observable 1778/15.57 9711/17.75

40 peyrrrre—r—rrrry—r—rrrr——rrrm
)
R | 1 '
| .
% m Y
g10- 1
() I R [ [ |
10' 10? 10° 10* 10°

Frequency (Hz)

Fig. 2.12: Electrical impedance of bone-conducted sound transducer without contact to any
surface.
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Impedance analyzer Transducer
(E5061B, Agilent) Human hair

Human skin

Electrical Bone

impedance 4

of transducer Z Jocgee |: J .........................................
Aparture of transducer Simulated model used

d= 18 mm Force gauge (HF-100, JISC)

Contact force
[7=0-5(N)

Transducer (AS400, Aftershockz)

Amount of hair .
A=0-169.6 (mm’ Human hair (BS-B-A, Beaulax)

) NG *Artiﬁcial skin
mm Acryl board
3 mm

Fig. 2.13: Overview of the experimental setup for phantom.
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=—A4=0=-283--56.5—84.8---113.1--141.4—169.6 (mm’)

©

(b) (d) ®

=30 T =30 g

= =

S S o 14} =

N 20 N 20 % 12

3 8 S

2 y \ = g

S 10 310 210 1

2 3x10 10? 3x10% 2 3x10 10? 3x10% a 10° 2x10°  3x10°
E Frequency (Hz) g Frequency (Hz) k= Frequency (Hz)

Fig. 2.14: Representative measurement results from phantom (a) Electrical impedance with F
= 0 N, (b) same condition as (a) in detail: (c) electrical impedance with F' = 0.5 N, (d) same
condition as (c) in detail: (e) electrical impedance with F = 3 N, (f) same condition as (e) in
detail.
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5. F7z, BEZENZT AL EMITENIZ L 2L IERL LM =XV ADELLR
oNd. RHZEME DN WEAICIEBERIZE 21 VXV AZLITHETH D,
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Table 2.7: Frequencies and impedances of peaks obtained from simulated human head model

by varying A (F =0 N).

Frequency (Hz) / Impedance (£2)

A (mm?) Peak I Peak 11 Peak 111 Peak IV

0 68.95/11.29 180.7/14.47 1506/10.96 9532/12.84

28.3 70.67/13.09 191.3/12.24 1506/11.57 9532/12.87

56.5 57.79/9.219 148.2/19.09 1531/11.57 9532/13.09

84.8 43.03/8.661 142.8/24.37 1506/11.95 9532/12.86

113.1 51.63/8.906 142.8/19.82 1506/11.78 9532/12.87

141.4 39.31/8.570 142.8/26.58 1506/11.80 9532/13.05

169.6 45.26/8.571 142.8/20.83 1506/11.86 9532/12.90

Table 2.8: Frequencies and impedances of each peak obtained from simulated human head

model by varying A (F = 0.5 N).

Frequency (Hz) / Impedance (£2)

A (mm?) Peak I Peak 11 Peak III Peak IV

0 80.06/17.69 261.9/11.35 1506/11.11 9532/12.84

28.3 79.18/17.30 261.9/11.13 1506/11.30 9532/12.97

56.5 80.60/17.17 267.1/10.57 1506/11.41 9532/12.87

84.8 80.60/17.10 256.8/10.65 1506/11.52 9532/12.85

113.1 80.60/17.54 247.3/10.56 1506/11.50 9532/12.86

141.4 79.18/16.31 243.5/11.13 1506/11.54 9532/12.86

169.6 80.60/16.53 243.5/10.76 1506/11.58 9532/12.82

Table 2.9: Frequencies and impedances of each peak obtained from simulated human head

model by varying A (F =3 N).

Frequency (Hz) / Impedance (£2)

A (mm?) Peak I Peak II Peak III Peak IV

0 94.78/26.47 not observable 1661/10.26 9711/12.65

28.3 94.78/26.88 not observable 1712/10.20 9711/12.63

56.5 94.78/26.42 not observable 1742/10.39 9711/12.60

84.8 94.78/25.53 not observable 1814/10.81 9890/12.59

113.1 94.78/26.69 not observable  1814/10.75 9711/12.60

141.4 94.78/26.63 not observable 1814/10.85 9890/12.64

169.6 94.78/25.83 not observable 1814/10.55 9890/12.56
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Input x ) Hidden layer /
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N—~ Ou yer o
Absolute value % : . =1 Output y
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Argument N0 ; —o Amount of hair
of impedance : V wAjE: Weight from node j to k
n values Network node

Fig. 2.15: Estimator of contact force and amount of hair with neural network.
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Fig. 2.16: Estimation results. (a) Estimation result of hair, (b) histogram of the estimation error
of hair, (c) estimation result of contact force, and (d) histogram of the estimation error of contact
force.
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Electrical
impedance

of transducer, 7,

Impedance analyzer
(E5061B, Agilent)

Aperture of transducer
d =18 mm Weight

Transducer
(AS400, Aftershockz)

Contact force
'=0-5(N)

Human subject (ages:21-27, 12 subjects)
ront view

Fig. 3.1: Experimental setup for impedance measurement with human subjects.
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Error bars represent standard deviations. —F=0IN —+— F=05N — — F=3N
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Fig. 3.2: Example of the measurement results from all human subjects at F = 0.1, 0.5 and 3 N.
(a)—(1) corresponds to the measurements with subject 1-12.
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Fig. 3.3: Example of the measurement results from human subjects. (a) example of change of
the electrical impedance, (b) comparison of free response to contact force of 5 N.

DA V=R ABND Z N PRTE 5. EROERIXIREKEAARIZHEARKRENT
n6, I OIIRFERBUT IR N IZIREIR O AD IR AR N ZEZ S50, Zhbi( v
=X VAR ONEZE =2 IORERNTIRZWNrEEZ S, fith, =210, IVIEET
DWERF « TRTOFHETR NS Zen o, BENFETIEIZL LRV v E—X
VA, B ULKIRBSN A VE—X VANFEREEZEZ NS, TN E TICHEZE L 7= Hfil T
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Fig. 3.4: Peak change of the electrical impedance from human subjects. (a) Peak height, (b)
peak frequency.
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(a) (b) BC transducer | human head
diaphragm. xSkin
contact k, S
force F ‘M’E
- -
housing” d
Electromagnetic force
(© k; K,
X/
my 1m,
[ | /]
. dt - - ds
X Housing Spring only diaphragm moves
Diaphragm stiffer skin

Magnet (d) k, k,
)
. (/
S by
. [ | /]
higher F d a

housing and diaphragm move in-phase

Fig. 3.5: Model of the vibration of a bone-conducted sound transducer attached on a human
head. (a) Overview of the transducer and human, (b) model of the transducer and human (c)
vibration of the model with low contact force (d) vibration of the model with hight contact force.
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o— i - -
Bias for nodes | Lt Weight from input i to node j

Fig. 3.6: Contact force estimation method with 3-layered neural network.
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@ e True line
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Estimated contact force (N)

b _
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Applied contact force (N)
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Fig. 3.7: Results of contact force estimation with human subjects. (a) Applied contact force vs.
estimated contact force, (b) histogram of estimation error.
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4 1 1 1 1 1
Error bars represent 90%

RARRRRRARRES

Estimation error (N)

-4 1 1 1 1 1
0 2 4 6 8 10 12

Number of subjects used for training 7

Fig. 3.8: Relationship between the estimation error of the contact forces and number of datasets
used for training the estimator.

Table 3.1: List of the 4 lowest cost functions and the frequency ranges.
C Mean Measure  fgart  fstop

error (N) time (%) (Hz) (Hz)

0.37 0.123 543 183.5 44850
0.38 0.123 7.28 137.7 33670
040 0.114 17.1 57.89 2445
041 0.116 17 57.89 1835

34 4 E—42AOFHHERETIE & HERE KU EHARF
[ D%

Bt £ COEBRTITES T v E— XV ZDGH% 10 Hz-60 kHz D2 W H & L TH
D, FHIICIX 2 HREORMALETH L. HBRIZKVHFAES N LRI R L H D
D, FBOEHAIFREE 2 EBH T 2 EMIIVTNOHRIZBEWTHHEE 25D DTH 5.
fs, BT K> TESA Y E—Z VAN L TWD DI — O AR IR TH 5
ZEMINETOENPSODLRro TS, FHIER L § 2 AEBGREEZRKS Z L Tieke
FE OHETKEE DR AT RE T Hh N, FHUKFF O R MEHES PR TE 5.

BT Ff & TI2AT - 72 EBREE R D 5 10 Hz—60 kHz O TEHII L 72 300 f1% 30 2% L, B
BB frvare L ORE T I frop 2 TR TOMAL DL DWTHHI L 72 [42]. D
BRITHEBTZEHI U 2 EBRAERD 5 b, YHEFHBEBHEEOHROAZHNT=a—F )
v N7 — 2 FE I FHEE 12 AOEEBRED S B 11 NOWEREDT — X &2¥E
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Fig. 3.9: Results of estimation in different frequency ranges. (a) Definition of the start and

stop frequencies, (b) mean of the estimation error for different frequency ranges, (c) standard

deviation of the estimation error for different frequency ranges, (d) relative measurement time

for different frequency range compared to the range of 10 Hz—60 kHz.
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Fig. 3.10: Cost functions of estimation for each frequency range.
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#£9. LECFHIEBE SR T, ol R (fuars fiop) BRIRATEHE X 505
]Fstarta fstop = AE( £, Fitop) min C( ftart, fstop)- (3.2)

SR B IR )3 2 FEAMBE 2R € O FEAMiAS SR % Fig. 3.10 12, & ® iHiiEAE D/ E v 4 4
W2 3.1 129, Figure 3.10 20 5, BHIBJEPEUEZ 700 Hz BT, #& 7 J&40UE 200 Hz LA
LEOGEICFHERED 1 &2 TE2 Z EAMERTE 5.
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HiffiECic=a—I 02y N7 =2 2V EMTEIHEELZREL, ZThizHnTe
VY VATEMENZ2HETELZ L 2R U, EEAETY Y L AT I #EE XA
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DER, WRERPIRE) FONF RO POEEIZE > TSN ET L THS. KFD
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_
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Fig. 4.1: Cross-sectional view of the bone-conducted sound transducer used in this research.
(a) Cross-sectional view of the bone-conducted sound transducer, (b) Examples of transducer

vibration.
BC transducer human head
skin
diaphragm K
contact ki k.
force F J\/\/\/—
i 71, my
—
Cp C

housing”

Electromagnetic force

Fig. 4.2: Reduced model of the transducer and human head.
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Fig. 4.3: Results of impedance measurement with 8 subjects.
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Fig. 4.4: Results of fitting of the electrical impedance from proposed model and measured

impedance.
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Fig. 4.5: Estimated damping factors from the electrical impedance for all human subjects.
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Fig. 4.6: Overview of the proposed method with physical model.
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Results of 0.3 N and 0.5 N were used for fitting
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Fig. 4.7: Fitting of the damping-contact force curve with limited calibration data on 0.3 and 0.5
N.
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Fig. 4.8: Estimation results of the contact force with the proposed method.
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Fig. 4.9: Experimental setup for measuring ear canal sound pressure.
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results from subjects 1-12.
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Fig. 4.11: Experimental setup for measuring effect of contact force on interaural level difference
(ILD).
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Fig. 4.12: Experimental results of measured ILD for each condition. (a)Obstacle is inserted on
the left side, (b)no obstacle is used, (c)Obstacle is inserted on the right side
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Fig. 4.13: Relation of ILD and contact force difference between left and right ear. (a)Results
at frequency of 125 Hz, (b)Results at frequency of 250 Hz, (c)Results at frequency of 500 Hz,
(d)Results at frequency of 1000 Hz, (e)Results at frequency of 2000 Hz, (f)Results at frequency
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