Downloaded from orbit.dtu.dk on: Jan 19, 2019

Investigation of internal feedback in hearing aids

Friis, Lars

Publication date:
2009

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Friis, L. (2009). Investigation of internal feedback in hearing aids.



Investigation of internal feedback
In hearing aids

Ph.D. thesis by

Lars Friis

In coorporation with:
Widex A/S

Acoustic Technology, DTU Elektro, Technical Univgysof Denmark

2008












Table of contents

PIEIACE ...ttt ar e e e e e aees VIl
SUIMIMIATY L.ttt e e e et e et et e ettt e e ettt e e e et e e e et e e e et neeest e e e esan e e e esan s e s mmmmmmns X
D= T IS0 T ] = Y2 Xl....
e o I T AN (@ 15 10 L @ I 0 ]\ 1
1 INtroducCtion t0 the thESIS ......uueiiiii e e e e e eeneaannes 2
1.1 FEEADACK ... ..ot eneeas 2......
1.2 Objective and scientific CONtHDULION............ciiiiiii e 3
1.3 State Of the @rt.....coeeeiieiie e e e e eeeens 3.....
1.4 Structure of the theSIS .......oovvvviiiii e
2 Modeling of the considered hearing @id .............ccoooiiiiiiiiiiiie e 6
2.1 Presentation of the considered hearing @id............ccoooiiriiiiiiiiciiii e, 6
2.2 Complexity of modeling sound amtbrations in hearing aids...............ccoeeiiiiiiiinnnee. 8
2.2.1 Paper I: Two-dimensional model of the vibro-acoustic feedback
IN @ NEAMNMNG @I ... e 9
2.3 Overview of Modeling MEthOUS .......cccoiiiii i 18
PART Il: MODELING OF FUZZY STRUCTURES. ...t 21
I [ oo 11 ox 1 o] o APPSR 22....
v/ \V 111 g To o [oNVZ=] (o] o] 1 1= o | PO 24
4.1 The dynNamliC NEULTANIZET .........uueiii i e e e e e e aeeees 24
4.2 Structural fuzzy of type 1 and type ... 24
4.3 Interpretation 0B0IZE'S tNEOMY ......coiiee i 25
4.4 The fuzzy damping EffECT.......ooi e 26
4.5 Different loCal CONNECLIONS...........ooiiiiiiiiiii et e e eaeees 27
4.6 Experimental work and fuzzy parameters ..........cccoccuiiiiiiiiiiiiiiieeeeeee e 27
5 Modeling of structural fuzzy with continuous boundary..............ccccceeeeiiiiiieeeeeennnn, 29
ST A [ o1 (oo [FTox 1 o] o KPP 29.....
5.2 Paper II: Vibration modeling of stiwral fuzzy with continuous boundary............... 31
5.3 Paper llI: Simple vibration modeling structural fuzzy with continuous
boundary by including two-thensional spatial Memory ..........ccccvvvvvviviiiiiiineeeeeeeee, 43
5.4 Discussion of the results abted in paper lland Hl...........ccccooeviiiiiiiiiii, 55



6 Experimental method for esimating fuzzy parameters ..........cccceeeeeeeiieeeeeeeeieeeeeninnnns 58

(3 I [ a1 (oo [FTod 1 o] o KU PP PP PPPPPPP 58.....
6.2 Estimation of the apparent dampPing ...........eeoiiiiieiii e 59
6.3 Determination of the resonating sealistribution anthe equivalent
COUPHNG FACTON ...t e e e e 2. 6
6.4 Numerical example of the estimation of fuzzy parameters..........ccccccvvviiiiiiiieieeeeeee, 64
6.4.1 Two-dimensional master stru@writh a complex substructure...................... 64
6.4.2 Vibration response of the MaSter.......ccooeiiiii i 65
6.4.3 Energies and estimation of fuzzy parameters............coovvvviiiiiiiiiiiiin e 66
6.4.4 Validation of the estimated fuzzy parameters...........cccevvvveeiiiiiiieee e, 68
7 Experimental estimationof fuzzy parameters .............uueeeiiiiiiiiiie e 70
7.1 The complex structure and the SETUP .......ooiiiii i 70
7.2 Estimation of the fUZzZy Parameters .........coooiiiiiiieiiicee e e e e e 72
7.3 Experimental validation of the fuzzy parameters.............uviiiiiiiiiiiiiieee e 76
PART lll: PROPERTIES OF MINIATURE COMPONENTS........cccoeiiiiiiieieeeee 81
8 ACOUSLIC tUDE SYSLEIM L.eiiiiiiiii i e e e e et s e e e e e e e eaeeeeeeeeeneannnn 82
S I [ a1 (oo [FTox 1 o] o KU PP PPPPPPR 82.....
8.2 Outline of two-port NEtWOrK thEOIY .........ooi i 84
8.3 Determination of two-port PAramMELErS ...........uuuvuiiiiieeieeeeeeeeeeeeer e e e e e e e e eeeeaaenns 85
8.4 Simulation results andgerimental validation..................s 86
O RUDDEI SUSPENSIONS ... ..ot e e e e e e e e e e e e e e e e e e e eaaeaeeeees 89
9.1 Dynamic properties oibration iSOlators ...........cooovvvviiiiiiicii e 89
S IR0 1 0 T 3 Tox 1 o o SRR 89
9.1.2 Simple Mass-iSOlator SYSIEMS........cccoiiiiiieeiecee e e e e 89
9.1.3 Outline of method for extracting complex StiffNe@SSes.........viiiiini, 91
9.1.4 Dynamic behavior of mass-isolator SyStems.............oooevvviviiiiiiiiieie e, 94
9.2 EXPEriMENTAl FESUILS ...t e e e 97
9.2.1 EXPEriMENtAl SELUPS ...vvvereiiiiiiiiee e eeee et e e e e e e e e e e e e e e e e e e e e aeaes 97
9.2.2 Measured transfer fUNCHONS ............ooiieiiiiiiiiie e 99
9.2.3 EXtracted StIfNESSES ....uuuiiiiiiiiiiiiiiiieee e 103
9.2.4 DisScuSSION Of the reSUILS.........oeieeieiiiiiccie e e e eeeeeeees 106
10 Vibration forces of the rECEIVET .........uviiiiiiiii s 107
IO B [ 11 0T [T 1o o PP PPPPPRRRUPPRTRR 107.......
10.2 Outline of method for extracting the vibration forces............cccccviviiiiiiiiiiiiiiieeeeen. 107
10.3 EXPErimMental FESUILS ........ccoei i e e e e e e e e e e e e e e eananaees 109
11 MICrOPNONE SENSITIVITIES.......ueiiiiiiiiiiie it e e e e e e e e e e e e e s 111
00 I 0T [ T4 1 o o U URPUPSRTR 111.....
11.2 Determination of the pressure SENSItIVILY ........cccooivieie i 111
11.3 Determination of the vibration SENSItIVILY ............cccciiiiiiiiiiieeee e 113



PART IV: FULL 3D-MODEL AND CONCLUSIONS.........cciiiiiii, 117

12 Presentation of the full 3D-MOdel...........cooviiiiiiiiii e 118
13 Experimental validation of numerical simulation results.............ccccceceeeeiiiieeeeennn. 122
14 Analysis Of SIMUIAtION FESUILS ..........uueeiiiee e 128
14.1 Separation of contribution®m pressure and vibrations.............cccceevvvvvviivviininnnn. 128
14.2 Separation of the excitation fOrCES .........uuuueiiiiiiii s 132
14.3 General properties of the hearing aid ............cccccooiiiiiiiiiiiiiic e, 137
14.4 Acoustics inside the shell and magnetic SCreen............oooevviiiiiiiiiiiii s 140
14.5 Parameter STUAIES ......cuuuiiiiiiiieee ettt e e e e e e e e e e e e e e e e s e e e s bbb eaneees 143
15 CoNnClUdING rEMATKS ..ot 149
15.1 Results obtained in the thesSiS........cooo e 149
T I IS 1 (U Tod (0 = I {474 VP 149
15.1.2 MiNiature COMPONENTS ......uuuitiiiiiaae e e e e e e e e et e eeeeiettta e e e e e e e e e e e e eeeeeesebaanna e eeeas 150
15.1.3 Full vibroacoustiC 3D-MOUEI.........ccooiiiiiiiiiiiiiiiii e 151
15.2 FULUIE WOTK. ..ottt e e e e e e e e sttt e e e e e e e e e e aaeeeeas 152.......
Appendix: Investigation of direct proportionality between the apparent
damping and the equivalent coupling factor.............ccccoiiiiiiiiiiiiiii e, 154
RETEIENCES. ... e e ettt 156....



\



Preface

This thesis is being submitted to the Technical vidrsity of Denmark as partial and final
fulfillment of the requirements for the degree obdibr of Philosophy in Electronics and
Communications.

The work described in the thesis was completed é&&twluly 1, 2005 and June 30, 2008 and it is
the result of an industrial Ph.D.-project in cogtem between the author, Widex A/S and Acoustic
Technology, DTU Elektro, Technical University of mweark. The project was supervised by

Associate Professor Mogens Ohlrich and AssociatefeBsor Finn Jacobsen from Acoustic

Technology at Technical University of Denmark imgmction with Lars Baekgaard Jensen and
Morten Pihl Linkenkeer from Widex A/S.

Without the help of many people this thesis wouddar have come into existence. Most of all |
would like to thank my main supervisor Mogens Qffirfor numerous challenging and constructive
discussions. Moreover, | sincerely appreciate hisaig enthusiasm about the project and
uncompromising thoroughness. Thanks also go to thgrasupervisors for good advice and firm
belief in the project.

| wish to thank Widex A/S for starting the projectd for practical advice and access to equipment.
Special thanks go to Sgren Christensen for compké&tp with development of experimental setups
and solutions to practical problems. | also wishthank my colleagues at Widex A/S in the
construction department for their firm belief in mympetence and the concept of the project.

Finally, I am very grateful to my lovely wife Renikho has given me invaluable moral support,
contributed with many hours of proofreading andgply listened to my endless monologues about
fuzzy structures.

Lars Friis

VI



Vil



Summary: Investigation of internal feedback in hear ing aids

There are many aesthetics and structural designresgents to modern hearing aids and
their size has been reduced considerably durindagtedecades. This has led to designs where the
receiver (loudspeaker) and microphones are plaesly together. As a consequence, problems
with vibroacoustic transmission from the receivethie microphones often occur during the use of
hearing aids. This transmission causes feedbackrtdin critical gain levels where it produces a
loud uncomfortable squealing. Consequently feedlmdtsn constitutes the limiting factor for the
maximum obtainable gain in the hearing aid antatéfore represents a critical design problem.

Feedback in hearing aids is usually divided iexternalandinternal feedback. External
feedback is caused by the leakage of sound fronedhe&anal whereas internal feedback is due to
transmission of sound and vibrations internallyhie hearing aid. As a result of reducing the size o
hearing aids, manufacturers have experienced aease in internal feedback problems. The main
objective of the present thesis is therefore tarera the vibroacoustic mechanisms responsible for
internal feedback in hearing aids. This is approached byd#heslopment of a full vibroacoustic
3D-model of a so-called “behind the ear” hearind) mianufactured by Widex A/S. The 3D-model
is developed using finite element analysis and ¢tapable of simulating the so-called “open-loop”
transfer functions. These open-loop transfer fumstirelate the microphone output voltages and the
receiver driving voltage when the receiver and optiones are electrically disconnected.

The main scientific part of the thesis consistdhe study and extension of a relatively
recent method. This method is the “Theory of fugityctures” and it is intended for predicting the
vibrations of a deterministic “master” structuretlwione or more attached complex “fuzzy”
substructures with partly unknown dynamic propstrti&n important part of the theory regarding
the modeling of fuzzy substructures attached to rtfester through a continuous interface is
thoroughly examined and reformulated in a more &mjprm. Such fuzzy substructures are
modeled by including spatial memory in the fuzzyuhdary impedance. The main effect of an
attached fuzzy substructure is the introductiorhigh damping in the vibration response of the
master structure, but, it is shown that spatial wmnreduces this damping. The method of
including spatial memory is hereafter extended stat it also comprises modeling of fuzzy
structures with atwo-dimensionalinterface. Furthermore, a novel experimental metliod
estimating the fuzzy parameters of complex subsiras is developed by the author. Using this
method the damping of the structural fuzzy is eated and the fuzzy parameters are subsequently
derived. The developed method is finally utilized £stimating the fuzzy parameters of certain
internals in the considered hearing aid. The estithtuzzy parameters are experimentally validated
and they reveal a high spatial memory in the fuzayndary impedance.

Different methods are used for determining the prosgs of the remainder components in
the hearing aid. The determined properties incltlte stiffnesses of the rubber suspensions,
vibration forces of the receiver and the vibratgensitivity of the microphones. Moreover, the
sound pressure in the tube system from the recéovéhe ear canal is simulated and validated
experimentally. All the determined properties intthg the fuzzy parameters are incorporated into
the full 3D-model. Simulated results for the opend transfer functions show good agreement with
measurements on the hearing aid considered. Byanglthe simulations results, it is revealed that
feedback is caused by local pressure generateaebyilirations of the shell close to the microphone
inlets. These vibrations are mainly caused by #aetion forces from the high pressure in the tube
system of the hearing aid.






Resumé: Undersggelse af intern feedback i hgreappar  ater

Der stilles mange aestetiske og konstruktionsmaessagetil moderne hgreapparater, og
iseer deres starrelse er blevet reduceret i Igbde afidste artier. Dette har fart til konstruktigne
hvor hgjtaleren og mikrofonerne sidder meget tadtipanden. Under brug af hagreapparater opstar
der derfor ofte problemer med vibroakustisk tildegj@ing fra hgjtaleren til mikrofonerne. Denne
tilbagekobling forarsager feedback ved kraftigesfaarkninger af lyden, og der genereres herved er
hgj og ubehagelig hyletone. Dette betyder, at faeklbofte seetter greensen for, hvor meget
forstaerkning, der kan opnas i hgreapparater. Fekditlyer derfor et kritisk konstruktionsproblem.

Feedback i hgreapparater opdeles normeksiernfeedback ogntern feedback. Ekstern
feedback skyldes leekage af lyd fra gregangen, rimen feedback forarsages af transmission af
lyd og vibrationer internt i hgreapparatet. Somdeakvens af at hgreapparater er blevet mindre, hat
hgreapparatproducenter i de seneste ar oplevetigming af problemer pga. intern feedback.
Malsaetningen med denne afhandling er derfor ataegde de vibroakustiske mekanismer, som
forarsageiintern feedback i hgreapparater. Dette opnas ved udyikdfnen fuld vibroakustisk 3D-
model af et sdkaldt "bag-gret’-apparat, der protke@af Widex A/S. 3D-modellen er baseret pa
finite element analyse, og den er i stand til amweére de sakaldte "open-loop’-
overfagringsfunktioner. Disse overfgringsfunktionseskriver sammenhaengen mellem spaending
genereret af mikrofonerne og drivspeending pa resgal nar den elektriske forbindelse mellem
mikrofoner og hgijtaler er afbrudt.

Den videnskabelige del af afhandlingen bestar heagelig i undersggelse og udvidelse af
en relativ ny metode. Denne metode hedder "Thebfyazy structures”, og den er beregnet til at
modellere vibrationerne i en deterministisk hovadgur (master struktur), der har en eller flere
tilkoblede komplekse eller "fuzzy” substrukturer dndelvist ukendte dynamiske egenskaber. En
vigtig del af teorien analyseres og forsimpleshaaidlingen. Denne del omhandler modellering af
fuzzy substrukturer, som er koblet til deres hotredfsur gennem en kontinuer greenseflade. Den
rumlige kobling i substrukturerne medtages ved radfdare "rumlig hukommelse” i deres
overfladeimpedans. Det vises, at indflydelsen aftibkoblet fuzzy substruktur hovedsagelig er
tilfgjelse af hgj deempning i hovedstrukturens fesisrespons, men ogsda at den rumlige
hukommelse reducerer denne deempning. Metoden giWieeefter til at omfatte modellering af
fuzzy strukturer, som har en 2-dimensionel kontingeenseflade. Tilmed udvikles en simpel
eksperimentel metode til estimering af kompleksbstsukturers fuzzy parametre. Ved brug af
denne metode estimeres farst den tilfgrte deemprdggderefter udledes de tilhgrende fuzzy
parametre. Endelig benyttes metoden til bestemnadliezzy parametre for bestemte komponenter
i det betragtede hareapparat. Disse fuzzy paramalideres ved brug af vibrationsmalinger, og det
afslgres, at der er hgj rumlig hukommelse i kompter@es overfladeimpedans.

Forskellige metoder bruges til bestemmelse af dgdresne for de resterende
komponenter i hgreapparatet. Disse egenskaber temfdil.a. stivhederne af de blgde
gummiophaeng, hgjtalerens vibrationskreefter og nfokrernes vibrationsfglsomhed. Desuden
simuleres lydtrykket i rarsystemet fra hgjtalerdngregangen og disse simuleringer valideres
eksperimentelt. Alle de bestemte egenskaber, séavelde bestemte fuzzy parametre, inkorporeres i
3D-modellen af det betragtede hgreapparat. Sinddeopen-loop-overfgringsfunktioner viser god
overensstemmelse med malinger pa det betragtedecapmarat. Ved analyse af
simuleringsresultaterne afslgres det, at feedbkygkias lokalt tryk teet pA mikrofonernes indgang,
som er genereret af skallens vibrationer. Disseratitner forarsages hovedsageligt af
reaktionskreefter fra det hgje lydtryk i hgreappeteatarsystem.
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PART I:
INTRODUCTION



1 Introduction to the thesis

1.1 Feedback

There are many aesthetics and structural designirezgents to modern hearing aids.
Especially the size of hearing aids has been retldoang the last decades and, naturally, this has
led to designs where the loudspeaker and microghares placed very close to one another. As a
consequence, problems with vibroacoustic transomnsfiom the loudspeaker to the microphones
often occur during the use of hearing aids. Soumd \@brations generated by the loudspeaker,
which also is called theeceiver is picked up by the microphones and an unwanbead loop is
formed. This phenomenon is called feedback andreaucertain critical gain levels in the hearing
aid where it produces a very loud and uncomfortajeealing. Feedback often constitutes the
limiting factor for the maximum obtainable gain time hearing aid and it therefore represents a
critical design problem.

Feedback in hearing aids can be divided into types$yof problems and these aggternal
feedbackandinternal feedbacksee Dillon, 2001). External feedback is causedhayleakage of
sound from the ear canal mainly through the verthenearmould. The purpose of this vent is to
reduce the occlusion effect (see Dillon, 2001), btithe same time it represents an unwanted sound
source close to the microphones. For many yearsrreadt feedback has been the predominant
problem and this subject has therefore receivediderable attention in the open literature. In
recent years, however, hearing aid manufacturex®e hexperienced an increase in feedback
problems due to internal transmission of sound \dhdhtions. The main reasons are that hearing
aids have become considerably smaller and at the $iane also more powerful. Hearing devices
designed for severely hearing-impaired personsave able to amplify the incoming sound by up
to about 80 dB. To realize such extreme gain leveis necessary to produce custom-made
earmoulds without a vent. As these fit perfectlfthe ear and ear canal of the user, the leakage of
sound becomes negligibly small and the internallfeek thus becomes the gain-limiting factor.



1.2 Objective and scientific contribution

The main objective of this thesis is to examineghreral and fundamental vibro-acoustic
mechanisms responsible fimternal feedbackn hearing aids. This is approached by developging
mathematical/physical model of the transmissiors@ind and vibrations from the receiver to the
microphones. More specifically, the model aims ¢satibe the transfer function relating the input
driving voltage of the receiver to the output vgiafrom the microphones when the receiver and
microphones are electrically disconnected. Sucheguency dependent function is a so-called
“open-loop” transfer function (see Dillon, 2001 hé present thesis considers a specific hearing aic
series that is manufactured by Widex A/S. Thisesehas been and still is particularly troublesome
regarding internal feedback.

The main scientific contribution of the thesis asts of the study and extension of a
relatively recent method for predicting the viboats of built-up structures with partly unknown
dynamic properties of attached components. Thishatgt which represents an alternative to
conventional methods of vibration analysis, isexhlithe “Theory of fuzzy structures” (see Soize,
1986; Chabas et al., 1986; Soize et al., 1986} ¢fahe developments made by the author, are
presented in two papers published in the Journathef Acoustical Society of America. An
experimental method for estimating the so-callatzZfy parameters” defining a fuzzy structure is
presented in the thesis. This method is developetido author and it is utilized in the modeling of
the hearing aid considered. To the best of theoaistiknowledge, no applications of the theory of
fuzzy structures to real-life practical problemsd®een reported in the open literature. Finalig, t
thesis presents a number of prediction methodsdé&ermining the acoustical and dynamical
properties of miniature components. Some of thes¢hoas are well-known, but, the specific
application to miniature components is unusual thed implementation thus represents significant
new insight.

1.3 State of the art

The issue of modeling vibrations and acoustics earimg aids has only received little
attention in the open literature. With the maingmse of examining the external feedback paths,
Egolf published a series of papers from 1977 td®1&@Mcerning the modeling of the acoustics in a
hearing aid. This included the acoustics in thestalgstem comprising the receiver, transmission
tubes and the ear canal in conjunction with the@e@rioes of the microphones. Furthermore, Killion
(1975) presented a method for measuring the vidmwasiensitivity of hearing aid microphones.
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Literature concerning the dynamic and acoustic Wehaof the receiver and microphones are
mainly found in the form of more or less completehnical reports supplied by the manufacturers
(see Warren, 2001; Lopresti, 2003; Bukhard, 1965¢pWles electronics, 1969 and 1981). In the
author’s opinion literature linking all these siagbpics is lacking in the open literature.

The lack of well-founded knowledge about the in&érieedback phenomenon in hearing
aids has somehow given rise to mystification alisutauses. In research and development groups
some believe that sound pressure is built up inidéearing aid and in one way or another leaked
to the outside air close to the microphone inl@ters think that strong vibrations are picked yp b
the vibration sensitivities of the microphones dhds generating electrical error output. And yet
again, some blame imperfections in the constructind assembly of the hearing aid, such as
imprecise mounting of the components or poor fitii the tubes in the acoustic tube system.

In real life, solutions for reducing feedback afeem based on practical experience and
trial-and-error procedures. So far, the main pecatfprecaution for minimizing internal feedback is
resiliently mounting of the receiver and microph®n@ soft rubber suspensions. Moreover,
feedback canceling algorithms are a standard pdheodigital processing in modern hearing aids
and such algorithms are still subject to ongoingeagch. Despite of this, feedback is still a
predominant problem. It is therefore the authantemtion and hope that this thesis will contribute
with scientifically well-founded knowledge abouttinternal feedback phenomenon. Hopefully this
knowledge will result in clear and practical desigies for minimizing the internal feedback
problem.

1.4 Structure of the thesis

The remainder of part | of the thesis presentsrdroduction to the construction and
principles of the considered hearing aid serieg ddmplexity of modeling vibrations and acoustics
in hearing aids is hereafter demonstrated by alsirmqodel of the vibratory part of a hearing aid.
This model is presented in the form of a conferguegeer (paper 1) presented by the author at the
13" International Congress of Sound and Vibration,61@@SV13). Finally, the last section of part
| provides an overview of the methods used for ningehe various hearing aid components.

Part Il concerns the theoretical aspects and tlaetipal use of the theory of fuzzy
structures. First, the reader is introduced torttethod. Second, the method development of the
theory of fuzzy structures is presented and higitdigare discussed. Hereafter an important part of
the theory is studied thoroughly and extended io jmurnal papers. Results from these papers are
further discussed in the thesis. Subsequentlydhder is introduced to an experimental method for



estimating fuzzy parameters that is applied toagenparts of the hearing aid. Results for the fuzzy
parameters are presented, discussed and finalbriexgntally validated.

Methods for modeling other miniature componentsoatined and applied in part lll. The
miniature components concerned are the receivecroptiones, resilient suspensions and the
acoustic tube system in the hearing aid. After,thls modeling results are collected in Part IV
where the full vibroacoustic 3D-model is presentsumnulation results from the developed model
are first validated through open-loop measuremehésnumber of nominally identical hearing aids
and then analyzed and discussed. Lastly conclusiortbe results and knowledge obtained in the
thesis are presented.



2 Modeling of the considered hearing aid

2.1 Presentation of the considered hearing aid

Full modeling of the vibrations and acoustics ohearing aid is a complicated and
elaborate task. The author has therefore chosdocts on onlyone specific hearing aid model
produced by Widex A/S. This hearing aid model bgkto the category of so-called BTE hearing
aids (Behind The Ear hearing aids), which is plabetdind the user’'s ear as shown in fig. 2.1.
Moreover, the considered model is a so-called “pdvearing aid”, which is capable of amplifying
the sound by up to about 65 dB at certain frequsndiaturally, such powerful hearing aids are
intended for users with severe hearing loss. Higimeplification is only achieved by the so-called
“high-power hearing aids” that normally are slighiirger in size than the power hearing aids.

Figure 2.1 BTE hearing aid placed behind the useds

The hearing aid in question is shown in fig. 2.2aieonfiguration with the top half-shell
removed. Overall the hearing aid is only about 40 long and weighs about 3.5 g. As seen in fig.
2.2, the two microphones are mounted in rubber enspns with their inlets just below the
microphone cover. Sound is picked up by both o$¢hmicrophones and transformed into electrical
signals. These signals are sent to the processemrevthey are digitalized, processed and amplified.
Among other tasks, the processing includes detextioim of the direction of the sound by using the
time difference between the two signals. Depenadinghe specific hearing aid type the processor



contains different sound processing programs tieataageted for typical everyday situations. After
processing and amplification, the altered elecsignal is fed to the receiver that produces an
improved version of the sound, which has been ouged for the user. As shown in figs. 2.1 and
2.2 the sound is let from the receiver throughleetaf steel, then through the ear hook and finally
through a plastic tube to the earmould placed enuber’'s ear. This relatively long tube system,
which has a length of almost 80 mm, representgyasignificant acoustic load on the receiver. The
interaction of the receiver and this system govénadinal sound product at the eardrum of the.user
The membrane of the receiver, which is placed [sital the large surface of the magnetic shield, is
vibrating strongly during operation. In an atteniptisolate this excitation from the rest of the
hearing aid, the receiver is mounted in a resilietiber suspension. This suspension is only in
contact with the magnetic screen in positions ctosthe steel pipe. The purpose of the screen is to
shield the so-called telecoil and receiver maga#yicfrom each other as well as enclosing the
receiver acoustically.

ear hook front microphone mounted
/ in a rubber suspension
sound tube _
telecoil 40 mm
\ // microphone cover
rear microphone mounted
/ .—inarubber suspension 1 30
sound tube
volume control
rubber / —
suspension
attachment of in which the processor 1 5
the plastic tube ~ E€CEIVEris /
mounted / _— half-shell
magnetic shield with program switch
the receiver inside — 1 10
. battery
. battery compartment
— 0

Figure 2.2 The structure of the BTE hearing aidsidared.



2.2 Complexity of modeling sound and vibrations in hearing
aids

As shown in fig. 2.2, a hearing aid consists ofaaiety of different components and
modeling of the acoustic and dynamic behavior btredse components is quite complicated. For
illustration purposes the vibratory part of the radicoustic transmission from the receiver to the
microphones was examined through a simplified wibnamodel including only simple elements
such as lumped masses, springs and beams contectee another. This model is presented in the
succeeding congress paper presented on tHent8rnational Congress of Sound and Vibration,
2006 (ICSV13). The paper gives a good introductiorthe challenges of modeling sound and
vibrations in hearing aids and it demonstrates th@tinteraction between the various components
results in a complicated vibration pattern with maasonances in the important frequency range
from 100 Hz to 10.000 Hz. The effect of mounting tleceiver in rubber suspensions of different
stifnesses is also examined in paper I.



2.2.1 Paper I

Two-dimensional model of the vibro-acoustic feedbac k in a hearing aid



TWO-DIMENSIONAL MODEL OF THE VIBRO-ACOUSTIC
FEEDBACK IN A HEARING AID

Lars Friis*, Mogens Ohlrich

'Widex A/S, Ny Vestergérdsvej 25, DK-3500 Veerlgse, Denmark, and
Acoustic Technology, @rsted*DTU, Glenical University of Denmark
Building 352, DK-2800 Kgs. Lyngby, Denmark
Acoustic Technology, @rstedsDTU, @lenical University of Denmark,
Building 352, DK-2800 Kgs. Lyngby, Denmark
Lfriis@widex.com

Abstract

In this paper we investigate the vibratiorttpens of a “behind the ear” hearing aid model.
Due to the minimal structural design ofdring aids, problems with vibro-acoustic
transmission from the loudspeaker to thecnmphones often arise. Vibrations and sound
pressure are picked up by the microphonesaandnwanted electrical/vibro-acoustical loop

is formed. This phenomenon is also known as feedback. The vibratory part of the vibro-
acoustic transmission from the loudspeaker tcherering aid shells isxamined for a simple
mathematical vibration model of the hearing aid. This simple model includes the main parts
of the hearing aid such as the loudspeaker, haful|s, battery and resilient connections. By
employing mobility synthesis, these components are modelled as lumped masses, springs and
beam components, which are connected to amaher. Results from the vibration model
reveal a complicated pattern of resonangegerned by the various components and their
interaction with one another. Furthermore, tigration isolation effect of the loudspeaker
suspension is investigated.

INTRODUCTION

There are many aesthetics and structursigierequirements to modern hearing aids.
These have resulted in designs whire loudspeaker and microphones are placed
very close to one another. As a consegeeof this, problems with vibro-acoustic
transmission from the loudspeaker t@ timicrophones often arise. Vibrations and
sound pressure are “picked up” by the mptrones and an unwantekctrical/vibro-
acoustical loop is formed. The phenomenonaled feedback and occurs at certain
critical gain levels in the hearing awthere it produces an uncomfortable howling
sound.
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This paper investigates the vibratgpart of the vibro-acoustic transmission
from the loudspeaker to thedlls in a so-called “behinthe ear” hearing aid. This is
placed behind the user’s ear with the curedkaround the upper part of the ear. It
has two microphones that monitor the soyrdssure and converts this into an
electrical signal, which is amplified in theearing aid and is fed to the loudspeaker.
The sound pressure from the loudspeak&dghrough a canal ithe hook and into a
soft plastic tube, which is firmly connectéala moulded ear pg. In order to obtain
good vibration isolation, the loudspealeed the microphones are mounted resiliently
in soft rubber suspensions. More genémébrmation about hearg aids is found in
Reference 1.

A full three-dimensional analysis of the vibration transmission is very difficult
due to the interactions beten structural components @dmplex shapes and because
of mechanical properties and connectighat are often uncertain. However, a
fundamental understanding of certain @le transmission phenomena may be
obtained from studies of less complicateddels. Herein we consider only a two-
dimensional hearing aid model, consistofgnasses, springs and beam components.
In a first attempt wide simple beams are chosen to represent approximately modal
behaviour and certain elastic propertiesisimo those of the complex shells. The
simple mechanical model considered iis thaper is based on the hearing aid shown
in Figure 1.

The simple vibration model
considered includes the main parts microphone
of the hearing aid such as the hell

hook, shells, and battery. By
employing mobility synthesis [2],
these components are modelled as
lumped masses and springs, and
elastic beam components, which are
connected to one  another.
Altogether the model has a total
weight of about three grams.

Examples of the use of mobility syn#ie can be found 