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Abstract

People suffering from conductive or mixed hearingsl cannot benefit from traditional air

conducted hearing aids. For these patients, bonkoaed hearing aids becomes an important
rehabilitation alternative. Conventional bone amelddchearing aids, BAHA, has been available in
clinical practice for a long time, but still, this not an area without need for improvements.
Complications have been reported, mainly origiratiom the percutaneous anchoring of the

transducer, implying permanent perforation of tkie.s

A new type of bone conducted hearing aid has begmoged as an alternative to the percutaneus
BAHA. Utilizing a modified BEST transducer incor@ded into a housing, the so-called C-BEST
becomes an implantable transcutaneous alternatiteet conventional bone anchored hearing
aids. The C-BEST transducer is implanted into @ssdn the temporal bone simply by applying
pressure. By combining the implantation of the sduter with an inductive electromagnetic
energy transfer across the skin, the possibilityaofranscutaneous solution is given. The
transcutaneous solution leaves the skin intactcénesducing the risk of complications.

The aim of this Master Thesis is to investigate ghesibility to abandon the traditional titanium
screw anchoring of bone conduction transduceraworf for a flat bottom design, intended for
implantation in the temporal bone. To evaluate @BEST, three reference transducers have
been used, the BEST90, the BAHA Classic 300 and#idA Intenso. Measurements have been
conducted utilizing a skull simulator and a drylskperformed in a laboratory environment. Also
a cadaver head investigation was performed, inmglmeasurements conducted on three subjects

in total.

The results from the skull simulator measuremembsvsan improved output force response for
the C-BEST compared to its previous design, the BEESThe ipsilateral frequency responses
from the cadaver investigation, from acousticahstation, show a 5 — 10 dB increase in
promontory acceleration response, between 600 @dd Az, in favor for the C-BEST compared

to the BAHA Classic 300. The same comparison ¢édBAHA Intenso does also indicate a 0-5

dB increase in ipsilateral promontory acceleratEsponse. It is also apparent that by anchoring
the transducer closer to the cochlea, the sengitivianti resonances in the skull, as well as the
variation in frequency response among patientgdaced. However, the contralateral response is
significantly lower for the C-BEST compared to bdte BAHA Classic and the BAHA Intenso.
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1 Introduction

Hearing, or to perceive sound, is the ability tansduce vibrations of the cochlea, the
auditory portion of the inner ear, into nerve ingad transmitted to the brain to be interpreted
as sound. The cochlea vibrations can origin frora tifferent mechanisms, air conducted
and bone conducted stimulation of the cochlea. ifiosmdl external hearing aids utilize

amplification and modulation of sound to incredse stimulation, but in some cases a better
way to improve a patient’s hearing is by the usengblantable hearing devices, such as

middle air implants or bone conducted hearing aids.

Middle ear implants work by having a sound procegscking up the sound, transferring it
across the skin electromagnetically to an implanéeeiver. The receiver transmits a signal to
a floating mass transducer stimulating the ossidles middle ear bones. Both traditional
external hearing aids and middle ear implants &ssified as air conducted hearing aids.
However, for patients suffering from a diseaseddigicear, the use of air conducted hearing
aids are no longer applicable. By utilizing the tretism of cochlea stimulation rising from
vibrations of the skull bone, patients with a dasthgniddle ear or damaged or absent ear

canals, can instead benefit from bone conducti@mnihg aids.

Today’s bone conduction hearing aids are eitherredptexternal devices, contacting the
mastoid area behind the ear using a steal-spriagbdaad to induce vibrations in the skull
bone, or as in the case of the Bone Anchored Hgakid (BAHA) where the transducer is
attached to the skull bone percutaneously usintg@ium screw, permanently perforating the
skin. The latter implies the risk of certain consplions, such as the risk of inflammation in
the vicinity of the screw. The bone anchored hegaias on the other hand has an advantage
over the middle ear implants regarding the proadssurgically implanting the aid. The
surgery involved with middle ear implants is botmplicated and expensive and involves a

risk of damaging the facial nerve.

A combination of the two techniques, utilizing thlectromagnetic energy transfer across the
skin applied in the middle ear implants, with barenducted stimulation of the cochlea
associated the bone anchored hearing aids, wowlsilpp result in a system benefiting from

the separate advantages of both systems. A possilitton can be seen in Figure 1.
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Figure 1: lllustration showing the transcutaneous BCI systeith the implanted C-BEST transducer.

1.1 Background

The use of bone conduction hearing aids has inedeager the past decades. However, this is
not an area without need for improvements. The eotiwnal bone conduction transducers
still suffer from for example relatively poor perfisance at low frequencies. Hence, a new
type of transducer, the Balanced Electromagnetmaf@dion Transducer (BEST) has been
developed, with improved performance in terms efjfrency response and total harmonic
distortion compared to conventional transducersoAhe size of the BEST transducer could

be decreased, making it suitable for future im@aan of the device.

Several studies have been made covering sub taskseoway to eventually determine the
design for the first implantable bone anchored ingaaid. From earlier investigations, the
technigue to combine the BEST transducer, interfdedbone conducted stimulation of the
cochlea, with the inductive energy transfer linledisn middle ear implants, by MED-EL
Vibrant Soundbridge, has shown promising resultsiriiy) these earlier studies, the
evaluation was based on a provisional solutiongusimaked BEST transducer anchored to
the temporal bone using the titanium screw snaploay used in the BAHA system, making
it a transcutaneous solution, but still not welitesdl for implantation. For this thesis, the
BEST transducer design was slightly modified fathar improvement and also incorporated
into a housing. The idea is now to anchor the C-BE&nsducer to the temporal bone simply

by applying pressure, with no need for titanium lizmps.



1.2 Objective

The aim of this master thesis is to conduct adcdlle investigation of a newly developed
bone conduction transducer, the C-BEST, intendedrfplantation in osseous tissue. The
investigation aims to evaluate the possibility badadoning the traditional percutaneous
anchoring of bone conduction transducers, usingsaivintegrated titanium screw, in favour
for an implantable alternative allowing the pod#ipbf a transcutaneous solution.



2 Theory

The underlying principles for the development ohé@onducting hearing aids are essentially
based on the theory of the human hearing. Soundegrerceived in two different ways, by
air conducted- or bone conducted hearing. In thtsien the physiology of the human hearing
is described as well as a technical descriptiorthef transducers used in the evaluation
process. The following section, 2.1, is a summadryReinfeldt S. thesis “Bone conducted

soundtransmission for communication systems” [1].

2.1 Hearing physiology

To understand the basic concepts motivating bomeluweied hearing aids, a fundamental
understanding of the human hearing is essential.mfmtioned earlier, sound can be
perceived both by air conducted and bone conduwteding. Figure 2 below illustrates the

different conduction paths involved with these wamcepts.

) Air Conduction ) Bone Conduction

Figure 2: Sound conduction paths for air conducted- and bmrelucted hearing.

2.1.1 Air conducted hearing

Air conducted (ac) hearing involves sound beingwaga by the ears and further conducted
through the auditory canal to reach the cochlea.e@sier understanding of the physiology
behind ac hearing, the ear is considered as trags; ghe outer-, middle- and inner ear. The

outer ear consists of the pinna and the ear caithl thve main function to enhance high



frequency sounds and to determine the directiatsource. The anatomy of the human ear
is illustrated in Figure 3. At the end of the eanal, at the border between the outer and the
middle ear, the thympanic membrane is found with plarpose to transform sound energy

into vibrations.
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Figure 3: lllustration of the human ear showing the outeriddfe- and inner ear.

The vibrations are transferred to the three joinedicles located in the middle ear, the
malleus, the incus and the stapes. These bonesdahe middle ear to the inner ear with the
malleus contacting the thympanic membrane and tapes contacting the oval window

located in the inner ear. The ossicles are attaetitdd several ligaments and two muscle
tendons, the tensor tympani and the stapedius muBgl contracting the stapedius muscle,
the middle ear work as a damping function for ingaqvibrations. In the case of loud sound
exposure, the middle ear will damp the incomingnsbwith about 10 dB before transmitting

the vibrations to the sensitive inner ear. Anoihgrortant purpose of the middle ear is to act
as a sound transformer, transforming the air catedusound into fluid wave vibrations in the
cochlea. Absence of this connection would resulioss of sound energy corresponding to
approximately 25 dB. A malfunctioned middle ear ralgs the possibility of improved

hearing from middle ear implants and is one ofrtfen reasons motivating bone conducted

hearing aids.



The third part of the ear is the inner ear, comtgithree fluid filled systems; the cochlea, the
semicircular canals and the vestibule; the latter being contributors to the balance system
of the human body. When the stapes attached tovlenindow vibrates also, the fluid in the
cochlea is set into motion and then the auditonssgy cells in the organ of corti, located in
the basilar membrane are excited. The wave lerfgtieovibrations depends on the frequency
of the incoming sound and determines where alorghifisilar membrane the cochlea is
stimulated. For low frequency sounds, the waveaissmitted to the apical end of the cochlea,
whereas a higher frequency sound has a shorteelitigvdistance, near the base of the
cochlea. When the auditory sensory cells are s#tad| a generated signal is transmitted to
the auditory cortex of the brain to be interpreasdsound.

2.1.2 Bone conduction

Bone conducted (bc) hearing refers to sound pamepsing from sound energy transmitted
to the cochlea through vibrations in the bones eamties of the skull. In contrast to ac
hearing, bone conducted sound is not transmittedha ear canal and middle ear to reach the
inner ear and finally the cochlea. The fact thaingbcan be perceived both through ac and bc
hearing explains why a sound recording of your owite seems unfamiliar to how you
normally recognize it. While the recording equipmeaptures only what is here referred to as
air conducted sound, the cochlea is also sengiiviee bc transmission part of the own voice
l.e. the vibrations propagating from the oral catitrough the skull bone as sound, making

the voice on recording appear differently.

Bc sound can be transmitted to the cochlea bothurg bone conduction, but also through
what is called body conduction, referring to sowathducted trough soft tissue and fluids.
Due to the fact that it is difficult to distinguidietween these two phenomena, the general

definition of bone conducted sound covers bothefi.

2.2 Binaural and bilateral hearing

Binaural hearing is often referred to the abilyldcalize the origin of sounds. This function
relays on the brain’s ability to compare informatfoom two separate auditory inputs, the

ears. For patients suffering from a hearing lodsoith ears, binaural amplification provides



the most benefit, but requires the left and thitregar independently supply the brain with

information.

Bilateral hearing on the other hand, gives amglifamn of sounds to both ears, hence
supplying both ears with the same information. 8itie ears are not connected in any way
and work independently of each other, bilaterakingdacks the possibility to distinguish the

location of the sound source.

The two concepts can both be applied within tha aféhearing aids, and they have both

advantages and disadvantages dependent on tyearfd loss [2].

2.3 Bone conduction transducers

In this thesis four transducers have been invdsiigdahe capsuled Balanced Electromagnetic
Separation Transducer (C-BEST), the BEST, the dweeys in BAHA Classic 300 and the
BAHA Intenso. The latter three are used as referdransducers for evaluating the C-BEST.
To obtain the transcutaneous energy transfer adtwssskin when evaluating the BEST

transducers acoustically, some components from MEls-middle ear implants are utilized.

2.3.1 The BEST transducers

Two different BEST transducers are used in thisithghe C-BEST for evaluation purpose
and a BEST, used as a reference transducer. Thieavethe same basic design, but with the
C-BEST having a completely new approach in howdadfer vibrations from the transducer
to the skull bone. This section describes the hds@ behind the BEST transducers, covering
both the BEST and the C-BEST.

The purpose of a bone conduction transducer isaastorm electrical signal energy into
mechanical vibration energy without loss of infotima. To achieve this, low distortion is
needed. For conventional transducers, of variaddlectance type, low distortion is achieved
by having a high static flux, with the consequen€eequiring a stiff suspension. A stiffer
suspension brings the requirement of using a heawlenterweight to preserve a good low-
frequency response. Consequently, to achieve aeptaide distortion level, conventional

transducers often suffer from poor low-frequenspmnse.



The basic idea behind the design of the BEST tizced is to eliminate the static forces,
enabling the use of softer suspension, hence namgithe counterweight. This enables a
lighter and more compact construction, well sufdmplantation purpose. It is achieved by
utilizing a construction having four air gaps irsteof one, resulting in that the static forces of
the upper and lower air gaps counterbalance edwr.dh Figure 4 the schematic design of
the BEST transducer is illustrated.
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Figure 4: The schematic design of the BEST transducer.

The innermost part of the BEST transducer considtsa paramagnetic body with a

surrounding coil. This is the part attached to Itheed, transferring the mechanical vibration
energy to the skull bone. The outer part of theddaicer contains ferromagnetic material and
permanent magnets to create and conduct a comstagrtetic flux. This part also serves as a
counterweight. The separate parts are connecteddo other using four blade springs, with
the main purpose to keep the construction in pdaxckto balance the position of the inner part

to obtain equal air gaps [3], [4].

By driving a current in the coil, an electromagodigld is generated. This field interacts with
the magnetic field created by the magnets andgni# rise to a force vibrating the inner part
of the transducer. These vibrations are transfdodte load, i.e. the Skull simulator, the dry
skull, the cadaver head or eventually the skulleboha patient. Depending on which BEST
transducer is used, the BEST or the C-BEST, thestearing of the vibrations differs. The
BEST transducer is connected to the titanium intplesng a snap coupling, whereas the C-
BEST transducer is implanted in the skull bone mgkconnection simply by applying
pressure to the transducer against a flat surfBige.transducers used in this thesis can be

seen in Figure 5, [4].



Figure5: Photos showing both of the BEST transducers, tH&TRE the left and the C-BEST to the right.

2.3.2 MED-EL inductive link

To evaluate the BEST transducers acousticallyiniiective energy transfer applied in
middle ear implants by MED-EL Vibrant® SoundbridgesRused. The MED-EL system
utilizes transcutaneous energy transmission athesskin by use of an inductive link. The
complete middle ear implant system from MED-EL dstssof one external component called
an audio processor, AP, containing a microphorseuad processing system and an AM-
modulator circuit. The internal component of the MEL system consists of an implanted
coil, a conductor link and a floating mass transiuBy excluding the floating mass
transducer from the system, this equipment carsbd to drive any electromagnetic
transducer, in this case the BEST transducers.oDtie setups involving the MED-EL

inductive link is shown in Figure 6, in this casevohg the BEST transducer.

Figure 6;: The MED-EL inductive link supplying the BEST traret. To the upper left the AP, containing the
microphone, the sound processing system and thelatodcircuit, is shown. To the right the interradil and
the demodulator circuit are shown.



The system works by letting the externally worrereer, the AP, pick up the sound and
transform it into corresponding electrical signsdpplying the sound processing system. The
sound processing system adapts the signal accaalihg user’s specific requirements in
terms of hearing loss and dynamic range. The maoalutéarcuit then modulates the signal of
the output of the sound processor, to prevent piateroise and the signal is then transferred
across the skin to the internal coil where a derfatducircuit converts it to the appropriate
electrical drive signal supplying the transdudee, loating mass transducer or in this case the
BEST [5].

2.3.3 BAHA Classic 300 and BAHA Intenso

To compare the performance of the C-BEST whichommlwned with the MED-EL driving
circuit, referred to as the Bone Conducted Impl&tI), with products already existing on
the market, the BAHA Classic 300 and the BAHA Isignwere chosen as reference devices,
see Figure 7. The new BAHA Intenso is the most pawamong the devices in the BAHA
family and has some additional features compareistforegoer, the BAHA Classic 300.
One of them is the Automatic Gain Control Outpunhpoession, AGCO, a circuit designed to
limit sound distortions. This circuit has a “duahé-constant system” to improve the sound

quality in loud environments.

Figure 7: Photos of the both reference BAHA devices, the BEHasic 300 to the left and the BAHA Intenso to
the right.

Both of these BAHA models consist of a microphoae, amplifier and a transducer
encapsulated into an external housing. The micno@hpicks up sounds from its
surroundings. The resulting signal is amplifieddveftransmitted to the transducer, inducing

vibrations in the skull bone. The vibrations am@nsferred to the skull bone via an abutment

10



connecting the hearing aid to an implanted titanaamew, fixated in the parietal bone behind
the ear, see Figure 8. The titanium implant isgrated into the living bone tissue of the skull

through the process of osseointegration [6], [7].

Figure 8: Schematic figure showing the basic constructiotnefBAHA systems, from the microphone to the

titanium screw attachment the skull bone.
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3 Equipment

In this study, a set of equipment has been usé&e table to evaluate the different devices of
the BEST transducer. In this section a descripttbrthe most important equipment is
presented.

3.1 Agilent FFT Dynamic Signal Analyzer

The Agilent 35670A is a 2 to 4-Channel FFT Dynar8Signal Analyzer, and is the main
component in the signal analysis process of théuated devices in this thesis. An image of
this device can bee seen in Figure 9. The instransensed not only for measurement of
signals, but it also acts as a signal generatoe. Adilent 35670A was used in two different
modes, FFT- and Swept-sine mode.

The FFT mode presents an almost instant frequenalysis of the desired measuring setup
using the Fast Fourier Transform. This mode hasathentage of being fast, but has few
possibilities to control the instrument’'s excitatisignal. Therefore, this mode is only
applicable for measurements with no demands onikgepconstant signal level at one of the
input channel. For these measurements, e.g. m@asote requiring a constant sound
pressure level, instead the Swept-sine mode is wledving more control over the

instrument’s source level [8].

Figure 9: The Agilent 35670A FFT Dynamic Signal Analyser.
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3.2 Agilent 82357A GPIB/USB Interface

Due to that that the Agilent 35670A in its standaet-up handles data transfer between
instrument and computer using a floppy drive, aaslfor this thesis was to implement the
possibility of easier measurement data transfengughe instrument’s available GPIB

connection. Using a GPIB/USB interface, in thisec#ise Agilent 82357A data cable, the

Agilent 35670A can be connected directly to the patar, but there is no available software
handling the actual transfer of measured datatlismpurpose Labview was used to develop
an application handling the communication. The progning structure and a description of

the Labview application can be found in Appendik [9

3.3 Skull simulator

The Skull simulator TU-1000, see Figure 10, is ugedhimic the load characteristics of the
human skull. Its dynamic behavior can be lookednugs a rigid mass body with a weight
about 10 times higher than the counterweight oftthesducer. The output signal from the
Skull simulator is proportional to the force outmenerated by the transducer under test,
obtained by measuring the motions of mass bodygusim accelerometer. The force is
converted into a voltage, which can be measurell e Agilent Signal Analyzer. The
output force level can be measured with high rdltghin the frequency range within 100Hz
to 10kHz [11].

> TU1000 @

®e

Box 5190

Test station Skull simu lator o On
@ 40226 Gotebors

Figure 10: The TU-1000 Skull simulator to the left and its posupply to the right.
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3.4 Polytec HLV-1000 Laser Doppler Vibrometer

The Polytec HVL-1000 Laser Doppler Vibrometer isdiso measure skull vibrations induced
by a vibrating transducer. This instrument is sjpeadly designed for use in hearing studies
and the principle of the measuring technique istam the Doppler effect. By directing the
laser beam at a spot on the skull and measurehtfidrsfrequency between the transmitted
and the reflected beam, the velocity of the skildfations can be calculated. The frequency
shift is known as the Doppler shift and is propmrél to the velocity of the skull vibrations.

At the measuring point of interest, a reflectopiaced in order to get a sufficient reflecting
beam and a high signal to noise ratio. The outpunfthe Laser Doppler Vibrometer is a
voltage proportional to the velocity of the skuibrations, which is measured by the Agilent

Signal Analyzer [4].

Figure 11: The Polytec HVL-1000 Laser Doppler Vibrometer.

3.5 Condenser microphone and filter

To be able to measure the frequency responseatstant sound pressure level, SPL, a
condenser microphone, Briel & Kjeer Type 4134, wsedushown in Figure 12. By
calibrating the equipment, measuring the voltagelleor a reference SPL, 94dB at 1000 Hz,
a relation between voltage and SPL is obtaineds fidiation is used to calculate the voltage

levels corresponding to a set of predetermined IBAdls.

14



Figure 12: The condenser microphone and its power supply.

A condenser microphone requires a certain DC-veltagel applied over the capacitor to bias
the plates with a fixed charge, Q. The distancevéen the capacitor plates slightly changes
when exposed to sound vibrations, thus affectiegctipacitance inversely proportional to the
separation distance. Due to that the charge isdamtant while the capacitance varies, the
voltage over the capacitor will fluctuate around thas DC-voltage level according to Eq.(1)
[10].

C=Q+ (1)

When measuring the voltage level from the microghdinis desirable to remove the bias DC-
component. Also the Agilent sets constrains omtiremum input signal to the instrument,
which requires an amplification of the filtered mophone signal. For this purpose the circuit
shown in Figure 13 was used, containing an higls-fiker and an operational amplifier,

amplifying the signal ten times.
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Figure 13: The amplification and filtering circuit used to rewe the condenser microphone’s bias DC-

component.

3.6 Dry Skull

For one part of the evaluation process, compaiiegnew BEST transducer to its previous
design as well as comparing it to the BAHA systamjntact dry skull, a cranium, was used.
The cranium has been equipped with all the necgsslantments for connection of the
different transducer systems. The positions fordififierent systems can be seen in Figure 14
below. For this thesis one additional location whesen for the C-BEST transducer. Due to
that the C-BEST design requires no titanium abutmié&nlocation is simply a recess in the
mastoid portion of the temporal bone correspondingosition B in the leftmost illustration

presented in Figure 14.

Figure 14: lllustration of the dry skull with its transducedtachment positions. The leftmost picture shows the
left side of the skull, where Pos B correspondh¢oattachment position for the C-BEST and Posthés
position for the reference transducer, the BEStheBAHA. The rights side of the skull has no dttaent
possibility for the C-BEST, only for the referertcansducers.
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4 Method

The following section describes the methods apgbedhe evaluation of the transducers. It is
divided into three main areas describing the measeant approaches involved with the Skull
simulator-, the dry skull- and the cadaver headsuesments. These methods account for the
data acquisition of the transducers’ respectivetatal impedance, their force output level
and their promontory acceleration levels. In Tabkeelow, the settings used for the Agilent

data acquisition can be seen.

Frequency range Resolution: Windowing
FFT 100 — 12.6k Hz 400 lines Hanning

Table 1: Agilent setings

4.1 Skull simulator measurements

The measuring setup involving the Skull simulasoitiustrated in Figure 15 below. This
setup allows for measurement of all quantities edddr calculation of both the electrical

impedance and frequency response to be carriedgltive same sequence.
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I:II:H:H:H:II:IIZI Ch.l@ @ @ @Ch_d—

Agilent 356T0A

ooooooo

Skull simulator
TU - 1000

Transducer

Amplifier

Figure 15: Measurement setup for calculating the transduedestrical impedance and frequency response

using the Skull simulator.
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The transducer, mounted on the Skull simulatsuplied with an amplified excitation
signal, generated by the Agilent. The output sigraah the Agilent is 50 mV peak-to-peak
and the amplification is set to 20 dB. To protéet tircuit, and to be able to measure the
current, a 1@ resistor is connected in series. The amplified@uoltage, the voltage
supplying the transducer and the force output fieenSkull simulator are measured using the

Agilent set to FFT mode.

4.1.1 Electrical impedance

The electrical impedance is a complex quantityafar form described in Eq.(2).

Z =2, [@° )

To calculate the electrical impedance, the equitatecuit diagram, shown in Figure 16, was
used. This circuit corresponds to the measuringpsédtistrated above, where; Yefers to the
source voltage, ¥ and |, to the voltage and current supplying the transdand 4%, the

transducer’s electrical impedance.

I

‘in

Transducer attached to skull sim.

Figure 16: Equivalent circuit for electrical impedance caétions.

Starting from the expression for Ohm'’s law, Eq.(B¥ electrical impedance;,Zcan be

calculated according to:

18



lin iIs obtained by measuring the source- and inputgelto the transducer, Eq.(4).

| = S in (4)

By rearranging the two expressions above, theraatimpedance is calculated using Eq.(5).

Zin - Vin ER: Vin/vs
V, -V 1-V, /V,

S n

(5)

4.1.2 Frequency response

Using the same measuring setup as for the eldampedance measurements, the frequency

response can be simultaneously measured usinggtied analyzer’s two remaining channels.

The frequency response is calculated by dividimgaitput signal from the Skull simulator, a
voltage proportional to the force output generdigthe transducer, with the input voltage to
the transducer. In order to present the frequeesgyanse in terms of output force, a
conversion factor khas to be applied, converting the measured voltdgdorce. The

expression used for calculating the frequency nespds presented in Eq.(6).

F
FR_ skull - k skull 6
= =k B (6)

in in

4.2 Dry skull surgery

Since the idea of how to transfer the vibrationrgpérom the C-BEST transducer to the skull
bone differs from previous approaches, a minorexyrgf the dry skull was needed. Both the
BEST and the BAHA system require titanium anchoohghe transducer, whereas the C-
BEST has a flat bottom, instead requiring a smattdchment surface. Hence, a custom
recess was drilled in the temporal bone of thes#tyl to fit the transducer. The rightmost
image in Figure 17 shows the different approacheghke anchoring of the transducers, the
titanium snap on coupling used to attach the BE®Tthe BAHA as well as the recess used
for the C-BEST transducer.
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Figure 17: Photo of the dry skull showing the recess madé¢ieIC-BEST as well as the titanium screw

attachment for the reference transducers.

Since the bottom of the recess was somewhat roifie lzement was used assuring the
transducer to rest on a flat surface. By using mmmeent, a material resembling the
characteristics of bone, a flat bed was creatéalyadg the transducer to be pressed against a
flat surface to assure good contact.

The product used for this purpose, Surgical Simfp&tryker) which consists of two
components, one powder part and one liquid parmByng the two ingredients, a soft
substance is achieved. This soft substance havdéna minutes, to become a material
resembling the characteristics of bone. The substamas applied to the bottom of the recess,
after which the transducer was aligned. The traceidwas fixated using a metal bar, attached
using two titanium screws, holding the transduogplace. The resulting attachment of the C-
BEST transducer is shown in Figure 18. To sepdh&t¢ransducer from its fixation bar, a

small silicone tube is placed between the two ngighces.

Figure 18: Close-up of the mastoid area of the dry skull ligh C-BEST implanted.
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4.3 Dry skull measurements

To mimic to the load characteristics of a futuréigrg more realistically than when utilizing
the Skull simulator, measurements were also caaugdising the dry skull shown in Figure
17. The same cranium has been used in severalgiidies, making it possible to compare

acquired data with earlier measurements.

The fact that the skull is not perfectly symmeimplies that the conduction of sound through
bone vibrations differs between the left and tightrside of the skull. Measurements made on

one side of the skull can therefore not be compatitdthe ones carried out on the other side.

Measurements involving the dry skull are carrietifouboth of the BEST transducers as well
as the BAHA transducers. The transducers aredietitrically stimulated and also

stimulated acoustically by applying a constant sbpiressure level. The frequency response
Is measured both on the right and the left sidda@fdry skull and both the ipsilateral and
contralateral frequency responses are studiedc@hialateral frequency response can be
especially of significance for patients sufferingm single sided deafness, by transferring the

captured sound from the deaf side of the skulhéodpposite healthy cochlea.

4.3.1 Acceleration from electrical stimulation

The first measuring setup, shown in Figure 19, sosiknilar to the setup involving the Skull
simulator. The difference is that the Skull simatatow has been replaced by the dry skull in
combination the laser doppler vibrometer. The tansr under test is mounted on the dry
skull and is electrically stimulated using the sibanalyzer. The excitation signal is set to 50

mV peak-to-peak. This signal is amplified by 20 d®jing a decent signal to noise ratio.
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Figure 19: Measurement setup for calculating the transduedestrical impedance and frequency response

using the dry skull and the laser doppler vibromete

The laser doppler vibrometer measures the velo€itiie vibrations induced at the
promontory of the skull. The frequency respongarésented as the acceleration (a skull) of
the vibrations divided by the voltage,,supplying the transducer, see Eq.(7). The etadtri
impedance is also acquired during these measursmerhe same way as when the Skull
simulator was used as load.

jav

FR= = {a (1) = [y} =1 ™

in in

4.3.2 Acceleration from acoustical stimulation

The acceleration measurements with acoustical kimoo are measured using the full
hearing aid systems. Here, both the transducerd’tha audio processors are taken into
account, completing the procedure to transformuwapt sound vibration at the microphone

into skull vibrations induced by the transducer.

Concerning the reference full devices, the BAHA $Sla 300 and the BAHA Intenso are
evaluated in their standard design, anchored fo designated position using a titanium snap
coupling. When it comes to evaluating the C-BESAnsducer an interesting factor is the
inductive energy transfer across the skin. For stigating this MED-EL inductive link is
used as its driving unit. To mimic the influencetbé skin separating the transmitting and
receiving coil, a set of silicone plates are usedning a 5 mm distance between the coils.
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Measurements were performed with the C-BEST traresdanchored to position B on the left
side of the skull and the BAHA in position A on tlsame side. Both ipsilateral and
contralateral measurements were conducted. Measuntsmvere also carried out with the
BEST transducer anchored to both position A andrBtlee right side of the skull for

comparison of the anchoring positions.

All measurements were conducted in a soundprooir@mwent to reduce the influence of
acoustic noise. The setup can be seen in Figube®@dv, showing how the dry skull is placed
on foam rubber bed to minimize vibrations from sweroundings. Also, the speaker is wired
from the ceiling of the room to further minimizestlirbances on the measuring system. The
acceleration is measured using a laser doppleowibter, directed into the ear canal of the
cranium, measuring the vibrations at the promontorythe same manner as for the
measurements using electrical stimulations. Thasttacers are stimulated using three
different SPL levels, 60, 70, and 90 dB. 60 dB esponds to the approximate level of normal
speech whereas the 90 dB response corresponds sattirated response of the hearing aid.

Figure 20: Photos showing the laboratory setup used for cotidg¢he acoustical measurements.

In order to keeping the SPL constant at the positibthe BCl and BAHA’s microphones
during the measurements a condenser microphoneectad to the Agilent, is placed close to
this position. By measuring the SPL at the condenserophone, with the Agilent set to
Swept sine mode, and specify an alternation toterdevel, the output signal supplying the
speaker can be regulated to keep a constant SRi.tdlérance level was set to +1 dB,
meaning that the SPL is kept within this deviaticom the desirable SPL. As stated before, it
IS desirable to both remove the bias DC-componsmweill as amplify the signal level from
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the condenser microphone. For this purpose thaitsbown in Figure 13 was connected in

series with the condenser microphone.

4.3.3 High-pass filtering and amplification

The filter and amplification circuit, shown in Figu21, has the purpose of removing the bias
DC-component from the microphone signal, as wellaaglifying the measuring signal
supplying the signal analyzer. The circuit constsa high-pass filter and an operational

amplifier.

F3

Figure 21: Circuit diagram for the amplification and filteringrcuit.

The high-pass filter is designed to remove the D@yzonent from the microphone signal
without interfering with the measurement intentafween 100 Hz-10 kHz. By choosing the
resistor R to 10 K2 and the capacitor C to 0.47 uF, a cut off freqyeoic 33.86 Hz is

obtained, satisfying this requirement. The cutfiifuency is calculated according to Eq.(8).

1 1
C27RC  277[{L110%) [(047010°°)

=3386 Hz (8)

3dB

The circuit’s total gain is calculated using nodelgsis, resulting in Eq.(9). To obtain a total
amplification of approximately 10 times within theeasuring interval of interest, appropriate
values for R and R are chosen.

|Uout
‘Uin

_[IWRC(R, +R,)|
R, 1+ jWRC)|

9)
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By selecting Rto 11 K2 and R to 100 K2, the amplification for high frequencies becomes
10.1 times. The Bode-diagram describing the tatgdldication of the circuit can be seen in

Figure 22 below.

Amplification from fitering and am pification circuit

Amplification fimes]

Frequency(Hz]

Figure 22: Amplification and filtering properties the circuiith the component values presented above.

4.4 Cadaver head measurements

As a final part of this master thesis, measuremer@se also conducted on three human
cadavers, performed at two different occasions atlgéenska University Hospital. These
measurements were performed utilizing both elesltrand acoustical stimulation of the

evaluated devices and transducers, similar to thesklll measurements. This investigation
on the other hand, gives more realistic resultadning the influence of soft tissue and also to
be able to the study the actual energy loss inrtiective energy transfer through skin. The
skin thickness of the subjects used in this studg Wetween 4.1 and 5 mm. The ipsilateral
and contralateral responses for the C-BEST, thelBEt® BAHA Classic 300 and the BAHA

Intenso with their respective driving units, anedsed.

Prior to the measurements, a few preparations vegpgired. To anchor the C-BEST to the
skull a minor surgical procedure was needed, sinidahe one performed on the dry skull.
The size of the customized recess was here chosEhx 16 x 8 mm (hight x length x depth).
The 8 mm depth is 1 mm less than the actual traresdueight. The reason is to allow the
transducer to be pressed against the contact suimfathe bottom when the metal bar is

applied to the external side, hence achieving bettetact between transducer and skull bone.
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To be able to anchor the BEST, the BAHA Classic 30d the BAHA Intenso, also a
titanium screw with a snap coupling was mountedhensubject. To determine the stability of
this implant, a resonance frequency analysis ingnt from Ostell was used. By attaching a
Smartpeg with a magnet tip to the implant and a@plgignal with varying frequency, a
resonance frequency is generated. This resonaagedincy is measured using a probe, giving
a measure of stability. The measure of stabilifgressented as an ISQ value, Implant Stability
Quotient, ranging from 1 up to 100, where a higlaue corresponds to better stability [12],
[13].

The setup for the cadaver head measurements igncgal the same as for the dry skull
investigations, considering measuring equipment amshsurement approach. With the
Agilent Signal Analyzer set to Swept Sine mode,wlcity of the vibrations induced at the
promontory of the subject is measured using thelLBsppler Vibrometer (LDV). The LDV
was configured with its sensitivity set to 1Imm/stife low pass filter with cut-off frequency
15kHz and the high pass filter on. To acquire digaht signal level from the reflected laser
beam, small reflectors were glued to the promontdrihe subject using a gel-based glue,
Loctite 454. The excitation signal level from thegilent was set to 50mVrms for the
electrically stimulated measurements, somewhateni¢fan for the dry skull measurements.
For the acoustical measurements the sound preleuanes were chosen to 60, 70 and 90 dB
for the BCI and the BAHA Classic 300. For the BAH#&tenso measurements, the sound
pressure levels used were 60, 70 and 100 dB fgecubne and two, to assure the transducer
to be working in saturation. Also the volume cohfiar the BAHA Intenso was increased

from 1.5 to 2 for subject one and two for sameanas

Regarding the acoustically stimulated measuremenéssound pressure level is regulated
using the same condenser microphone and amplditatircuit used for the dry skull
measurements. To maintain a constant sound predsuet during the cadaver head
measurements becomes more demanding than regullairgpund pressure level in a sound
proof environment, due to the complexity of the wst@al environment at the hospital. To
avoid interfering reflective sound to influence theasurements, the subject was placed on a
soft foam bed. The hard surfaces surrounding thgestiwere also covered with the same

material to improve the acoustic properties ofrtham.
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Prior to the actual measurements on the subjed, nveasurements were performed to
determine the room acoustics, and to assure tleabdlckground noise was not interfering
with the lowest sound pressure level used duriegtéist. Also, the equipment was calibrated
both before and after the subject measurementasgare that all measurements had been

performed under the same circumstances.
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5 Results

In the following section, acquired measurement dapaesented. The section is divided into
two parts, the transducers’ electrical impedanakthair respective frequency responses.

Results from measurements conducted using the Skualilator, the dry skull as well as data
from the cadaver head investigations are preseAteresults in this section are smoothened

using matlab and the command “smooth”, a five el@mmoving averaging filter.

5.1 Electrical impedance measurements

The transducers’ electrical impedance is of intend®en later comparing their respective
frequency responses. Due to the fact that a traessiuelectrical impedance is dependent on
the object it is anchored to, impedance measureswasite conducted both on the Skull
simulator and the dry skull. The results from becdises are presented in Figure 23 to 26
below. The impedance magnitude, phase, real angimawgy part for the C-BEST, the BEST,
the transducers in BAHA Classic 300 and the BAH#&ehs0 are plotted, with the solid line
representing the result from the Skull simulatoam@ements and the dashed line
representing the measurements conducted on trekdiy Also a comparison of the

transducers’ respective impedance magnitudes caednein Figure 27.

Magnitude (Z, gzo7) Phase (Z. geop)
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Figure 23: Electrical impedance for the C-BEST, presented agnitude, phase, real- and imaginary part. The

load was Skull simulator (solid line) and dry skigdhshed line.)
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Figure 24: Electrical impedance for the BEST, presented asnitizde, phase, real- and imaginary part. The
load was Skull simulator (solid line) and dry skidhshed line.)
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Figure 25: Electrical impedance for the BAHA Classic 300, préed as magnitude, phase, real- and imaginary
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Figure 26: Electrical impedance for the BAHA Intenso, presérs magnitude, phase, real- and imaginary
part. The load was Skull simulator (solid line) asny skull (dashed line.)
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Figure 27: The transducers” respective impedance magnitudesepted in the same plot to give a better
overview. Note the “BAHA Classic 300" and “BAHA émiso” here only referred to the transducer incorgted

in these devices
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5.2 Frequency response functions

In this subsection the frequency response funcfionthe different transducers, with and
without their respective driving units, are presehtlt covers the voltage to force frequency
response from the Skull simulator and electrical acoustical frequency responses from both
the dry skull and the cadaver head investigatidhs.evaluated transducers are the C-BEST,
the BEST, the BAHA Classic 300 and the BAHA IntenBbe usage of the C-BEST in
combination with the MED-EL inductive link, usedafi acoustical measurements, is referred
to as BCI.

5.2.1 Voltage to force frequency response from Skull simulator

The frequency response functions acquired fronStheél simulator measurements are
presented as the force output from the Skull sitouldivided by the input voltage over the
transducers, representing the voltage to forcaurrqy response function, Fiffe), see

Figure 28.

Voltage to force frequency response on skull simulator

Qutput Force Level dBre 1IN @ 1V

— BAHA Intenso

10° 10
Frequency [Hz]

Figure 28: Skull simulator measurements presenting the voltagerce frequency response for all of the
transducersNote the “BAHA Classic 300" and “BAHA Intenso” heoaly referred to the transducer

incorporated in these devices

The improved performance of the C-BEST, in termeuwiput force, compared to the BEST

can be seen in Figure 29, where the differencedmivthe two transducers is plotted.
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Voltage to force frequency response difference: C-BEST vs. BEST90
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Figure 29: Difference in output force level between the C-B&Sd the BEST, for the same electrical input.

5.2.2 Acceleration on dry skull

The promontory acceleration response measuremdiiiging the dry skull, were conducted
in controlled laboratory environment. The ipsilaleand contralateral acceleration responses,
from electrical stimulation of the transducers, banfound below for all four transducers, the
C-BEST, the BEST-90, the transduvcers incorporateBAHA Classic 300 and the BAHA
Intenso. Acceleration responses from acousticaludéition were conducted comparing the C-
BEST to the conventional BAHA Classic 300 transduckdditional comparison plots,
covering the issue of anchoring position as welltles maximum power output for the

acoustically stimulated transducers, are also fonrtde section below.

5.2.2.1 Frequency response from electrical stimulation

The ipsilateral and contralateral frequency respsrigr the C-BEST in pos B, the BEST, the
transducers BAHA Classic 300 and the BAHA Intens@ods A can be seen in Figure 30 to
31.
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Ipsilateral response on dry skull - electrical stimulation
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Figure 30: Ipsilateral frequency response from electrical stiation on dry skull comparing all of the four
transducersNote the “BAHA Classic 300" and “BAHA Intenso” heoaly referred to the transducer

incorporated in these devices

Contralateral response on dry skull - electrical stimulation
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Figure 31: Contralateral frequency response from electricahstiation on dry skull comparing all of the four
transducers. Note the “BAHA Classic 300" and “BAH#enso” here only referred to the transducer

incorporated in these devices
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In Figure 32 and 33, the ipsilateral and contraddtequency response differences between
the C-BEST and the BEST, the BAHA Intenso and tA&iB Classic 300 are collected, with

the C-BEST used as the reference transducer.

Difference in ipsilateral response on dry skull - electrical stimulation

Promontory Acceleration Level dB re 1 mis2

30

— C-BEST - BAHA Intenso
— C-BEST - BEST90
***** C-BEST - BAHA Classic 300

-40
10

10° 10°

Frequency [Hz]

Figure 32: Comparison plot showing the difference in ipsilatdrequency response on the dry skull, with the
C-BEST as reference transducétote the “BAHA Classic 300" and “BAHA Intenso” heoaly referred to the

transducer incorporated in these devices
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Difference in contralateral response on dry skull - electrical stimulation
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Figure 33: Comparison plot showing the difference in contratat frequency response on the dry skull, with
the C-BEST as reference transducer. Note the “BAHESsic 300” and “BAHA Intenso” here only referrea

the transducer incorporated in these devices

To visualize the issue of anchoring position, tpsilateral and contralateral frequency
responses functions for the BEST transducer, athtb both position A and B on the dry

skull, are presented in Figure 34 and 35. It shbelehoted that this is the opposite side (right
side) to the side where the C-BEST and BCI wasuated], see also Figure 14.
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Ipsilateral response on dry skull - BESTS0 in pos A vs. BEST90 pos B
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Figure 34: Ipsilateral frequency response on dry skull fromcéiical stimulation with the same transducer, the
BEST, attached to both position A and B on thetrjthe of the dry skull, to study the possible fiené

stimulating closer to the cochlea.

Contralateral response on dry skull - BESTS0 in pos A vs. BESTS0 pos B
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Figure 35: Contralateral frequency response on dry skull frelectrical stimulation with the BEST attached to

position A and B on the right side of the dry skull
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5.2.2.2 Frequency response from acoustical stimulation

Frequency responses obtained from acoustical saironl of the BCI and BAHA Classic 300
are plotted in Figure 36 to 39 below. The acceienatesponses at the promontory of the dry

skull are presented for both ipsilateral and cdatesal measurements.

Ipsilateral response on dry skull - BCI
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Figure 36: Ipsilateral frequency response on dry skull fromastical stimulation showing the 60, 70 and 90

dB response for the BCI.
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Ipsilateral response on dry skull - BAHA Classic 300
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Figure 37: Ipsilateral frequency response on dry skull fromastical stimulation showing the 60, 70 and 90
dB response for the BAHA Classic 300.

Contralateral response on dry skull - BCI|
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Figure 38: Contralateral frequency response on dry skull fracoustical stimulation showing the 60, 70 and
90 dB response for the BCI.
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Contralateral response on dry skull - BAHA Classic 300
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Figure 39: Contralateral frequency response on dry skull feoustical showing the 60, 70 and 90 dB
response for the BAHA Classic 300.

To compare the transducers’ maximum power outpul MPO), the transducers’ respective
saturation curves, the acceleration responsesnaotat 90 dB SPL, are arranged separately
in Figure 40 and 41.
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Figure 40: Ipsilateral MPO response on dry skull for the B@idathe BAHA Classic 300.
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Figure 41: Contralateral MPO response on dry skull for thelB@d the BAHA Classic 300.
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5.2.3 Cadaver head investigation

Prior to the frequency response measurementsitplamt Stability Quotient, ISQ, for the
titanium snap coupling was measured. The resulbeaseen in Table 2.

Measuring direction | 1SQsussect1 | 1SQsussect2 | 1SQsusiecT3
Front to back 79 79 72
Back to front 81 78 74
Up and down 79 77 76

Table 2: Implant Stability Quotient

5.2.3.1 Frequency response from electrical stimulation

The ipsilateral and contralateral frequency respsrabtained from electrical stimulation of
the C-BEST and the BEST can be seen in Figure #45td=ach figure includes data from

three different cadaver measurements to show thatieen among subjects.

Ipsilateral response - C-BEST inpos B - Subject 1, 2and 3
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Figure 42: lipsilateral frequency response from electricabition of the C-BEST.
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Figure 43: Ipsilateral frequency response from electrical ktiion of the BEST.
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Figure 44: Contralateral frequency response from electricallation of the C-BEST for the three subjects.
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Contralateral response - BEST90 in pos A- Subject 1,2 and 3
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Figure 45: Contralateral frequency response from electricallation of the BEST for the three subjects.

To visualize the difference between the two BE@ihdducers when attached to their
designated positions, the C-BEST in position B #tr@BEST in position A, their respective
frequency response functions for each of the thobgects are compared in Figure 46 to 51
below.
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Figure 46: Comparison of the ipsilateral frequency responsemfelectrical stimulation of the C-BEST and the
BEST on subject 1.
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Ipsilateral response - C-BEST inpos B vs. BEST90 in pos A - Subject 2
20 T ! -

10

~ L
=) =) =)

Promontory Acceleration Level dB re 1 mis?
&
[=]

-40

——CBEST
————— BEST90

10° 10
Frequency [Hz]

)

Figure 47: Comparison of the ipsilateral frequency responsemfelectrical stimulation of the C-BEST and the
BEST on subject 2
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Figure 48: Comparison of the ipsilateral frequency responsemfelectrical stimulation of the C-BEST and the
BEST on subject 3.
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Contralateral response - C-BEST in pos B vs. BESTS0 in pos A - Subject 1
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Figure 49: Comparison of the contralateral frequency resporisa®s electrical stimulation of the C-BEST and
the BEST on subject 1.
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Figure 50: Comparison of the contralateral frequency resporisa®s electrical stimulation of the C-BEST and
the BEST on subject 2.
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Figure 51: Comparison of the contralateral frequency resporisa®s electrical stimulation of the C-BEST and
the BEST on subject 3.

5.2.3.2 Frequency response from acoustical stimulation

The ipsilateral and contralateral frequency respdusctions from acoustical stimulation of
the BCI, the BAHA Classic 300 and BAHA Intenso presented in Figure 52 to 69. The
sound pressure levels used for stimulation of 8¢ d&)d BAHA Classic 300 are 60, 70 and
90 dB. For the BAHA Intenso, 100 dB SPL instea®@fdB SPL was used to assure

saturation in the maximum power output measurement
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Ipsilateral response - BCl in pos B - Subject 1
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Figure52: Ipsilateral promontory acceleration response foe CI at 60, 70 and 90 dB SPL on subject 1.
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Figure53: Ipsilateral promontory acceleration response foe CI at 60, 70 and 90 dB SPL on subject 2.
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Ipsilateral response - BCl in pos B - Subject 3
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Figure54: Ipsilateral promontory acceleration response foe CI at 60, 70 and 90 dB SPL on subject 3.
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Figure 55: Ipsilateral promontory acceleration responce foe tRAHA Classic 300 at 60, 70 and 90 dB SPL on

subject 1.
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Ipsilateral response - BAHA Classic 300 (VC=2) in pos A - Subject 2
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Figure 56: Ipsilateral promontory acceleration responce foe tRAHA Classic 300 at 60, 70 and 90 dB SPL on

subject 2.
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Figure57: Ipsilateral promontory acceleration responce foe tRAHA Classic 300 at 60, 70 and 90 dB SPL on

subject 3.
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Figure 58: Ipsilateral promontory acceleration responce foe tRAHA Intenso at 60, 70 and 100 dB SPL on

subject 1.
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Figure59: Ipsilateral promontory acceleration responce foe tRAHA Intenso at 60, 70 and 100 dB SPL on

subject 2.
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Figure 60: Ipsilateral promontory acceleration responce foe tRAHA Intenso at 60, 70 and 100 dB SPL on

subject 3.
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Figure 61: Contralateral promontory acceleration responce tiog BCI at 60, 70 and 90 dB SPL on subject 1.

51



Promontory Acceleration Level dB re 1 mis?

20

Contralateral response - BCl in pos B - Subject 2

=
(=)
T

(=]
T

'
L
(=]

'
[
(=]

'
o
(=)

'
N
(=]

'
w0
(=]

'
D
(=]

-70

10°
Frequency [Hz]

10

Figure 62: Contralateral promontory acceleration responce tiog BCI at 60, 70 and 90 dB SPL on subject 2.
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Figure 63: Contralateral promontory acceleration responce tiog BCI at 60, 70 and 90 dB SPL on subject 2.
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Contralateral response - BAHA Classic 300 (VC=2) in pos A - Subject 1
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Figure 64: Contralateral promontory acceleration responce tloe BAHA Classic 300 at 60, 70 and 90 dB SPL

on subject 1.
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Figure 65: Contralateral promontory acceleration responce tioe BAHA Classic 300 at 60, 70 and 90 dB SPL

on subject 2.
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Contralateral response - BAHA Classic 300 (VC=2) in pos A - Subject 3
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Figure 66: Contralateral promontory acceleration responce tloe BAHA Classic 300 at 60, 70 and 90 dB SPL

on subject 3.
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Figure 67: Contralateral promontory acceleration responce tioe BAHA Intenso at 60, 70 and 100 dB SPL on

subject 1.
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Contralateral response - BAHA Intenso (VC=1.5-2) in pos A - Subject 2
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Figure 68: Contralateral promontory acceleration responce tioe BAHA Intenso at 60, 70 and 100 dB SPL on

subject 2.
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Figure 69: Contralateral promontory acceleration responce tioe BAHA Intenso at 60, 70 and 100 dB SPL on

subject 3.

A comparison of the MPO responses for the BCIBA&IA Classic 300 and BAHA Intenso
can be seen in Figure 70 to 75. The MPO respomege@sented for the three subjects
separately, as goes for the ipsilateral and catged! responses.
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Figure 70: Comparison of the ipsilateral MPO for the BCI, BAl€lassic 300 and BAHA Intenso on subject 1.
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Figure 71: Comparison of the ipsilateral MPO for the BCI, BAldfassic 300 and BAHA Intenso on subject 2.
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Figure 72: Comparison of the ipsilateral maximum power oufputhe BCI, BAHA Classic 300 and BAHA

Intenso on subject 3.
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Figure 73: Comparison of the contralateral maximum power otifputhe BCI, BAHA Classic 300 and BAHA

Intenso on subject 1.
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Figure 74: Comparison of the contralateral MPO for the BCI, B Classic 300 and BAHA Intenso on subject
2.
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Figure 75: Comparison of the contralateral MPO for the BCI, B Classic 300 and BAHA Intenso on subject
3.

To summarize the data from the figures above, tROMifferences between the BCI and the
BAHA Classic 300 as well as the BCI and the BAHAelmso are presented in Figure 76 to
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79. In these figures, the differences are calcdlatsed on an average MPO response over
the three subjects for each of the devices.
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Figure 76: Difference in ipsilateral MPO comparing the BClttee BAHA Classic 300. The curve is averaged

over the three subjects.
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Figure 77: Difference in ipsilateral MPO comparing the BClttee BAHA Intenso. The curve is averaged over

the three subjects.
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MPO difference - Contralateral - BCl vs. BAHA Classic 300 (average over Subject 1, 2 and 3)
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Figure 78: Difference in contralateral MPO comparing the BGIthe BAHA Classic 300. The curve is

averaged over the three subjects.
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Figure 79: Difference in ipsilateral MPO, comparing the BClttee BAHA Intenso. The curve is averaged over

the three subjects.

To compare the transmission of vibrations ipsiktgrversus contralaterally, and investigate

the effect of attachment position, these respoasegplotted together in Figure 80 to 88 for
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the BCI, the BAHA Classic 300 and the BAHA Interssul presented for each of the three
subjects.
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Figure 80: Comparison of the ipsilateral versus the contralatgpromontory acceleration response for the BCI

on subject 1.
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Figure 81: Comparison of the ipsilateral versus the contratat promontory acceleration response for the BCI

on subject 2.
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Figure 82: Comparison of the ipsilateral versus the contralatgpromontory acceleration response for the BCI

on subject 3.
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Figure 83: Comparison of the ipsilateral versus the contralatgpromontory acceleration response for the
BAHA Classic 300 on subject 1.
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Figure 84: Comparison of the ipsilateral versus the contralatgpromontory acceleration response for the
BAHA Classic 300 on subject 2.
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Figure 85: Comparison of the ipsilateral versus the contralatgpromontory acceleration response for the
BAHA Classic 300 on subject 3.
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Ipsilateral and contralateral response at 100 dB (VC=2) - BAHA Intenso in pos A - Subject 1
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Figure 86: Comparison of the ipsilateral versus the contralatgpromontory acceleration response for the

BAHA Intenso on subject 1.

Ipsilateral and contralateral response at 100 dB (VC=2) - BAHA Intenso in pos A - Subject 2
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Figure 87: Comparison of the ipsilateral versus the contralatgpromontory acceleration response for the

BAHA Intenso on subject 2.
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Ipsilateral and contralateral response at 90 dB (VC=1.5) - BAHA Intenso in pos A - Subject 3
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Figure 88: Comparison of the ipsilateral versus the contralatgpromontory acceleration response for the

BAHA Intenso on subject 3.

The figures above, representing ipsilateral vecsudralateral frequency response, are also
summarized in Figure 89 to 91 below, where theediffice between the ipsilateral and the
contralateral responses are presented, averagetheviaree subjects and plotted together

with their respective standard deviation.
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Ipsilateral vs. contralateral response difference (average +/+ one standard deviation at 90dB) - BClin pos B
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Figure 89: Difference in ipsilateral versus contralateral promtory acceleration response for the BCl in

position B. The curve is averaged over the thrdgesitis and presented together with its standardadiew.
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Figure 90: Difference in ipsilateral versus contralateral promtory acceleration response for the BAHA

Classic 300 in position A. The curve is averagegr dhe three subjects and presented together wgtstandard

deviation.

66



Average
—-=---- Average +/- one standard deviation

5L
-20

S/ | 21 @P 2497 UOljeI[230Y AIoJUOIOIY

Ipsilateral vs. contralateral response difference (average +/ one standard deviation at 90dB) - BAHA Intenso in pos A

67

10° 10"

Frequency [Hz]

10°

Figure 91: Difference in ipsilateral versus contralateral promtory acceleration response for the BAHA
Intenso in position A. The curve is averaged olierthree subjects and presented together withatsdsird

deviation.



6 Discussion

The discussion is divided into subsections follayihe structure of the result section,
discussing the results obtained from the Skull $awoun measurements, the dry skull

measurements and the cadaver head investigations.

6.1 Electrical impedance measurements

Electrical impedance measurements were carriedrobbth the Skull simulator and the dry
skull to study variations in impedance relatinghe object to which the transducer is
attached. Seen from Figure 23 to 26, these measutsrdid not differ remarkably, hence no

impedance measurements were obtained during tleeatdead investigations.

Comparing the impedance phase angles for the @ifféransducers it can be seen that for
high frequencies both of the BEST transducers stige to 80, whereas the BAHA
transducers reaches a maximum of approximateélyahf then drops off. This indicates lower
energy consumption for the BEST transducers fan figquencies considering the fact that a
90° phase angle implies a purely inductive behaviagr ia this state no active power in
consumed. The difference in phase angle can baieegl by the BEST transducers’

laminated iron core in the BEST, minimizing freqagnlependent losses due to eddy currents
and magnetic hysteresis.

A comparison of the impedance magnitudes showslieaBAHA Intenso has the lowest
impedance, followed by both the BEST transducedsfanally the Baha classic 300. These
characteristics will also affect the transducemsivpr consumption and will be of importance

when later comparing the results from the frequarsponse measurements.

6.2 Force output from Skull simulator

In general, the transducers” resonance frequerdssigned to amplify the frequency range of
human speech. This interval is believed to range 400 to 500 Hz up to 5 to 6 kHz. As an
interval for comparison, the bandwidth of todagkphone communication is 300 Hz to
3400 kHz. For lower frequencies, the presence ofamted noise increases and hence the
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amplification for these frequencies is kept lowisTtan be seen to be a common factor for all
of the transducers [14].

From Figure 28 it can be seen that the maximunefordput peak shifts in frequency
between the transducers. The Baha Intenso is tlsé poaverful transducer in the frequency
range 100 Hz to 2 kHz, whereas the C-BEST is s#phgtween 2 kHz and 4 kHz. The
location of the output force peak depends on teenance frequency of the transducer. The
resonance frequency of the C-BEST is designed highén frequency than the BEST90,
resulting in an improved force output in the fregeyerange from 800 Hz up to 5 kHz, seen in
Figure 29.

Relating the transducers’ force output levels tdhrlier discussed impedance measurements
it can be seen that the BAHA Intenso, having theekt impedance, generates the highest
force output. A lower impedance results in a higiraring current and analogously a higher
power consumption. By taking the transducers’ retipe input impedances J into account
when comparing the force output, the efficiencyhef transducers can be compared. Figure
92 below presents the squared output force fronsSkudl simulator divided by the

transducers’ respective active power consumpticenming to Eq.(10). The (k) >can be
interpreted as the mechanical power out pelk: (Rc) to a normalized mechanical load.(&

=1), see Eq.(11). The figure is generated fronstmae data used for Figure 23 to 28.

2 2 2
. Z
= ={PAW=—TQ“| mos@)} = g%l S'”(L) (10)
In in in
F2
I:)out,mechz Zskull = I:siull (11)

load

When the active power consumption is taken int@ant; it also includes an efficiency
measure of the transducers. As seen in Figure2uperior force output of the BAHA
Intenso, apperent in Figure 28 due to the lowerdance, is now changed as the high output
had a cost high input power consumption. Also,GRHBEST’s resonance peak at 3 kHz, seen
in Figure 28, now appears even more distinct. hizecause C-BEST here operates in a

resonance region (all transducers are always nfficeest in their resonance regions).
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Figure 92: A quality of measure for the transducers preseatethe squared force output from the Skull

simulator divided with the transducer’s respectiative power consumption.

6.3 Frequency response from electrical stimulation on dry skull

To evaluate the attachment position of the transdi¢he difference in frequency response
between the BEST positioned in A and B is studiethe dry skull. From Figure 34, it can be
seen that stimulation closer to the cochlea regulishigher ipsilateral promontory
acceleration level from approximately 800 Hz andHiipwever, the results from the
contralateral measurements in Figure 35 are inagin@ due to large variations concerning

both stimulation positions.

Similar results are also apparent in Figure 323ovdhere the differences in ipsilateral and
contralateral frequency responses for all of thasducers are plotted with the C-BEST as
reference. Regarding the ipsilateral measuremtém@sC-BEST is the most powerful
transducer in the frequency range from 950 Hz upkblz. Compared to the BAHA Classic
300 and the BAHA Intenso, the C-BEST shows an apprately 5 — 10 dB higher
promontory acceleration response. It can also tieetbthat the C-BEST shows a 5 — 10 dB
higher promontory acceleration response than th8TBi the entire frequency range from
100 Hz to 10 kHz. Even though the C-BEST and th&BE&re not identical transducers, they
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are still built around the same platform and tlesutt indicates that promontory acceleration
level benefits from stimulation closer to the cazhl

Since the C-BEST is attached to the skull usingegahbar, pressing the transducer against
the bottom surface of the recess, the possibifith® metal bar affecting the measurements
was investigated. In Figure 93, measurements caedioth with and without the metal bar
attachment are shown, showing negligible effe¢hefmetal bar. However, both

measurements are conducted using bone cementnige®pitransducer in place.

Ipsilateral response on dry skull - bar vs. no har
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Promontory Acceleration Level dB re 1 mis2

-40
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Figure 93: Influence of the metal bar used for attachmenhefG@-BEST.

6.4 Frequency response from acoustical stimulation on dry skull

All acoustical measurements involving the BCI aagried out using the MED-EL inductive
link. Studying the difference between the electrmaasurements with the C-BEST and the
acoustical MPO results for the BCI, the loss inititctive link can be seen. Figure 94
below shows a decreased promontory accelerati@h td\approximately 10 to 15 dB due to

the inductive power transfer.
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Ipsiateral response on dry skull - acoustical vs. electrical stimulation of C-BEST
5 T T T T 1
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Figure 94: Difference in ipsilateral promontory acceleraticgvkl between electrical and acoustical stimulation
of the C-BEST, corresponding to the loss in th@dtisle energy transfer link across the skin.

During the acoustical measurements, recurring problwith acoustical feedback for the
BAHA Classic 300 and the BAHA Intenso was noticgigting a howling sound with
increasing amplitude. This implied that the uséutifon gain for these transducers were not
possible. The problem may be a result of that thplification is optimized to give as high
amplification as possible for full-on gain withabe system oscillating, analogously the
open-loop gain is designed close to unity. Witheolg in the vicinity the microphone, which
is the case in the laboratory, reflecting soundegadvom the speaker can cause the margin
before oscillation criteria be exceeded, hence igging the howling sound [15]. To
overcome this problem, the volume setting for tiHB. Classic 300 had to be set to 2. The
feedback problem was never noticed for the BClesyshence giving the possibility of
maybe using a higher default volume setting.

Both the ipsilateral and contralateral frequengpomse measurements for the BCI and the
BAHA Classic 300, Figure 36 to 39, seem to be lingato 70 dB. When the sound pressure
level is increased to 90 dB, both devices appeapé&rate in saturation, hence allowing

comparison of the transducers’ MPO.
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When comparing the BCI and the BAHA Classic 30@tendry skull, in terms of ipsilateral
MPO response, the BAHA Classic 300 shows a higkgganse in the frequency range from
120 Hz to 1 kHz.

For higher frequencies similar response from bi@thdgducers are obtained. Regarding the
contralateral measurements, the BAHA Classic 3@feimeral show a 5 to 10 dB higher
frequency response than the BCI, well in accordavittethe loss in the inductive link.

It should be mentioned that the dry skull seemnbenestimate the promontory acceleration
level at low frequencies as compared to the cadaeasurements discussed in the next

section.

6.5 Frequency response from electrical stimulation on cadaver

The results from the electrically stimulated tramsets included in the cadaver head
investigation, indicates less variation in ipsitatdrequency response among subjects for the
C-BEST in position B than for the BEST in positidnThis result can be a consequence of
that the C-BEST is attached to more compact bose tte BEST, resulting in that the exact
attachment position for the C-BEST is of less int@ace.

Regarding the variation in contralateral frequeresponse among subjects, large variations
can be observed for both the C-BEST and the BESMeSof the variations associated with
the C-BEST can be explained by varying antiresoesuatnong the subjects, by comparing
the electrical and acoustical results. LookingiguFe 44, the dip at 1.2 kHz for subject 3 can
also be seen clearly in Figure 63, for the acoabktiteasurements. The huge dip reaching
from approximately 1.4 up to 3 kHz for subject JFigure 44, can also be found similar in
Figure 65. Due to that no acoustical measuremeats performed for the BEST, no such

comparison could be made for this transducer.

Similar to the dry skull measurements, the C-BEBdwss an increased acceleration level at
the promontory for all of the three subjects infiteguency range from 500 Hz up to 9 kHz

compared to the BEST, verifying the benefit of tfistimulating closer to the cochlea.
Electrical stimulation of the C-BEST and the BES3oaenables a comparison of the
anchoring positions A and B, considering only thggiological aspect of the skull. Since the

C-BEST and the BEST are based around the samemtatbut C-BEST have a high
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frequency resonance at 3 kHz, and therefore withithmind can be treated as basically the
same transducer.

Figure 95 below covers two different approacheghar investigation. The leftmost plot
shows the ipsilateral versus contralateral promgrdcceleration level difference, when
stimulation is applied to position A respectiveifioa B. These curves are completely
independent of which transducer is used. The rigbtmlot however, presents the difference
in stimulation position, A versus B, treating tipsilateral and contralateral responses
separately. Here the difference in performance eet\BEST and C-BEST (see Figures 28
and 29) will influence the results. Both plots shibw averaged curves over the three
subjects.

Difference in position A and B - Ipsilateral vs. Contralateral response Difference in ipsilateral and contralateral response - Pos B vs. Pos A

30 30

Pramontary Acceleration Level dB re 1 /s
Pramontary Acceleration Level dB re 1 mis?
: =

: lpsilateral: Pos B - Pos A
: i1 o | ———Pos Al lpsilateral - Contralateral oo ¢ i ———Contralateral: Pos B - Pos A
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Frequency [Hz] Freguency [Hz]

‘ Pos B: Ipsilateral - Contralateral

Figure 95: Comparison of anchoring position A and B, consiatgionly the physiological aspect of the skull.

The result confirms previous assumptions, thatidation closer to the cochlea, position B,
results in a higher ipsilateral promontory acceleraresponse than stimulation in the
traditional BAHA position, position A.

Since the traditional titanium screw anchoring whandoned in favour for the flat surface
attachment of the C-BEST, it was desirable to aghgéesmooth attachment surface. For this
purpose bone cement was used to mimic the proéeélse cegrowth of bone in the area of the
implant. However, measurements conducted with atttbwt the use of bone cement,
ipsilaterally and contralaterally, showed no diredvantage of using bone cement, as shown

in Figure 96 below.
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Ipsilateral response - C-BEST in pos B - with and without bone cement - Subject 1 Contralateral response - C-BEST in pos B - with and without bone cement - Subject 3
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Figure 96: The influence of the bone cement used to creatgoath attachment surface when anchoring the C-
BEST. Measurements were conducted both with amutithe bone cement on two of the subjects andatie

the ipsilateral and contralateral responses weredgtd.

To assure that the recess, made for attachmehe&BEST, had no influence on the
measurements dealing with the transducers anchioeeitanium screw in position A, due to
absence of bone tissue, repetitive measuremenésasaducted for the BEST both before
and after the recess was made. Results from theasurements are shown in Figure 97.
These measurements validates that the absencaetissue due to the recess have only
minor effect the other measurements on the ipsdbséde whereas the effect is negligible on
the conralateral side.

Ipsilateral response - BESTS0 in pos A - with and without recess - Subject 2 Contralateral response - BEST90 in pos A - with and without recess - Subject 1
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Figure 97: Measurements conducted both before and after tessefor the C-BEST was made.

6.6 Frequency response from acoustical stimulation on cadaver

The first observation regarding the acoustical measents at Sahlgrenska, was the effect of
the complex acoustical environment when a con8&htwas desired. The hard surfaces in

the examination room did not only set demands eretjuipment regulating the sound
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pressure, but did also contribute to the preseheeaustical interference at certain
frequencies. Acoustical interference can contrilbotan increase in frequency response
without being noticeable in the SPL curves, makirnard to trace back in the post-
processing of the data. The demanding measuremembement is however visualized by
comparing the sound pressure level regulationarrdlom at Sahlgrenska with the more
controlled laboratory room at Chalmers, presemedeigure 98 below.

SPL regulation - sahlgrenska vs. laboratory
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Figure 98: Measured sound pressure levels for regulation efatoustical stimulation of the transducers, both

at Sahlgrenska and in the laboratory, showing tamdnding acoustical environment at the hospital.

The background noise in the room at Sahlgrenskealgasmeasured to assure that the
influence of the room acoustics had a negligiblpant on the measurements. In Figure 99
these measurements presented, showing that theleve is well below the bottom
stimulation level, 60 dB SPL.

In the same figure, the background noise leveh@laboratory at Chalmers is also included
for comparison.
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Room acoustics comparison Sahlgrenska vs Laboratory
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Figure 99: Measured background noise at Sahlgrenska and ifeti@ratory.

Another measurement conducted prior to the actealsorements on the cadavers at
Sahlgrenska was the calibration of the referen@eaphone. This measurement was also

repeated after all measurements were conductedakhiolation. Both calibrations can be seen
in Figure 100.

77



Pre- and Postcalibration for measurements at sahigrenska
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Figure 100: Calibration of the condenser microphone was perfmirhoth before are after the actual

measurements at Sahlgrenska, to assure properaggulof the sound pressure levels.

Similar to in the laboratory measurements, probleitis acoustical feedback was noticed for
both the BAHA Classic 300 and the BAHA Intenso. Tie&ume control settings had to be
kept at a maximum of 2 (total range 0-3) to avbid problem. Again, no such behaviour was
noticed for the BCI. This might imply that the BR4s lager stability margins before
oscillation i.e. the open-loop has greater margiartity gain. A redesigned driving unit might
thus allow further amplification when used in comddion with the C-BEST attached to

position B.

The cadaver head investigation involved measuresrmarformed on three subjects in order
to achieve same statistical information but motgestts need to draw statistically based
conclusions. By comparing deviations between sib@enore realistic understanding of the

generic differences in the performance of the des/are obtained.

Comparing the BCI and the BAHA Classic 300 in teohgpsilateral maximum power

output, Figure 76, the BCI shows a fluctuating tmuithe average 5-10 dB higher promontory
acceleration level than the BAHA Classic 300 infileguency range 600 Hz to 7 kHz. The
same comparison with the BAHA Intenso, Figure Tibygs an also fluctuating 0 -5dB

higher promontory acceleration level in the frequerange between 700 Hz and 7 kHz. The
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contralateral frequency response differences, Eig8rto 79, show a significantly lower
response for the BCI compared to both the BAHA €§1ta800 and the BAHA Intenso.

Further, from Figure 89, comparing ipsilateral aodtralateral frequency response for the
BCI averaged over the three subjects, it can be $ext the contralateral frequency response
Is significantly lower than the ipsilateral respensor the BAHA Classic 300 and BAHA
Intenso, Figure 90 and 91, it is just the oppodsite,contralateral response is higher than the
ipsilateral response in the frequency range fropr@pmately 300 Hz up to 3 kHz. To have a
low contralateral response comparing with ipsil@teesponse is not only unappreciated, it
profits the ability of binaural hearing describedhe hearing physiology chapter. As long as

the ipsilateral response is sufficiently high aldmal hearing in the contralateral ear.

Combining the electrical and acoustical resuligeerally smoother ipsilateral frequency
response is obtained from stimulating in positioth&n in position A. This implies that
stimulation closer to the cochlea means less seitygitio antiresonances in the skull. On the
other hand, position A has a superior contralateaalsmission ability compared to position
B, making stimulation in position A well suited fpatients suffering from for example single
sided deafness.

Comparing the ipsilateral frequency responsesiieBClI, Figure 52 to 54, with similar
measurements from previous year's master thes|sdf.éhat time with the BCI attached to
position B using the titanium screw snap couplsigyilar results can be seen. This
observation motivates the replacement of the titarscrew attachment with a flat surface
attachment for the BCI. The surgical procedure ived with the implantation of the BCI
would here by result in a lowered risk of complioas, due to that it is implanted not so deep
into the temporal bone with a lower risk of damagiine facial nerve and the vestibular

organ.

The results from this master thesis indicate thedmscutaneous implantable bone conducted
hearing aid (BCI) can be a realistic alternativéoiay’s percutaneous BAHA systems.
Furthermore, an additional study is made in pdralith this master thesis, concentrating on
the inductive link supplying the C-BEST. With angroved inductive energy transfer, the

BCI has the qualifications of being a very stronghpetitor to today’s existing systems.
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7 Conclusion

* The BCI had 5-10 dB higher ipsilateral MPO promawytacceleration level than the
Classic 300 in the range 700-7k Hz.

» The BCI had approximately O - 5 dB higher ipsilat&ViPO promontory acceleration
level than the Intenso 700-7k Hz.

* The contralateral MPO promontory acceleration Iewaek considerably lower for the
BSI than for the BAHA Classic 300 and BAHA Intenso.

» For the BAHA Classic 300 and the BAHA Intenso tbatcalateral response is the
same or higher than the ipsilateral response émuencies from 700-5k Hz

* The results in this study indicates that the sa#achment used in a previous studies
can be replaced with a flat surface attachmentustdéic pressure which has a lower
profile and is safer to install.

* It was shown that any bone cement for creating @osimattachment surface between
the pneumatized bone bed was not needed.

e It was experienced that the BCI was not suffernognfany feedback problems for the
preset gain whereas both the BAHA Classic 300 hadB®AHA Intenso could not be
used at full on gain (volume 3) because of feedback

» The responses from the electrical stimulationscaigi that the C-BEST have an
improved high frequency response as compared WgfBEST that was verified on

Skull simulator measurements.
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Appendix A

8.1 Data acquisition using Labview

Labview is a graphical programming environment suppg access to instrumentation
hardware. The program is divided into two main cormgnts, the Front Panel, representing
the graphical user interface, and the Block Diagnahere functions and components are
wired together in the form of graphical blocksthis thesis Labview 8.5 was used to develop
an application communicating with the Agilent 35870 facilitate the process of

transferring measured data from the instrumerttéaccomputer using the instrument’'s GPIB

port.

The user interface, or the application’s Front Raseshown in Figure 101 including a graph
for visualization of the transferred data to ensbed it matches the desired trace of the
instrument. It also includes a prompt for saving tbceived data to a text document and a

menu for selecting which trace to be transferred.

AGILEMT 356704

)
=]
3
F=1
=
o
i
=

1
100000

FILE TO SAYE MEASLIREMENT DATA

C:'l,write-read example.bxt

Active Trace [A B, C, D
|

Figure 101: Front Panel
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Figure 102 shows the first frame in a stacked @gning structure. The structure is
sequentially executed and this frame executedrsteGPIB interaction command. The
command FORM ASC is sent to GPIB address 11 tahtellnstrument to send data in ASCII
format. This frame also includes some blocks okfyuesthetic nature, to control the coloring

of the front panel.

11

O 1 0 N N [ g Ot O R R s e =

el
=]
FORM A5C |25

D000 00000 0000000000000 0000000000000 000000000000 000000000000 0000000000000 0000000

Figure 102: Block diagram view 1.

The second frame of the outer programming strucglrewn in Figure A.3, also includes an
interior sequential structure. By using an integequential structure, objects requiring
accessibility from multiple sequences can be planédide this interior structure. The fist
frame of the interior sequential structure asksisument for the data on the x-axis by
sending the command CALC:X:DATA? to GPIB addressRdading a string from the same

GPIB address then transfers the x-axis data, asrshoFigure 104.
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Figure 103: Block diagram view 2.

The data is then manipulated by replacing all cosxmi¢h a blank space before saving the
data to the location specified in the Front Pafkis facilitates the importing process when
the data is used together with for example MATLABe received data is simultaneously
processed in a while-loop structure, extractingrtbmmbers from the string and adding them
into an array of numbers format. This array is teent outside the interior sequence to
represent the x-values shown on the Front Pand.prbcess is shown in Figure 104.

11

i O I B w W e W e W w sl s W W 1[0..1] *p0O0000 0000000000000 0000000000 00000000t

=

DOO00000000000000000000[n.3]ve[d0000000000000000000000000C

R N L

D000 000 00000000 000000 0000000000 0000000 0000000 00000000000 000

o 0 o e e A s i w s s s s R

Figure 104: Block diagram view 3.

The purpose of the frame presented in Figure 10&aghings. The first is to separate the
now transferred x-values from an upcoming set véles. This is done by opening the
existing file, containing all the x-values, and rbmg the position of the current file mark to

the end of the document, preventing the x-valuas fioeing overwritten by the new set of y-
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values. This frame also sends a query commandhéoy-tvalues for one of the instrument’s
four traces, specified by the user on the FroneRPdime command used for requesting the y-
values is CALC<n>:DATA?, where <n> is the user $jped trace number (1 to 4)

corresponding to trace A to D on the instrument.

11
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Figure 105: Block diagram view 4.

The next frame, shown in Figure 106, has the sametibnality as Figure 104, but now
considering the y-values. The data is collected stsing, manipulated by replacing commas
with blank spaces and saved by appending the ddltee texisting file containing the x-values.
As before, the data is added to an array of nurfdverat and sent outside the interior
sequence. The y-values are then combined with-freues to form a bundle, which is sent to

the xy-graph to be visualized on the Front Panel.
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Figure 106: Block diagram view 5.
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From the steps above, the measured data from ahg afistrument’s four traces can be
transferred directly to the computer with no neédsing the instruments floppy drive. But
one undesirable quality of the Agilent 35670A iatth returns more x-data points y-data
points, resulting in an uneven data array. Thisltesn that the general loading command in
MATLAB-command, “load(‘filename’), can not be usddstead the command
“textread(‘filename’)” is used to import only thiest 400 x- and y-data values, considering

that a resolution of 400 lines is used.
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9 Appendix B
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SPL: BAHA Intenso in Position A - Contralateral, subject 2
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