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Abstract 
 

People suffering from conductive or mixed hearing loss cannot benefit from traditional air 

conducted hearing aids. For these patients, bone anchored hearing aids becomes an important 

rehabilitation alternative. Conventional bone anchored hearing aids, BAHA, has been available in 

clinical practice for a long time, but still, this is not an area without need for improvements. 

Complications have been reported, mainly originating from the percutaneous anchoring of the 

transducer, implying permanent perforation of the skin.     

 

A new type of bone conducted hearing aid has been proposed as an alternative to the percutaneus 

BAHA. Utilizing a modified BEST transducer incorporated into a housing, the so-called C-BEST 

becomes an implantable transcutaneous alternative to the conventional bone anchored hearing 

aids. The C-BEST transducer is implanted into a recess in the temporal bone simply by applying 

pressure. By combining the implantation of the transducer with an inductive electromagnetic 

energy transfer across the skin, the possibility of a transcutaneous solution is given.  The 

transcutaneous solution leaves the skin intact, hence reducing the risk of complications. 

 

The aim of this Master Thesis is to investigate the possibility to abandon the traditional titanium 

screw anchoring of bone conduction transducers in favor for a flat bottom design, intended for 

implantation in the temporal bone. To evaluate the C-BEST, three reference transducers have 

been used, the BEST90, the BAHA Classic 300 and the BAHA Intenso. Measurements have been 

conducted utilizing a skull simulator and a dry skull, performed in a laboratory environment. Also 

a cadaver head investigation was performed, involving measurements conducted on three subjects 

in total.   

 

The results from the skull simulator measurements show an improved output force response for 

the C-BEST compared to its previous design, the BEST90. The ipsilateral frequency responses 

from the cadaver investigation, from acoustical stimulation, show a 5 – 10 dB increase in 

promontory acceleration response, between 600 and 7000 Hz, in favor for the C-BEST compared 

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

dB increase in ipsilateral promontory acceleration response. It is also apparent that by anchoring 

the transducer closer to the cochlea, the sensitivity to anti resonances in the skull, as well as the 

variation in frequency response among patients, is reduced. However, the contralateral response is 

significantly lower for the C-BEST compared to both the BAHA Classic and the BAHA Intenso.  
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1 Introduction 

Hearing, or to perceive sound, is the ability to transduce vibrations of the cochlea, the 

auditory portion of the inner ear, into nerve impulses transmitted to the brain to be interpreted 

as sound. The cochlea vibrations can origin from two different mechanisms, air conducted 

and bone conducted stimulation of the cochlea. Traditional external hearing aids utilize 

amplification and modulation of sound to increase this stimulation, but in some cases a better 

way to improve a patient’s hearing is by the use of implantable hearing devices, such as 

middle air implants or bone conducted hearing aids.  

 

Middle ear implants work by having a sound processor picking up the sound, transferring it 

across the skin electromagnetically to an implanted receiver. The receiver transmits a signal to 

a floating mass transducer stimulating the ossicles, the middle ear bones. Both traditional 

external hearing aids and middle ear implants are classified as air conducted hearing aids. 

However, for patients suffering from a diseased middle ear, the use of air conducted hearing 

aids are no longer applicable. By utilizing the mechanism of cochlea stimulation rising from 

vibrations of the skull bone, patients with a damaged middle ear or damaged or absent ear 

canals, can instead benefit from bone conduction hearing aids.  

 

Today’s bone conduction hearing aids are either entirely external devices, contacting the 

mastoid area behind the ear using a steal-spring headband to induce vibrations in the skull 

bone, or as in the case of the Bone Anchored Hearing Aid (BAHA) where the transducer is 

attached to the skull bone percutaneously using a titanium screw, permanently perforating the 

skin. The latter implies the risk of certain complications, such as the risk of inflammation in 

the vicinity of the screw. The bone anchored hearing aids on the other hand has an advantage 

over the middle ear implants regarding the process of surgically implanting the aid. The 

surgery involved with middle ear implants is both complicated and expensive and involves a 

risk of damaging the facial nerve. 

 

A combination of the two techniques, utilizing the electromagnetic energy transfer across the 

skin applied in the middle ear implants, with bone conducted stimulation of the cochlea 

associated the bone anchored hearing aids, would possibly result in a system benefiting from 

the separate advantages of both systems. A possible solution can be seen in Figure 1. 
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Figure 1: Illustration showing the transcutaneous BCI system with the implanted C-BEST transducer. 

 

1.1 Background 

The use of bone conduction hearing aids has increased over the past decades. However, this is 

not an area without need for improvements. The conventional bone conduction transducers 

still suffer from for example relatively poor performance at low frequencies. Hence, a new 

type of transducer, the Balanced Electromagnetic Separation Transducer (BEST) has been 

developed, with improved performance in terms of frequency response and total harmonic 

distortion compared to conventional transducers. Also the size of the BEST transducer could 

be decreased, making it suitable for future implantation of the device.            

 

Several studies have been made covering sub tasks on the way to eventually determine the 

design for the first implantable bone anchored hearing aid. From earlier investigations, the 

technique to combine the BEST transducer, intended for bone conducted stimulation of the 

cochlea, with the inductive energy transfer link used in middle ear implants, by MED-EL 

Vibrant Soundbridge, has shown promising results. During these earlier studies, the 

evaluation was based on a provisional solution using a naked BEST transducer anchored to 

the temporal bone using the titanium screw snap coupling used in the BAHA system, making 

it a transcutaneous solution, but still not well suited for implantation.  For this thesis, the 

BEST transducer design was slightly modified for further improvement and also incorporated 

into a housing. The idea is now to anchor the C-BEST transducer to the temporal bone simply 

by applying pressure, with no need for titanium implants.                   
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1.2 Objective  

The aim of this master thesis is to conduct a full scale investigation of a newly developed 

bone conduction transducer, the C-BEST, intended for implantation in osseous tissue. The 

investigation aims to evaluate the possibility of abandoning the traditional percutaneous 

anchoring of bone conduction transducers, using an ossiointegrated titanium screw, in favour 

for an implantable alternative allowing the possibility of a transcutaneous solution.  
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2 Theory 

The underlying principles for the development of bone conducting hearing aids are essentially 

based on the theory of the human hearing. Sound can be perceived in two different ways, by 

air conducted- or bone conducted hearing. In this section the physiology of the human hearing 

is described as well as a technical description of the transducers used in the evaluation 

process. The following section, 2.1, is a summary of Reinfeldt S. thesis “Bone conducted 

soundtransmission for communication systems” [1].           

2.1 Hearing physiology 

To understand the basic concepts motivating bone conducted hearing aids, a fundamental 

understanding of the human hearing is essential. As mentioned earlier, sound can be 

perceived both by air conducted and bone conducted hearing. Figure 2 below illustrates the 

different conduction paths involved with these two concepts.    

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

2.1.1 Air conducted hearing 

Air conducted (ac) hearing involves sound being captured by the ears and further conducted 

through the auditory canal to reach the cochlea. For easier understanding of the physiology 

behind ac hearing, the ear is considered as three parts; the outer-, middle- and inner ear. The 

outer ear consists of the pinna and the ear canal with the main function to enhance high 
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frequency sounds and to determine the direction of its source. The anatomy of the human ear 

is illustrated in Figure 3. At the end of the ear canal, at the border between the outer and the 

middle ear, the thympanic membrane is found with the purpose to transform sound energy 

into vibrations.  

 

 

 
 

Figure 3: Illustration of the human ear showing the outer-, middle- and inner ear.   

 

The vibrations are transferred to the three joined ossicles located in the middle ear, the 

malleus, the incus and the stapes. These bones connect the middle ear to the inner ear with the 

malleus contacting the thympanic membrane and the stapes contacting the oval window 

located in the inner ear. The ossicles are attached with several ligaments and two muscle 

tendons, the tensor tympani and the stapedius muscle. By contracting the stapedius muscle, 

the middle ear work as a damping function for incoming vibrations. In the case of loud sound 

exposure, the middle ear will damp the incoming sound with about 10 dB before transmitting 

the vibrations to the sensitive inner ear. Another important purpose of the middle ear is to act 

as a sound transformer, transforming the air conducted sound into fluid wave vibrations in the 

cochlea. Absence of this connection would result in loss of sound energy corresponding to 

approximately 25 dB. A malfunctioned middle ear outrules the possibility of improved 

hearing from middle ear implants and is one of the main reasons motivating bone conducted 

hearing aids.    
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The third part of the ear is the inner ear, containing three fluid filled systems; the cochlea, the 

semicircular canals and the vestibule; the latter two being contributors to the balance system 

of the human body. When the stapes attached to the oval window vibrates also, the fluid in the 

cochlea is set into motion and then the auditory sensory cells in the organ of corti, located in 

the basilar membrane are excited. The wave length of the vibrations depends on the frequency 

of the incoming sound and determines where along the basilar membrane the cochlea is 

stimulated. For low frequency sounds, the wave is transmitted to the apical end of the cochlea, 

whereas a higher frequency sound has a shorter traveling distance, near the base of the 

cochlea. When the auditory sensory cells are stimulated, a generated signal is transmitted to 

the auditory cortex of the brain to be interpreted as sound.  

 

2.1.2 Bone conduction 

Bone conducted (bc) hearing refers to sound perception rising from sound energy transmitted 

to the cochlea through vibrations in the bones and cavities of the skull. In contrast to ac 

hearing, bone conducted sound is not transmitted via the ear canal and middle ear to reach the 

inner ear and finally the cochlea. The fact that sound can be perceived both through ac and bc 

hearing explains why a sound recording of your own voice seems unfamiliar to how you 

normally recognize it. While the recording equipment captures only what is here referred to as 

air conducted sound, the cochlea is also sensitive to the bc transmission part of the own voice 

i.e. the vibrations propagating from the oral cavity through the skull bone as sound, making 

the voice on recording appear differently.  

 

Bc sound can be transmitted to the cochlea both by pure bone conduction, but also through 

what is called body conduction, referring to sound conducted trough soft tissue and fluids. 

Due to the fact that it is difficult to distinguish between these two phenomena, the general 

definition of bone conducted sound covers both of them.  

 

2.2 Binaural and bilateral hearing 

Binaural hearing is often referred to the ability to localize the origin of sounds. This function 

relays on the brain’s ability to compare information from two separate auditory inputs, the 

ears. For patients suffering from a hearing loss in both ears, binaural amplification provides 
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the most benefit, but requires the left and the right ear independently supply the brain with 

information. 

 

Bilateral hearing on the other hand, gives amplification of sounds to both ears, hence 

supplying both ears with the same information. Since the ears are not connected in any way 

and work independently of each other, bilateral hearing lacks the possibility to distinguish the 

location of the sound source. 

 

The two concepts can both be applied within the area of hearing aids, and they have both 

advantages and disadvantages dependent on type of hearing loss [2].  

 

2.3 Bone conduction transducers 

In this thesis four transducers have been investigated: the capsuled Balanced Electromagnetic 

Separation Transducer (C-BEST), the BEST, the transducers in BAHA Classic 300 and the 

BAHA Intenso. The latter three are used as reference transducers for evaluating the C-BEST. 

To obtain the transcutaneous energy transfer across the skin when evaluating the BEST 

transducers acoustically, some components from MEL-EL’s middle ear implants are utilized.  

2.3.1 The BEST transducers 

Two different BEST transducers are used in this thesis, the C-BEST for evaluation purpose 

and a BEST, used as a reference transducer. The two have the same basic design, but with the 

C-BEST having a completely new approach in how to transfer vibrations from the transducer 

to the skull bone. This section describes the basic idea behind the BEST transducers, covering 

both the BEST and the C-BEST.        

 

The purpose of a bone conduction transducer is to transform electrical signal energy into 

mechanical vibration energy without loss of information. To achieve this, low distortion is 

needed. For conventional transducers, of variable reluctance type, low distortion is achieved 

by having a high static flux, with the consequence of requiring a stiff suspension. A stiffer 

suspension brings the requirement of using a heavier counterweight to preserve a good low-

frequency response. Consequently, to achieve an acceptable distortion level, conventional 

transducers often suffer from poor low-frequency response.  
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The basic idea behind the design of the BEST transducers is to eliminate the static forces, 

enabling the use of softer suspension, hence minimizing the counterweight. This enables a 

lighter and more compact construction, well suited for implantation purpose. It is achieved by 

utilizing a construction having four air gaps instead of one, resulting in that the static forces of 

the upper and lower air gaps counterbalance each other. In Figure 4 the schematic design of 

the BEST transducer is illustrated.  

 

 

 
Figure 4: The schematic design of the BEST transducer.  

 

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

surrounding coil. This is the part attached to the load, transferring the mechanical vibration 

energy to the skull bone. The outer part of the transducer contains ferromagnetic material and 

permanent magnets to create and conduct a constant magnetic flux. This part also serves as a 

counterweight.  The separate parts are connected to each other using four blade springs, with 

the main purpose to keep the construction in place and to balance the position of the inner part 

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

 

 

By driving a current in the coil, an electromagnetic field is generated. This field interacts with 

the magnetic field created by the magnets and will give rise to a force vibrating the inner part 

of the transducer. These vibrations are transferred to the load, i.e. the Skull simulator, the dry 

skull, the cadaver head or eventually the skull bone of a patient. Depending on which BEST 

transducer is used, the BEST or the C-BEST, the transferring of the vibrations differs. The 

BEST transducer is connected to the titanium implant using a snap coupling, whereas the C-

BEST transducer is implanted in the skull bone making connection simply by applying 

pressure to the transducer against a flat surface. The transducers used in this thesis can be 

seen in Figure 5, [4]. 
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Figure 5: Photos showing both of the BEST transducers, the BEST to the left and the C-BEST to the right. 

  

2.3.2 MED-EL inductive link 

To evaluate the BEST transducers acoustically, the inductive energy transfer applied in 

middle ear implants by MED-EL Vibrant® Soundbridge® is used. The MED-EL system 

utilizes transcutaneous energy transmission across the skin by use of an inductive link. The 

complete middle ear implant system from MED-EL consists of one external component called 

an audio processor, AP, containing a microphone, a sound processing system and an AM- 

modulator circuit. The internal component of the MED-EL system consists of an implanted 

coil, a conductor link and a floating mass transducer. By excluding the floating mass 

transducer from the system, this equipment can be used to drive any electromagnetic 

transducer, in this case the BEST transducers. One of the setups involving the MED-EL 

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

 

 

 
Figure 6: The MED-EL inductive link supplying the BEST transducer. To the upper left the AP, containing the 

microphone, the sound processing system and the modulator circuit, is shown. To the right the internal coil and 

the demodulator circuit are shown. 
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The system works by letting the externally worn receiver, the AP, pick up the sound and 

transform it into corresponding electrical signals supplying the sound processing system. The 

sound processing system adapts the signal according to the user’s specific requirements in 

terms of hearing loss and dynamic range. The modulator circuit then modulates the signal of 

the output of the sound processor, to prevent potential noise and the signal is then transferred 

across the skin to the internal coil where a demodulator circuit converts it to the appropriate 

electrical drive signal supplying the transducer, the floating 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 which is combined with the MED-EL driving 

circuit, referred to as the Bone Conducted Implant (BCI), with products already existing on 

the market, the BAHA Classic 300 and the BAHA Intenso were chosen as reference devices, 

see Figure 7. The new BAHA Intenso is the most powerful among the devices in the BAHA 

family and has some additional features compared to its foregoer, the BAHA Classic 300. 

One of them is the Automatic Gain Control Output compression, AGCO, a circuit designed to 

limit sound distortions. This circuit has a “dual time-constant system” to improve the sound 

quality in loud environments.  

 

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

the right. 

 

 

Both of these BAHA models consist of a microphone, an amplifier and a transducer 

encapsulated into an external housing. The microphone picks up sounds from its 

surroundings. The resulting signal is amplified before transmitted to the transducer, inducing 

vibrations in the skull bone. The vibrations are transferred to the skull bone via an abutment 
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connecting the hearing aid to an implanted titanium screw, fixated in the parietal bone behind 

the ear, see Figure 8. The titanium implant is integrated into the living bone tissue of the skull 

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

 

 

 
Figure 8: Schematic figure showing the basic construction of the BAHA 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 used to be able to evaluate the different devices of 

the BEST transducer. In this section a description of the most important equipment is 

presented.    

 

3.1 Agilent FFT Dynamic Signal Analyzer  

The Agilent 35670A is a 2 to 4-Channel FFT Dynamic Signal Analyzer, and is the main 

component in the signal analysis process of the evaluated devices in this thesis. An image of 

this device can bee seen in Figure 9. The instrument is used not only for measurement of 

signals, but it also acts as a signal generator. The Agilent 35670A was used in two different 

modes, FFT- and Swept-sine mode. 

 

The FFT mode presents an almost instant frequency analysis of the desired measuring setup 

using the Fast Fourier Transform. This mode has the advantage of being fast, but has few 

possibilities to control the instrument’s excitation signal. Therefore, this mode is only 

applicable for measurements with no demands on keeping a constant signal level at one of the 

input channel. For these measurements, e.g. measurements requiring a constant sound 

pressure level, instead the Swept-sine mode is used allowing more control over the 

instrument’s source level [8]. 

 

 

 
Figure 9: The Agilent 35670A FFT Dynamic Signal Analyser.   



   13 

    

3.2 Agilent 82357A GPIB/USB Interface 

Due to that that the Agilent 35670A in its standard set-up handles data transfer between 

instrument and computer using a floppy drive, a subtask for this thesis was to implement the 

possibility of easier measurement data transfer using the instrument’s available GPIB 

connection. Using a GPIB/USB interface, in this case the Agilent 82357A data cable, the 

Agilent 35670A can be connected directly to the computer, but there is no available software 

handling the actual transfer of measured data. For this purpose Labview was used to develop 

an application handling the communication. The programming structure and a description of 

the Labview application can be found in Appendix [9].  

 

3.3 Skull simulator  

The Skull simulator TU-1000, see Figure 10, is used to mimic the load characteristics of the 

human skull. Its dynamic behavior can be looked upon as a rigid mass body with a weight 

about 10 times higher than the counterweight of the transducer. The output signal from the 

Skull simulator is proportional to the force output generated by the transducer under test, 

obtained by measuring the motions of mass body using an accelerometer. The force is 

converted into a voltage, which can be measured with the Agilent Signal Analyzer. The 

output force level can be measured with high reliability in the frequency range within 100Hz 

to 10kHz [11]. 

 

 

 

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

The Polytec HVL-1000 Laser Doppler Vibrometer is used to measure skull vibrations induced 

by a vibrating transducer. This instrument is specifically designed for use in hearing studies 

and the principle of the measuring technique is based on the Doppler effect. By directing the 

laser beam at a spot on the skull and measure the shift in frequency between the transmitted 

and the reflected beam, the velocity of the skull vibrations can be calculated. The frequency 

shift is known as the Doppler shift and is proportional to the velocity of the skull vibrations. 

At the measuring point of interest, a reflector is placed in order to get a sufficient reflecting 

beam and a high signal to noise ratio. The output from the Laser Doppler Vibrometer is a 

voltage proportional to the velocity of the skull vibrations, 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 response at a constant sound pressure level, SPL, a 

condenser microphone, Brüel & Kjær Type 4134, was used, shown in Figure 12. By 

calibrating the equipment, measuring the voltage level for a reference SPL, 94dB at 1000 Hz, 

a relation between voltage and SPL is obtained. This relation is used to calculate the voltage 

levels corresponding to a set of predetermined SPL levels.  
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Figure 12: The condenser microphone and its power supply.  

 

A condenser microphone requires a certain DC-voltage level applied over the capacitor to bias 

the plates with a fixed charge, Q. The distance between the capacitor plates slightly changes 

when exposed to sound vibrations, thus affecting the capacitance inversely proportional to the 

separation distance. Due to that the charge is kept constant while the capacitance varies, the 

voltage over the capacitor will fluctuate around the bias DC-voltage level according to Eq.(1) 

[10]. 

 

C = Q*V      (1) 

 

When measuring the voltage level from the microphone, it is desirable to remove the bias DC-

component. Also the Agilent sets constrains on the minimum input signal to the instrument, 

which requires an amplification of the filtered microphone signal. For this purpose the circuit 

shown in Figure 13 was used, containing an high-pass filter and an operational amplifier, 

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

component. 

 

3.6 Dry Skull  

For one part of the evaluation process, comparing the new BEST transducer to its previous 

design as well as comparing it to the BAHA system, an intact dry skull, a cranium, was used. 

The cranium has been equipped with all the necessary abutments for connection of the 

different transducer systems. The positions for the different systems can be seen in Figure 14 

below. For this thesis one additional location was chosen for the C-BEST transducer. Due to 

that the C-BEST design requires no titanium abutment, its location is simply a recess in the 

mastoid portion of the temporal bone corresponding to position B in the leftmost illustration 

presented in Figure 14.    

 

  
Figure 14: Illustration of the dry skull with its transducer attachment positions. The leftmost picture shows the 

left side of the skull, where Pos B corresponds to the attachment position for the C-BEST and Pos A is the 

position for the reference transducer, the BEST or the BAHA. The rights side of the skull has no attachment 

possibility for the C-BEST, only for the reference transducers.   
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4 Method 

The following section describes the methods applied for the evaluation of the transducers. It is 

divided into three main areas describing the measurement approaches involved with the Skull 

simulator-, the dry skull- and the cadaver head measurements. These methods account for the 

data acquisition of the transducers’ respective electrical impedance, their force output level 

and their promontory acceleration levels. In Table 1 below, the settings used for the Agilent 

data acquisition can be seen. 

 

 Frequency range Resolution: Windowing 

FFT 100 – 12.6k Hz 400 lines Hanning 

Swept sine 100 – 10k Hz 400 lines - 

Table 1: Agilent setings. 
 

4.1 Skull simulator measurements 

The measuring setup involving the Skull simulator is illustrated in Figure 15 below. This 

setup allows for measurement of all quantities needed for calculation of both the electrical 

impedance and frequency response to be carried during the same sequence. 

 
Figure 15: Measurement setup for calculating the transducers’ electrical impedance and frequency response 

using the Skull simulator. 
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The transducer, mounted on the Skull simulator, is supplied with an amplified excitation 

signal, generated by the Agilent. The output signal from the Agilent is 50 mV peak-to-peak 

and the amplification is set to 20 dB. To protect the circuit, and to be able to measure the 

current, a 10 Ω resistor is connected in series. The amplified source voltage, the voltage 

supplying the transducer and the force output from the Skull simulator are measured using the 

Agilent set to FFT mode. 

4.1.1 Electrical impedance 

The electrical impedance is a complex quantity, in polar form described in Eq.(2). 

 

θj
inin eZZ ⋅=

r
      (2) 

 

To calculate the electrical impedance, the equivalent circuit diagram, shown in Figure 16, was 

used. This circuit corresponds to the measuring setup illustrated above, where Vs refers to the 

source voltage, Vin and Iin to the voltage and current supplying the transducer and Zin the 

transducer’s electrical impedance. 

    

 
Figure 16: Equivalent circuit for electrical impedance calculations.   

 

Starting from the expression for Ohm’s law, Eq.(3), the electrical impedance, Zin, can be 

calculated according to:  

 

ininin IZV ⋅=       

 (3) 
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Iin is obtained by measuring the source- and input-voltage to the transducer, Eq.(4). 
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By rearranging the two expressions above, the electrical impedance is calculated using Eq.(5). 
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4.1.2 Frequency response  

Using the same measuring setup as for the electrical impedance measurements, the frequency 

response can be simultaneously measured using the signal analyzer’s two remaining channels.  

 

The frequency response is calculated by dividing the output signal from the Skull simulator, a 

voltage proportional to the force output generated by the transducer, with the input voltage to 

the transducer. In order to present the frequency response in terms of output force, a 

conversion factor kF has to be applied, converting the measured voltage into force. The 

expression used for calculating the frequency response is presented in Eq.(6). 
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4.2 Dry skull surgery 

Since the idea of how to transfer the vibration energy from the C-BEST transducer to the skull 

bone differs from previous approaches, a minor surgery of the dry skull was needed. Both the 

BEST and the BAHA system require titanium anchoring of the transducer, whereas the C-

BEST has a flat bottom, instead requiring a smooth attachment surface. Hence, a custom 

recess was drilled in the temporal bone of the dry skull to fit the transducer. The rightmost 

image in Figure 17 shows the different approaches for the anchoring of the transducers, the 

titanium snap on coupling used to attach the BEST and the 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 made for the C-BEST as well as the titanium screw 

attachment for the reference transducers.  

 

Since the bottom of the recess was somewhat ruff, bone cement was used assuring the 

transducer to rest on a flat surface. By using bone cement, a material resembling the 

characteristics of bone, a flat bed was created, allowing the transducer to be pressed against a 

flat surface to assure good contact.  

 

The product used for this purpose, Surgical Simplex (Stryker) which consists of two 

components, one powder part and one liquid part. By mixing the two ingredients, a soft 

substance is achieved. This soft substance hardens within minutes, to become a material 

resembling the characteristics of bone. The substance was applied to the bottom of the recess, 

after which the transducer was aligned. The transducer was fixated using a metal bar, attached 

using two titanium screws, holding the transducer in place. The resulting attachment of the C-

BEST transducer is shown in Figure 18. To separate the transducer from its fixation bar, a 

small silicone tube is placed between the two metal surfaces.  

 

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

To mimic to the load characteristics of a future patient more realistically than when utilizing 

the Skull simulator, measurements were also carried out using the dry skull shown in Figure 

17. The same cranium has been used in several prior studies, making it possible to compare 

acquired data with earlier measurements.     

 

The fact that the skull is not perfectly symmetric implies that the conduction of sound through 

bone vibrations differs between the left and the right side of the skull. Measurements made on 

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

 

Measurements involving the dry skull are carried out for both of the BEST transducers as well 

as the BAHA transducers.  The transducers are both electrically stimulated and also 

stimulated acoustically by applying a constant sound pressure level. The frequency response 

is measured both on the right and the left side of the dry skull and both the ipsilateral and 

contralateral frequency responses are studied. The contralateral frequency response can be 

especially of significance for patients suffering from single sided deafness, by transferring the 

captured sound from the deaf side of the skull to the opposite healthy cochlea.          

4.3.1 Acceleration from electrical stimulation  

The first measuring setup, shown in Figure 19, looks similar to the setup involving the Skull 

simulator. The difference is that the Skull simulator now has been replaced by the dry skull in 

combination the laser doppler vibrometer. The transducer under test is mounted on the dry 

skull and is electrically stimulated using the signal analyzer. The excitation signal is set to 50 

mV peak-to-peak. This signal is amplified by 20 dB, giving a decent signal to noise ratio.    
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Figure 19: Measurement setup for calculating the transducers’ electrical impedance and frequency response 

using the dry skull and the laser doppler vibrometer. 

 

The laser doppler vibrometer measures the velocity of the vibrations induced at the 

promontory of the skull. The frequency response is presented as the acceleration (a skull) of 

the vibrations divided by the voltage, uin, supplying the transducer, see Eq.(7). The electrical 

impedance is also acquired during these measurements, in the same way as when the Skull 

simulator was used as load. 
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4.3.2 Acceleration from acoustical stimulation 

The acceleration measurements with acoustical stimulation are measured using the full 

hearing aid systems. Here, both the transducers’ and the audio processors are taken into 

account, completing the procedure to transform captured sound vibration at the microphone 

into skull vibrations induced by the transducer. 

 

Concerning the reference full devices, the BAHA Classic 300 and the BAHA Intenso are 

evaluated in their standard design, anchored to their designated position using a titanium snap 

coupling. When it comes to evaluating the C-BEST transducer an interesting factor is the  

inductive energy transfer across the skin. For investigating this MED-EL inductive link is 

used as its driving unit. To mimic the influence of the skin separating the transmitting and 

receiving coil, a set of silicone plates are used, forming a 5 mm distance between the coils.          
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Measurements were performed with the C-BEST transducer anchored to position B on the left 

side of the skull and the BAHA in position A on the same side. Both ipsilateral and 

contralateral measurements were conducted. Measurements were also carried out with the 

BEST transducer anchored to both position A and B on the right side of the skull for 

comparison of the anchoring positions.  

  

All measurements were conducted in a soundproof environment to reduce the influence of 

acoustic noise. The setup can be seen in Figure 20 below, showing how the dry skull is placed 

on foam rubber bed to minimize vibrations from the surroundings. Also, the speaker is wired 

from the ceiling of the room to further minimize disturbances on the measuring system. The 

acceleration is measured using a laser doppler vibrometer, directed into the ear canal of the 

cranium, measuring the vibrations at the promontory in the same manner as for the 

measurements using electrical stimulations. The transducers are stimulated using three 

different SPL levels, 60, 70, and 90 dB. 60 dB corresponds to the approximate level of normal 

speech whereas the 90 dB response corresponds to the saturated response of the hearing aid.  

   

  
Figure 20: Photos showing the laboratory setup used for conducting the acoustical measurements.   

 

In order to keeping the SPL constant at the position of the BCI and BAHA’s microphones 

during the measurements a condenser microphone, connected to the Agilent, is placed close to 

this position. By measuring the SPL at the condenser microphone, with the Agilent set to 

Swept sine mode, and specify an alternation tolerance level, the output signal supplying the 

speaker can be regulated to keep a constant SPL. The tolerance level was set to ±1 dB, 

meaning that the SPL is kept within this deviation from the desirable SPL. As stated before, it 

is desirable to both remove the bias DC-component as well as amplify the signal level from 
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the condenser microphone. For this purpose the circuit shown 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 Figure 21, has the purpose of removing the bias 

DC-component from the microphone signal, as well as amplifying the measuring signal 

supplying the signal analyzer. The circuit consists of a high-pass filter and an operational 

amplifier. 

 

   
Figure 21: Circuit diagram for the amplification and filtering circuit.   

 

The high-pass filter is designed to remove the DC-component from the microphone signal 

without interfering with the measurement interval, between 100 Hz-10 kHz. By choosing the 

resistor R1 to 10 kΩ and the capacitor C to 0.47 µF, a cut off frequency of 33.86 Hz is 

obtained, satisfying this requirement. The cut off frequency is calculated according to Eq.(8). 

 

86.33
)1047.0()101(2

1

2

1
64

1
3 =

⋅⋅⋅⋅
==

−ππ CR
f dB  Hz   (8) 

 

The circuit’s total gain is calculated using node analysis, resulting in Eq.(9). To obtain a total 

amplification of approximately 10 times within the measuring interval of interest, appropriate 

values for R2 and R3 are chosen.   
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By selecting R2 to 11 kΩ and R3 to 100 kΩ, the amplification for high frequencies becomes 

10.1 times. The Bode-diagram describing the total amplification of the circuit can be seen in 

Figure 22 below. 

 
Figure 22: Amplification and filtering properties the circuit, with the component values presented above. 

4.4 Cadaver head measurements 

As a final part of this master thesis, measurements were also conducted on three human 

cadavers, performed at two different occasions at Sahlgrenska University Hospital. These 

measurements were performed utilizing both electrical and acoustical stimulation of the 

evaluated devices and transducers, similar to the dry skull measurements. This investigation 

on the other hand, gives more realistic results by adding the influence of soft tissue and also to 

be able to the study the actual energy loss in the inductive energy transfer through skin. The 

skin thickness of the subjects used in this study was between 4.1 and 5 mm. The ipsilateral 

and contralateral responses for the C-BEST, the BEST, the BAHA Classic 300 and the BAHA 

Intenso with their respective driving units, are studied.  

 

Prior to the measurements, a few preparations were required. To anchor the C-BEST to the 

skull a minor surgical procedure was needed, similar to the one performed on the dry skull. 

The size of the customized recess was here chosen to 16 x 16 x 8 mm (hight x length x depth). 

The 8 mm depth is 1 mm less than the actual transducer height. The reason is to allow the 

transducer to be pressed against the contact surface in the bottom when the metal bar is 

applied to the external side, hence achieving better contact between transducer and skull bone.  
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To be able to anchor the BEST, the BAHA Classic 300 and the BAHA Intenso, also a 

titanium screw with a snap coupling was mounted on the subject. To determine the stability of 

this implant, a resonance frequency analysis instrument from Ostell was used. By attaching a 

Smartpeg with a magnet tip to the implant and apply a signal with varying frequency, a 

resonance frequency is generated. This resonance frequency is measured using a probe, giving 

a measure of stability. The measure of stability is presented as an ISQ value, Implant Stability 

Quotient, ranging from 1 up to 100, where a higher value corresponds to better stability [12], 

[13]. 

 

The setup for the cadaver head measurements is in principal the same as for the dry skull 

investigations, considering measuring equipment and measurement approach. With the 

Agilent Signal Analyzer set to Swept Sine mode, the velocity of the vibrations induced at the 

promontory of the subject is measured using the Laser Doppler Vibrometer (LDV). The LDV 

was configured with its sensitivity set to 1mm/s/V, the low pass filter with cut-off frequency 

15kHz and the high pass filter on. To acquire a sufficient signal level from the reflected laser 

beam, small reflectors were glued to the promontory of the subject using a gel-based glue, 

Loctite 454. The excitation signal level from the Agilent was set to 50mVrms for the 

electrically stimulated measurements, somewhat higher than for the dry skull measurements. 

For the acoustical measurements the sound pressure levers were chosen to 60, 70 and 90 dB 

for the BCI and the BAHA Classic 300. For the BAHA Intenso measurements, the sound 

pressure levels used were 60, 70 and 100 dB for subject one and two, to assure the transducer 

to be working in saturation. Also the volume control for the BAHA Intenso was increased 

from 1.5 to 2 for subject one and two for same reason.       

 

Regarding the acoustically stimulated measurements, the sound pressure level is regulated 

using the same condenser microphone and amplification circuit used for the dry skull 

measurements. To maintain a constant sound pressure level during the cadaver head 

measurements becomes more demanding than regulating the sound pressure level in a sound 

proof environment, due to the complexity of the acoustical environment at the hospital. To 

avoid interfering reflective sound to influence the measurements, the subject was placed on a 

soft foam bed. The hard surfaces surrounding the subject were also covered with the same 

material to improve the acoustic properties of the room.  
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Prior to the actual measurements on the subject, two measurements were performed to 

determine the room acoustics, and to assure that the background noise was not interfering 

with the lowest sound pressure level used during the test. Also, the equipment was calibrated 

both before and after the subject measurements, to assure that all measurements had been 

performed under the same circumstances.       
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5 Results 

In the following section, acquired measurement data is presented. The section is divided into 

two parts, the transducers’ electrical impedance and their respective frequency responses. 

Results from measurements conducted using the Skull simulator, the dry skull as well as data 

from the cadaver head investigations are presented. All results in this section are smoothened 

using matlab and the command “smooth”, a five element moving averaging filter. 

5.1 Electrical impedance measurements 

The transducers’ electrical impedance is of interest when later comparing their respective 

frequency responses. Due to the fact that a transducers’ electrical impedance is dependent on 

the object it is anchored to, impedance measurements were conducted both on the Skull 

simulator and the dry skull. The results from both cases are presented in Figure 23 to 26 

below. The impedance magnitude, phase, real and imaginary part for the C-BEST, the BEST, 

the transducers in BAHA Classic 300 and the BAHA Intenso are plotted, with the solid line 

representing the result from the Skull simulator measurements and the dashed line 

representing the measurements conducted on the dry skull. Also a comparison of the 

transducers´ respective impedance magnitudes can be seen in Figure 27.        

 

 
Figure 23: Electrical impedance for the C-BEST, presented as magnitude, phase, real- and imaginary part. The 

load was Skull simulator (solid line) and dry skull (dashed line.) 
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Figure 24: Electrical impedance for the BEST, presented as magnitude, phase, real- and imaginary part. The 

load was Skull simulator (solid line) and dry skull (dashed line.) 

. 

 

 

 
Figure 25: Electrical impedance for the BAHA Classic 300, presented as magnitude, phase, real- and imaginary 

part. The load was Skull simulator (solid line) and dry skull (dashed line.) 

. 
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Figure 26: Electrical impedance for the BAHA Intenso, presented as magnitude, phase, real- and imaginary 

part. The load was Skull simulator (solid line) and dry skull (dashed line.) 

 

 

 

 
Figure 27: The transducers´ respective impedance magnitudes presented in the same plot to give a better 

overview. Note the “BAHA Classic 300” and “BAHA Intenso” here only referred to the transducer incorporated 

in these devices   



   31 

5.2 Frequency response functions 

In this subsection the frequency response functions for the different transducers, with and 

without their respective driving units, are presented. It covers the voltage to force frequency 

response from the Skull simulator and electrical and acoustical frequency responses from both 

the dry skull and the cadaver head investigations. The evaluated transducers are the C-BEST, 

the BEST, the BAHA Classic 300 and the BAHA Intenso. The usage of the C-BEST in 

combination with the MED-EL inductive link, used in all acoustical measurements, is referred 

to as BCI.   

5.2.1 Voltage to force frequency response from Skull simulator 

The frequency response functions acquired from the Skull simulator measurements are 

presented as the force output from the Skull simulator divided by the input voltage over the 

transducers, representing the voltage to force frequency response function, FRFu(jω), see 

Figure 28.  

 

  
Figure 28: Skull simulator measurements presenting the voltage to force frequency response for all of the 

transducers. Note the “BAHA Classic 300” and “BAHA Intenso” here only referred to the transducer 

incorporated in these devices 

  

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

can be seen in Figure 29, where the difference between the two transducers is plotted.    
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Figure 29: Difference in output force level between the C-BEST and the BEST, for the same electrical input. 

 

5.2.2 Acceleration on dry skull 

The promontory acceleration response measurements, utilizing the dry skull, were conducted 

in controlled laboratory environment. The ipsilateral and contralateral acceleration responses, 

from electrical stimulation of the transducers, can be found below for all four transducers, the 

C-BEST, the BEST-90, the transduvcers incorporated in BAHA Classic 300 and the BAHA 

Intenso. Acceleration responses from acoustical stimulation were conducted comparing the C-

BEST to the conventional BAHA Classic 300 transducer. Additional comparison plots, 

covering the issue of anchoring position as well as the maximum power output for the 

acoustically stimulated transducers, are also found in the section below. 

5.2.2.1 Frequency response from electrical stimulation 

The ipsilateral and contralateral frequency responses for the C-BEST in pos B, the BEST, the 

transducers BAHA Classic 300 and the BAHA Intenso in pos A can be seen in Figure 30 to 

31.  
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Figure 30: Ipsilateral frequency response from electrical stimulation on dry skull comparing all of the four 

transducers. Note the “BAHA Classic 300” and “BAHA Intenso” here only referred to the transducer 

incorporated in these devices 

 

 
Figure 31: Contralateral frequency response from electrical stimulation on dry skull comparing all of the four 

transducers. Note the “BAHA Classic 300” and “BAHA Intenso” here only referred to the transducer 

incorporated in these devices 
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In Figure 32 and 33, the ipsilateral and contralateral frequency response differences between 

the C-BEST and the BEST, the BAHA Intenso and the BAHA Classic 300 are collected, with 

the C-BEST used as the reference transducer. 

 
Figure 32: Comparison plot showing the difference in ipsilateral frequency response on the dry skull, with the 

C-BEST as reference transducer.  Note the “BAHA Classic 300” and “BAHA Intenso” here only referred to the 

transducer incorporated in these devices 
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Figure 33: Comparison plot showing the difference in contralateral frequency response on the dry skull, with 

the C-BEST as reference transducer. Note the “BAHA Classic 300” and “BAHA Intenso” here only referred to 

the transducer incorporated in these devices 

 

To visualize the issue of anchoring position, the ipsilateral and contralateral frequency 

responses functions for the BEST transducer, attached to both position A and B on the dry 

skull, are presented in Figure 34 and 35. It should be noted that this is the opposite side (right 

side) to the side where the C-BEST and BCI was evaluated, see also Figure 14. 
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Figure 34: Ipsilateral frequency response on dry skull from electrical stimulation with the same transducer, the 

BEST, attached to both position A and B on the right side of the dry skull, to study the possible benefit of 

stimulating closer to the cochlea.   

 

 
Figure 35: Contralateral frequency response on dry skull from electrical 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 stimulation of the BCI and BAHA Classic 300 

are plotted in Figure 36 to 39 below. The acceleration responses at the promontory of the dry 

skull are presented for both ipsilateral and contralateral measurements. 

 
Figure 36: Ipsilateral frequency response on dry skull from acoustical stimulation showing the 60, 70  and 90 

dB response for the BCI.  
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Figure 37: Ipsilateral frequency response on dry skull from acoustical stimulation showing the 60, 70  and 90 

dB response for the BAHA Classic 300. 

 

 
Figure 38: Contralateral frequency response on dry skull from acoustical stimulation showing the 60, 70  and 

90 dB response for the BCI. 
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Figure 39: Contralateral frequency response on dry skull from acoustical showing the 60, 70  and 90 dB 

response for the BAHA Classic 300. 

 

 

To compare the transducers’ maximum power output level (MPO), the transducers’ respective 

saturation curves, the acceleration responses obtained at 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 BCI and the BAHA Classic 300.  

 

 
Figure 41: Contralateral MPO response on dry skull for the BCI and the BAHA Classic 300. 
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5.2.3 Cadaver head investigation 

Prior to the frequency response measurements, the Implant Stability Quotient, ISQ, for the 

titanium snap coupling was measured. The result can be seen in Table 2. 

 
Measuring direction ISQSUBJECT1 ISQSUBJECT2 ISQSUBJECT3 

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 responses obtained from electrical stimulation of 

the C-BEST and the BEST can be seen in Figure 42 to 45. Each figure includes data from 

three different cadaver measurements to show the variation among subjects. 

 

 
Figure 42: Iipsilateral frequency response from electrical stiulation of the C-BEST. 
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Figure 43: Ipsilateral frequency response from electrical stiulation of the BEST. 

 

 

 
Figure 44: Contralateral frequency response from electrical stiulation of the C-BEST for the three subjects. 
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Figure 45: Contralateral frequency response from electrical stiulation of the BEST for the three subjects. 

 

To visualize the difference between the two BEST transducers when attached to their 

designated positions, the C-BEST in position B and the BEST in position A, their respective 

frequency response functions for each of the three subjects are compared in Figure 46 to 51 

below. 

 

 
Figure 46: Comparison of the ipsilateral frequency responses from electrical stimulation of the C-BEST and the 

BEST on subject 1. 
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Figure 47: Comparison of the ipsilateral frequency responses from electrical stimulation of the C-BEST and the 

BEST on subject 2 

 

 
Figure 48: Comparison of the ipsilateral frequency responses from electrical stimulation of the C-BEST and the 

BEST on subject 3. 
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Figure 49: Comparison of the contralateral frequency responses from electrical stimulation of the C-BEST and 

the BEST on subject 1. 

 

 
Figure 50: Comparison of the contralateral frequency responses from electrical stimulation of the C-BEST and 

the BEST on subject 2. 
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Figure 51: Comparison of the contralateral frequency responses from 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 response functions from acoustical stimulation of 

the BCI, the BAHA Classic 300 and BAHA Intenso are presented in Figure 52 to 69. The 

sound pressure levels used for stimulation of the BCI and BAHA Classic 300 are 60, 70 and 

90 dB. For the BAHA Intenso, 100 dB SPL instead of 90 dB SPL was used to assure 

saturation in the maximum power output measurement 
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Figure 52: Ipsilateral promontory acceleration response for the BCI at 60, 70 and 90 dB SPL on subject 1. 

 

 
Figure 53: Ipsilateral promontory acceleration response for the BCI at 60, 70 and 90 dB SPL on subject 2. 
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Figure 54: Ipsilateral promontory acceleration response for the BCI at 60, 70 and 90 dB SPL on subject 3. 

 

 
Figure 55: Ipsilateral promontory acceleration responce for the BAHA Classic 300 at 60, 70 and 90 dB SPL on 

subject 1. 

 



   49 

 
Figure 56: Ipsilateral promontory acceleration responce for the BAHA Classic 300 at 60, 70 and 90 dB SPL on 

subject 2. 

 

 
Figure 57: Ipsilateral promontory acceleration responce for the BAHA Classic 300 at 60, 70 and 90 dB SPL on 

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

subject 1. 

 

 
Figure 59: Ipsilateral promontory acceleration responce for the BAHA Intenso at 60, 70 and 100 dB SPL on 

subject 2. 
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Figure 60: Ipsilateral promontory acceleration responce for the BAHA Intenso at 60, 70 and 100 dB SPL on 

subject 3. 

 

 
Figure 61: Contralateral promontory acceleration responce for the BCI at 60, 70 and 90 dB SPL on subject 1. 
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Figure 62: Contralateral promontory acceleration responce for the BCI at 60, 70 and 90 dB SPL on subject 2. 

 

 
Figure 63: Contralateral promontory acceleration responce for the BCI at 60, 70 and 90 dB SPL on subject 2. 
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Figure 64: Contralateral promontory acceleration responce for the BAHA Classic 300 at 60, 70 and 90 dB SPL 

on subject 1. 

 

 

 
Figure 65: Contralateral promontory acceleration responce for the BAHA Classic 300 at 60, 70 and 90 dB SPL 

on subject 2. 
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Figure 66: Contralateral promontory acceleration responce for the BAHA Classic 300 at 60, 70 and 90 dB SPL 

on subject 3. 

 

 
Figure 67: Contralateral promontory acceleration responce for the BAHA Intenso at 60, 70 and 100 dB SPL on 

subject 1. 
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Figure 68: Contralateral promontory acceleration responce for the BAHA Intenso at 60, 70 and 100 dB SPL on 

subject 2. 

 

 
Figure 69: Contralateral promontory acceleration responce for the BAHA Intenso at 60, 70 and 100 dB SPL on 

subject 3. 

  

A comparison of the MPO responses for the BCI, the BAHA Classic 300 and BAHA Intenso 

can be seen in Figure 70 to 75. The MPO responses are presented for the three subjects 

separately, as goes for the ipsilateral and contralateral responses.  
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Figure 70: Comparison of the ipsilateral MPO for the BCI, BAHA Classic 300 and BAHA Intenso on subject 1. 

 

 
Figure 71: Comparison of the ipsilateral MPO for the BCI, BAHA Classic 300 and BAHA Intenso on subject 2. 
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Figure 72: Comparison of the ipsilateral maximum power output for the BCI, BAHA Classic 300 and BAHA 

Intenso on subject 3. 

 

 
Figure 73: Comparison of the contralateral maximum power output for the BCI, BAHA Classic 300 and BAHA 

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

2. 

 

 
Figure 75: Comparison of the contralateral MPO for the BCI, BAHA Classic 300 and BAHA Intenso on subject 

3. 

 

To summarize the data from the figures above, the MPO differences between the BCI and the 

BAHA Classic 300 as well as the BCI and the BAHA Intenso are presented in Figure 76 to 



   59 

79. In these figures, the differences are calculated based on an average MPO response over 

the three subjects for each of the devices.     

 
Figure 76: Difference in ipsilateral MPO comparing the BCI to the BAHA Classic 300. The curve is averaged 

over the three subjects. 

 

 
Figure 77: Difference in ipsilateral MPO comparing the BCI to the BAHA Intenso. The curve is averaged over 

the three subjects. 
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Figure 78: Difference in contralateral MPO comparing the BCI to the BAHA Classic 300. The curve is 

averaged over the three subjects. 

 

 
Figure 79: Difference in ipsilateral MPO, comparing the BCI to the BAHA Intenso. The curve is averaged over 

the three subjects. 

 

To compare the transmission of vibrations ipsilaterally versus contralaterally, and investigate 

the effect of attachment position, these responses are plotted together in Figure 80 to 88 for 
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the BCI, the BAHA Classic 300 and the BAHA Intenso and presented for each of the three 

subjects.      

 
Figure 80: Comparison of the ipsilateral versus the contralateral promontory acceleration response for the BCI 

on subject 1. 

 

 
Figure 81: Comparison of the ipsilateral versus the contralateral promontory acceleration response for the BCI 

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

on subject 3. 

 

 
Figure 83: Comparison of the ipsilateral versus the contralateral promontory acceleration response for the 

BAHA Classic 300 on subject 1. 
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Figure 84: Comparison of the ipsilateral versus the contralateral promontory acceleration response for the 

BAHA Classic 300 on subject 2. 

 

 
Figure 85: Comparison of the ipsilateral versus the contralateral promontory acceleration response for the 

BAHA Classic 300 on subject 3. 
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Figure 86: Comparison of the ipsilateral versus the contralateral promontory acceleration response for the 

BAHA Intenso on subject 1. 

 

 
Figure 87: Comparison of the ipsilateral versus the contralateral promontory acceleration response for the 

BAHA Intenso on subject 2. 
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Figure 88: Comparison of the ipsilateral versus the contralateral promontory acceleration response for the 

BAHA Intenso on subject 3. 

 

The figures above, representing ipsilateral versus contralateral frequency response, are also 

summarized in Figure 89 to 91 below, where the difference between the ipsilateral and the 

contralateral responses are presented, averaged over the three subjects and plotted together 

with their respective standard deviation. 
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Figure 89: Difference in ipsilateral versus contralateral promontory acceleration response for the BCI in 

position B. The curve is averaged over the three subjects and presented together with its standard deviation.  

 

 
Figure 90: Difference in ipsilateral versus contralateral promontory acceleration response for the BAHA 

Classic 300 in position A. The curve is averaged over the three subjects and presented together with its standard 

deviation. 
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Figure 91: Difference in ipsilateral versus contralateral promontory acceleration response for the BAHA 

Intenso in position A. The curve is averaged over the three subjects and presented together with its standard 

deviation. 
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6 Discussion 

The discussion is divided into subsections following the structure of the result section, 

discussing the results obtained from the Skull simulator measurements, the dry skull 

measurements and the cadaver head investigations.  

6.1 Electrical impedance measurements 

Electrical impedance measurements were carried out on both the Skull simulator and the dry 

skull to study variations in impedance relating to the object to which the transducer is 

attached. Seen from Figure 23 to 26, these measurements did not differ remarkably, hence no 

impedance measurements were obtained during the cadaver head investigations.   

 

Comparing the impedance phase angles for the different transducers it can be seen that for 

high frequencies both of the BEST transducers stays close to 80°, whereas the BAHA 

transducers reaches a maximum of approximately 55° and then drops off. This indicates lower 

energy consumption for the BEST transducers for high frequencies considering the fact that a 

90° phase angle implies a purely inductive behaviour and in this state no active power in 

consumed. The difference in phase angle can be explained by the BEST transducers’ 

laminated iron core in the BEST, minimizing frequency dependent losses due to eddy currents 

and magnetic hysteresis. 

 

A comparison of the impedance magnitudes shows that the BAHA Intenso has the lowest 

impedance, followed by both the BEST transducers and finally the Baha classic 300. These 

characteristics will also affect the transducers’ power consumption and will be of importance 

when later comparing the results from the frequency response measurements. 

 

6.2 Force output from Skull simulator 

In general, the transducers´ resonance frequency is designed to amplify the frequency range of 

human speech. This interval is believed to range from 400 to 500 Hz up to 5 to 6 kHz. As an 

interval for comparison, the bandwidth of today’s telephone communication is 300 Hz to 

3400 kHz. For lower frequencies, the presence of unwanted noise increases and hence the 
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amplification for these frequencies is kept low. This can be seen to be a common factor for all 

of the transducers [14].  

 

From Figure 28 it can be seen that the maximum force output peak shifts in frequency 

between the transducers. The Baha Intenso is the most powerful transducer in the frequency 

range 100 Hz to 2 kHz, whereas the C-BEST is stronger between 2 kHz and 4 kHz. The 

location of the output force peak depends on the resonance frequency of the transducer. The 

resonance frequency of the C-BEST is designed higher up in frequency than the BEST90, 

resulting in an improved force output in the frequency range from 800 Hz up to 5 kHz, seen in  

Figure 29. 

 

Relating the transducers’ force output levels to the earlier discussed impedance measurements 

it can be seen that the BAHA Intenso, having the lowest impedance, generates the highest 

force output. A lower impedance results in a higher driving current and analogously a higher 

power consumption. By taking the transducers’ respective input impedances (Zin) into account 

when comparing the force output, the efficiency of the transducers can be compared. Figure 

92 below presents the squared output force from the Skull simulator divided by the 

transducers’ respective active power consumption, according to Eq.(10). The (Fskull)
 2 can be 

interpreted as the mechanical power out put (Pout,mech) to a normalized mechanical load (Zload 

= 1), see Eq.(11). The figure is generated from the same data used for Figure 23 to 28.  
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When the active power consumption is taken into account, it also includes an efficiency 

measure of the transducers. As seen in Figure 92 the superior force output of the BAHA 

Intenso, apperent in Figure 28 due to the lower impedance, is now changed as the high output 

had a cost high input power consumption. Also, the C-BEST’s resonance peak at 3 kHz, seen 

in Figure 28, now appears even more distinct. This is because C-BEST here operates in a 

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

simulator divided with the transducer’s respective active power consumption.   

 

6.3 Frequency response from electrical stimulation on dry skull 

To evaluate the attachment position of the transducers, the difference in frequency response 

between the BEST positioned in A and B is studied in the dry skull. From Figure 34, it can be 

seen that stimulation closer to the cochlea results in a higher ipsilateral promontory 

acceleration level from approximately 800 Hz and up. However, the results from the 

contralateral measurements in Figure 35 are inconclusive due to large variations concerning 

both stimulation positions.  

 

Similar results are also apparent in Figure 32 to 33, where the differences in ipsilateral and 

contralateral frequency responses for all of the transducers are plotted with the C-BEST as 

reference. Regarding the ipsilateral measurements, the C-BEST is the most powerful 

transducer in the frequency range from 950 Hz up to 6 kHz. Compared to the BAHA Classic 

300 and the BAHA Intenso, the C-BEST shows an approximately 5 – 10 dB higher 

promontory acceleration response. It can also be noticed that the C-BEST shows a 5 – 10 dB 

higher promontory acceleration response than the BEST in the entire frequency range from 

100 Hz to 10 kHz. Even though the C-BEST and the BEST are not identical transducers, they 
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are still built around the same platform and this result indicates that promontory acceleration 

level benefits from stimulation closer to the cochlea.    

 

Since the C-BEST is attached to the skull using a metal bar, pressing the transducer against 

the bottom surface of the recess, the possibility of the metal bar affecting the measurements 

was investigated. In Figure 93, measurements conducted both with and without the metal bar 

attachment are shown, showing negligible effect of the metal bar. However, both 

measurements are conducted using bone cement, keeping the transducer in place.       

 

 
Figure 93: Influence of the metal bar used for attachment of the C-BEST.   

6.4 Frequency response from acoustical stimulation on dry skull 

All acoustical measurements involving the BCI are carried out using the MED-EL inductive 

link. Studying the difference between the electrical measurements with the C-BEST and the 

acoustical MPO results for the BCI, the loss in the inductive link can be seen. Figure 94 

below shows a decreased promontory acceleration level of approximately 10 to 15 dB due to 

the inductive power transfer.  
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Figure 94: Difference in ipsilateral promontory acceleration level between electrical and acoustical stimulation 

of the C-BEST, corresponding to the loss in the inductive energy transfer link across the skin.   

 

During the acoustical measurements, recurring problems with acoustical feedback for the 

BAHA Classic 300 and the BAHA Intenso was noticed, giving a howling sound with 

increasing amplitude. This implied that the use of full on gain for these transducers were not 

possible. The problem may be a result of that the amplification is optimized to give as high 

amplification as possible for full-on gain without the system oscillating, analogously the 

open-loop gain is designed close to unity. With objects in the vicinity the microphone, which 

is the case in the laboratory, reflecting sound waves from the speaker can cause the margin 

before oscillation criteria be exceeded, hence generating the howling sound [15]. To 

overcome this problem, the volume setting for the BAHA Classic 300 had to be set to 2. The 

feedback problem was never noticed for the BCI system, hence giving the possibility of 

maybe using a higher default volume setting. 

 

Both the ipsilateral and contralateral frequency response measurements for the BCI and the 

BAHA Classic 300, Figure 36 to 39, seem to be linear up to 70 dB. When the sound pressure 

level is increased to 90 dB, both devices appear to operate in saturation, hence allowing 

comparison of the transducers’ MPO.    
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When comparing the BCI and the BAHA Classic 300 on the dry skull, in terms of ipsilateral 

MPO response, the BAHA Classic 300 shows a higher response in the frequency range from 

120 Hz to 1 kHz.   

For higher frequencies similar response from both transducers are obtained. Regarding the 

contralateral measurements, the BAHA Classic 300 in general show a 5 to 10 dB higher 

frequency response than the BCI, well in accordance with the loss in the inductive link.  

It should be mentioned that the dry skull seem to underestimate the promontory acceleration 

level at low frequencies as compared to the cadaver measurements discussed in the next 

section. 

 

6.5 Frequency response from electrical stimulation on cadaver 

The results from the electrically stimulated transducers included in the cadaver head 

investigation, indicates less variation in ipsilateral frequency response among subjects for the 

C-BEST in position B than for the BEST in position A. This result can be a consequence of 

that the C-BEST is attached to more compact bone than the BEST, resulting in that the exact 

attachment position for the C-BEST is of less importance.  

 

Regarding the variation in contralateral frequency response among subjects, large variations 

can be observed for both the C-BEST and the BEST. Some of the variations associated with 

the C-BEST can be explained by varying antiresonances among the subjects, by comparing 

the electrical and acoustical results. Looking at Figure 44, the dip at 1.2 kHz for subject 3 can 

also be seen clearly in Figure 63, for the acoustical measurements. The huge dip reaching 

from approximately 1.4 up to 3 kHz for subject 1 in Figure 44, can also be found similar in 

Figure 65. Due to that no acoustical measurements were performed for the BEST, no such 

comparison could be made for this transducer. 

  

Similar to the dry skull measurements, the C-BEST shows an increased acceleration level at 

the promontory for all of the three subjects in the frequency range from 500 Hz up to 9 kHz 

compared to the BEST, verifying the benefit of the of stimulating closer to the cochlea. 

 

Electrical stimulation of the C-BEST and the BEST also enables a comparison of the 

anchoring positions A and B, considering only the physiological aspect of the skull. Since the 

C-BEST and the BEST are based around the same platform, but C-BEST have a high 
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frequency resonance at 3 kHz, and therefore with this in mind can be treated as basically the 

same transducer.  

 

Figure 95 below covers two different approaches for this investigation. The leftmost plot 

shows the ipsilateral versus contralateral promontory acceleration level difference, when 

stimulation is applied to position A respective position B. These curves are completely 

independent of which transducer is used. The rightmost plot however, presents the difference 

in stimulation position, A versus B, treating the ipsilateral and contralateral responses 

separately. Here the difference in performance between BEST and C-BEST (see Figures 28 

and 29) will influence the results. Both plots show the averaged curves over the three 

subjects.   

 

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

 

The result confirms previous assumptions, that stimulation closer to the cochlea, position B, 

results in a higher ipsilateral promontory acceleration response than stimulation in the 

traditional BAHA position, position A. 

 

Since the traditional titanium screw anchoring was abandoned in favour for the flat surface 

attachment of the C-BEST, it was desirable to achieve a smooth attachment surface. For this 

purpose bone cement was used to mimic the process of the regrowth of bone in the area of the 

implant. However, measurements conducted with and without the use of bone cement, 

ipsilaterally and contralaterally, showed no direct advantage of using bone cement, as shown 

in Figure 96 below. 
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Figure 96: The influence of the bone cement used to create a smooth attachment surface when anchoring the C-

BEST. Measurements were conducted both with and without the bone cement on two of the subjects and the both 

the ipsilateral and contralateral responses were studied.   

 

To assure that the recess, made for attachment of the C-BEST, had no influence on the 

measurements dealing with the transducers anchored the titanium screw in position A, due to 

absence of bone tissue, repetitive measurements were conducted for the BEST both before 

and after the recess was made. Results from these measurements are shown in Figure 97.  

These measurements validates that the absence of bone tissue due to the recess have only 

minor effect the other measurements on the ipsilateral side whereas the effect is negligible on 

the conralateral side. 

  
Figure 97: Measurements conducted both before and after the recess for the C-BEST was made.  

6.6 Frequency response from acoustical stimulation on cadaver 

The first observation regarding the acoustical measurements at Sahlgrenska, was the effect of 

the complex acoustical environment when a constant SPL was desired. The hard surfaces in 

the examination room did not only set demands on the equipment regulating the sound 
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pressure, but did also contribute to the presence of acoustical interference at certain 

frequencies. Acoustical interference can contribute to an increase in frequency response 

without being noticeable in the SPL curves, making it hard to trace back in the post-

processing of the data. The demanding measurement environment is however visualized by 

comparing the sound pressure level regulation in the room at Sahlgrenska with the more 

controlled laboratory room at Chalmers, presented in Figure 98 below. 

 

 
Figure 98: Measured sound pressure levels for regulation of the acoustical stimulation of the transducers, both 

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

 

The background noise in the room at Sahlgrenska was also measured to assure that the 

influence of the room acoustics had a negligible impact on the measurements. In Figure 99 

these measurements presented, showing that the noise level is well below the bottom 

stimulation level, 60 dB SPL.  

In the same figure, the background noise level in the laboratory at Chalmers is also included 

for comparison. 
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Figure 99: Measured background noise at Sahlgrenska and in the laboratory.  

 

Another measurement conducted prior to the actual measurements on the cadavers at 

Sahlgrenska was the calibration of the reference microphone. This measurement was also 

repeated after all measurements were conducted, for validation. Both calibrations can be seen 

in Figure 100.  
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Figure 100: Calibration of the condenser microphone was performed both before are after the actual 

measurements at Sahlgrenska, to assure proper regulation of the sound pressure levels.   

 

Similar to in the laboratory measurements, problems with acoustical feedback was noticed for 

both the BAHA Classic 300 and the BAHA Intenso. The volume control settings had to be 

kept at a maximum of 2 (total range 0-3) to avoid this problem. Again, no such behaviour was 

noticed for the BCI. This might imply that the BCI has lager stability margins before 

oscillation i.e. the open-loop has greater margin to unity gain. A redesigned driving unit might 

thus allow further amplification when used in combination with the C-BEST attached to 

position B.  

 

The cadaver head investigation involved measurements performed on three subjects in order 

to achieve same statistical information but more subjects need to draw statistically based 

conclusions. By comparing deviations between subjects a more realistic understanding of the 

generic differences in the performance of the devices are obtained.  

 

Comparing the BCI and the BAHA Classic 300 in terms of ipsilateral maximum power 

output, Figure 76, the BCI shows a fluctuating but on the average 5-10 dB higher promontory 

acceleration level than the BAHA Classic 300 in the frequency range 600 Hz to 7 kHz. The 

same comparison with the BAHA Intenso, Figure 77, shows an also fluctuating  0 -5dB 

higher promontory acceleration level in the frequency range between 700 Hz and 7 kHz. The 



   79 

contralateral frequency response differences, Figure 78 to 79, show a significantly lower 

response for the BCI compared to both the BAHA Classic 300 and the BAHA Intenso.    

 

Further, from Figure 89, comparing ipsilateral and contralateral frequency response for the 

BCI averaged over the three subjects, it can be seen that the contralateral frequency response 

is significantly lower than the ipsilateral response. For the BAHA Classic 300 and BAHA 

Intenso, Figure 90 and 91, it is just the opposite, the contralateral response is higher than the 

ipsilateral response in the frequency range from approximately 300 Hz up to 3 kHz. To have a 

low contralateral response comparing with ipsilateral response is not only unappreciated, it 

profits the ability of binaural hearing described in the hearing physiology chapter. As long as 

the ipsilateral response is sufficiently high and normal hearing in the contralateral ear. 

 

Combining the electrical and acoustical results, a generally smoother ipsilateral frequency 

response is obtained from stimulating in position B than in position A. This implies that 

stimulation closer to the cochlea means less sensitivity to antiresonances in the skull. On the 

other hand, position A has a superior contralateral transmission ability compared to position 

B, making stimulation in position A well suited for patients suffering from for example single 

sided deafness. 

 

Comparing the ipsilateral frequency responses for the BCI, Figure 52 to 54, with similar 

measurements from previous year’s master thesis [16], at that time with the BCI attached to 

position B using the titanium screw snap coupling, similar results can be seen. This 

observation motivates the replacement of the titanium screw attachment with a flat surface 

attachment for the BCI. The surgical procedure involved with the implantation of the BCI 

would here by result in a lowered risk of complications, due to that it is implanted not so deep 

into the temporal bone with a lower risk of damaging the facial nerve and the vestibular 

organ. 

 

The results from this master thesis indicate that a transcutaneous implantable bone conducted 

hearing aid (BCI) can be a realistic alternative to today’s percutaneous BAHA systems. 

Furthermore, an additional study is made in parallel with this master thesis, concentrating on 

the inductive link supplying the C-BEST. With an improved inductive energy transfer, the 

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

 

• The BCI had 5-10 dB higher ipsilateral MPO promontory acceleration level than the 

Classic 300 in the range 700-7k Hz. 

• The BCI had approximately 0 - 5 dB higher ipsilateral MPO promontory acceleration 

level than the Intenso 700-7k Hz. 

• The contralateral MPO promontory acceleration levels are considerably lower for the 

BSI than for the BAHA Classic 300 and BAHA Intenso. 

• For the BAHA Classic 300 and the BAHA Intenso the contralateral response is the 

same or higher than the ipsilateral response for frequencies from 700-5k Hz  

• The results in this study indicates that the screw attachment used in a previous studies 

can be replaced with a flat surface attachment under static pressure which has a lower 

profile and is safer to install. 

• It was shown that any bone cement for creating a smooth attachment surface between 

the pneumatized bone bed was not needed. 

• It was experienced that the BCI was not suffering from any feedback problems for the 

preset gain whereas both the BAHA Classic 300 and the BAHA Intenso could not be 

used at full on gain (volume 3) because of feedback. 

• The responses from the electrical stimulations indicate that the C-BEST have an 

improved high frequency response as compared with the BEST 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 supporting access to instrumentation 

hardware. The program is divided into two main components, the Front Panel, representing 

the graphical user interface, and the Block Diagram, where functions and components are 

wired together in the form of graphical blocks. In this thesis Labview 8.5 was used to develop 

an application communicating with the Agilent 35670A to facilitate the process of 

transferring measured data from the instrument to the computer using the instrument’s GPIB 

port.   

 

The user interface, or the application’s Front Panel, is shown in Figure 101 including a graph 

for visualization of the transferred data to ensure that it matches the desired trace of the 

instrument. It also includes a prompt for saving the received data to a text document and a 

menu for selecting which trace to be transferred.  

     

 
Figure 101: Front Panel 
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Figure 102 shows the first frame in a stacked programming structure. The structure is 

sequentially executed and this frame executes the first GPIB interaction command. The 

command FORM ASC is sent to GPIB address 11 to tell the instrument to send data in ASCII 

format. This frame also includes some blocks of purely esthetic nature, to control the coloring 

of the front panel.  

 

 
Figure 102: Block diagram view 1. 

 

The second frame of the outer programming structure, shown in Figure A.3, also includes an 

interior sequential structure. By using an interior sequential structure, objects requiring 

accessibility from multiple sequences can be placed outside this interior structure. The fist 

frame of the interior sequential structure asks the instrument for the data on the x-axis by 

sending the command CALC:X:DATA? to GPIB address 11. Reading a string from the same 

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

  

The data is then manipulated by replacing all commas with a blank space before saving the 

data to the location specified in the Front Panel. This facilitates the importing process when 

the data is used together with for example MATLAB . The received data is simultaneously 

processed in a while-loop structure, extracting the numbers from the string and adding them 

into an array of numbers format. This array is then sent outside the interior sequence to 

represent the x-values shown on the Front Panel. This process is shown in Figure 104. 

 

 
Figure 104: Block diagram view 3. 

 

The purpose of the frame presented in Figure 105 is two things. The first is to separate the 

now transferred x-values from an upcoming set of y-values. This is done by opening the 

existing file, containing all the x-values, and changing the position of the current file mark to 

the end of the document, preventing the x-values from being overwritten by the new set of y-
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values. This frame also sends a query command for the y-values for one of the instrument’s 

four traces, specified by the user on the Front Panel. The command used for requesting the y-

values is CALC<n>:DATA?, where <n> is the user specified trace number (1 to 4) 

corresponding to trace A to D on the instrument.   

 

 
Figure 105: Block diagram view 4. 

 

The next frame, shown in Figure 106, has the same functionality as Figure 104, but now 

considering the y-values. The data is collected as a string, manipulated by replacing commas 

with blank spaces and saved by appending the data to the existing file containing the x-values. 

As before, the data is added to an array of number format and sent outside the interior 

sequence. The y-values are then combined with the x-values to form a bundle, which is sent to 

the xy-graph to be visualized on the Front Panel. 

 

 
Figure 106: Block diagram view 5. 
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From the steps above, the measured data from any of the instrument’s four traces can be 

transferred directly to the computer with no need of using the instruments floppy drive. But 

one undesirable quality of the Agilent 35670A is that it returns more x-data points y-data 

points, resulting in an uneven data array. This results in that the general loading command in 

MATLAB-command, “load(‘filename’), can not be used. Instead the command 

“textread(‘filename’)” is used to import only the first 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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