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Abstract 

Feedback management in hearing aids and its challenges have been there for 

over 60 years (1). The basic principles of feedback management are still in use 

to prevent the hearing aids from oscillation. This work focusses on the feedback 

management in custom style hearing aids by comparing four different Invisible-In-

the-Canal (IIC) hearing aids. Four test set-ups were created to find valid and reli-

able methods and set-ups to test custom hearing aids for their feedback 

management. The goal was to find out if they could provide 1) stable gain, 2) good 

sound quality, 3) indicate specific frequencies audible feedback occurs and 4) to 

test the clinical robustness through subjective experience rating. The principle 

was: matched gain – matched acoustics.  

Test 1 were Real-Ear-Measurements (REM), performed on a manikin head, where 

all four hearing aids were challenged in three simulated everyday situations and 

the output measured. Test 2 was aimed to be conducted on a different manikin 

head to record the sound output. Furthermore, in Test 3 it was sought  to indicate 

the frequency areas of the audible feedback. Lastly, Test 4, a subjective rating of 

feedback with 20 normal hearing test participants was conducted to test the hear-

ing aids on clinical robustness. This was done to show how family and friends o f 

a hearing aid user perceive feedback that occurs in situations such as putting a 

hearing aid in the ear. The overall results show that all hearing aids handle the 

challenging situations differently. It could be shown that the frequency areas in 

which feedback occurs, is depending on the hearing aid. The subjective rating 

supported the other tests with a high and significant better rating for one hearing 

aid which did not produce audible feedback during Test 1 and 3. Due to various 

uncontrollable matters, Test 2 could not be performed in a comparable and relia-

ble way. 

During the entire test period several challenges and therefore changes in test flow 

and methodology took place. In the end three set-ups were created that deliver 

reliable and indicating results for testing custom style hearing aids. 
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1 Understanding feedback occurrence 

Feedback occurrence and feedback management has been around many years and sev-

eral approaches to improve the basic principles with additional filter or strategies were 

made. Not only the manufacturers must take care of reducing feedback in digital systems. 

Hearing aid users as well as hearing care professionals (HCP) must deal with it every 

day. Feedback results in a disturbing whistling or squealing sound. This is an obstacle for 

hearing aid use and with that, a good feedback prevention system is a key factor in sat-

isfaction with hearing aids (2, 3). Often, feedback occurs when turning the hearing aid on 

and placing it in the ear due to the proximity of the hearing aid microphone and the re-

ceiver. With the rising fittings of in-the-ear hearing aids (ITE) (hereby referring to all in-

the-ear hearing aid styles) the distance between the hearing aid microphone and the re-

ceiver is further reduced. This results in a higher risk of feedback (4). Sometimes a person 

next to the hearing aid user can observe whistling sounds, due to leakages or by just 

placing the hearing aid in the ear. However, a hearing aid user does not want to draw the 

attention to themselves, after for example a change of the battery. A person with hearing 

aids could visit their HCP over multiple follow-up appointments with the complaint of the 

hearing aid “whistling”. Resulting in a time-consuming engagement for both, the patient, 

and the HCP. Due to the unsatisfaction of the hearing aid user, there is a high likelihood 

that the hearing aid ends as an “in the drawer” device, as the main problem could not be 

fixed. Several studies found that feedback is one of many factors for people to not use 

their hearing aid (5–7). To understand the challenging part for HCPs as well as for hearing 

aid manufacturers to reduce the occurrence of feedback, a brief explanation on feedback 

is necessary.  

The term feedback, in acoustic relations, literally means that some of the output of the 

hearing aid gets “fed back” to the microphone (8). As this amplified sound gets re-ampli-

fied continuously in a loop, it results in audible squealing. Depending on the surface the 

sound reflects, the room, the characteristics of the sound as well as the type of hearing 

aid the tonal characteristics of this audible feedback vary (9, 10).  
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Figure 1 illustrates the signal processing and possible feedback pathways due to leakage 

and vent with the example of an ITE hearing aid placed in the ear canal. As shown, the 

original signal (black, coming through the vent) and the processed signal (red) reflect on 

the ear drum and parts of it travels back to the microphone. The size of the arrows does 

not indicate the intensity of this fed back signal.  

 

Figure 1 – ITE placed in the ear with a simplified signal processing pathway and poten-

tial feedback pathways due to vent and leakage 

This example shows how, especially, an ITE microphone picks up previously amplified 

sounds again due to reflection in the pinna. Feedback is therefore almost always present, 

but it is not always audible for the hearing aid user or others around (4). This happens 

only when the hearing aid is in the state of “oscillation” – the audible or positive feedback 

(11). To reach the stage of oscillation, the loop gain must be greater than 0 dB (a signal 

travelling through the feedback loop compare to its original input level) at a frequency 

where its loop phase is a multiple of 360° (10, 12). A signal is a (sine) wave form, which 

is a time-height graph depending on independent variables: Amplitude, frequency, time, 

and phase. The phase indicates the position of a point within a wave cycle. The time (T) 

can be translated to frequency in Hz (1/T), which is defined as the number of cycles per 

second of a sine wave (4). In principle, audible feedback can occur at any frequency, but 

in reality, it only does so in one or two frequencies and usually between 2 - 5 kHz (9, 12).  
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For feedback, the phase of the original signal and the fed back signal is important. In a 

hearing aid a signal gets processed through the normal forward path of the hearing aid. 

Due to reasons stated above, some of it comes back to the microphone, resulting a 

closed-loop system (13).  

In Figure 2 (left) two signals are illustrated as a sinusoid wave form and both have the 

same starting point, with a 0° phase difference. Adding them up will increase the ampli-

tude of the re-amplified sound (Figure 2 (right)). Meaning that audible (positive) feedback 

is possible due to a positive loop gain.  

 

Figure 2 - Two sound waves of the same phase (blue) add up (orange) (14) (redesigned) 

Figure 3 (left) describes two waves that have a 180° phase difference. Adding 

them up results in a cancellation of both waves (Figure 3 (right)). This is called 

negative feedback. Important to mention is that the amplitude does not have to 

be the same for both signals to add up or decrease the output. In these figures, it  

was done for illustration purposes. 
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Figure 3 - Two sound waves with a phase difference of 180° (blue, red) add up (orange) 
(14) (redesigned) 

Oscillation occurs as the amplitude increases and is getting processed again and again 

through the hearing aid and the ear canal and then fed back to the microphone due to 

leakage. Several impacts lead to the extend and how this happens. A few of them are the 

residual volume of the ear canal, the type of hearing aid, venting and the overall gain (9). 

All these examples influence the occurrence of positive and negative feedback in every-

day situations such as hugging, holding a phone to the ear, or wearing a hat. As a 

conclusion this means, feedback is always there – but not always audible.  

 

1.1 What can a Hearing care professional do? 

The HCP is the first contact person for a hearing aid user with feedback problems. 

The task is then for the HCP to identify whether the feedback problem is due to 

wrong placement in the ear canal, specific situations, or the limitations of the 

technology inside the hearing. Many factors can influence the occurrence of feed-

back. A wrong placement in the ear canal can be observed easily. The insertion 

and the handling of the hearing aid user can cause a leakage that results in os-

cillation. Likewise, the fit of the earmold or the size of the vent. Just a small vent 

may cause a leakage. These issues can be corrected or adjusted by the HCP. 
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If the HCP decides to narrow the size of the vent, another problem might arise: 

The occlusion effect. This occurs when the ear canal is closed – occluded – and 

the own voice sounds unnatural or hollow (15). Furthermore, the HCP can ask for 

specific situations in which feedback occurs. An example could be a phone call. 

For this instance, the overall gain might be too high or close to the Maximum 

Stable Gain (MSG) and oscillation stage. The MSG can be defined as the largest 

gain for which, in general, a hearing aid does not oscillate (13). This can be seen 

and estimated in the fitting software. Therefore, two things can be performed. The 

Feedback Path Analyzer (FPA) and REM. The FPA is the individual feedback 

measurement tool within the fitting software for each hearing aid . This is recom-

mended (or even required by some hearing aid fitting software) to be performed 

every time the hearing loss or the acoustics of the hearing aid change, as it in-

cludes the individual characteristics of the feedback path in the specific ear . 

Otherwise, an estimation based on the hearing loss and the chosen acoustics will 

be applied which might be too high or too low (16). This integrated tool measures 

the feedback risk at each frequency. The hearing aid generates a signal played 

out by the receiver while the microphone input is monitored to determine how 

much of this signal is reaching the microphone (4). After running the FPA the HCP 

can evaluate whether the required gain to compensate the hearing loss can be 

achieved without instability of the system. If the required gain would lead to insta-

bility, a change in the vent or a different hearing aid style is recommended. The 

second thing is performing REM, which is the on-ear verification of the gain pro-

vided by the hearing aid and should be performed each fitting session (17). In the 

frequency response, peaks and valleys indicate feedback, positive and negative  

(18). 

In the end the HCP has several options, as mentioned above, to consider and 

apply if a hearing aid user has feedback issues with the hearing aids.  
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1.2 What can a modern hearing aid do? 

The choice of the hearing aid, in combination with the hearing loss, will also pro-

vide differences in the occurrence and the prevention of feedback (4). Traditional 

strategies have been around for over 60 years and the basic principles are still in 

use (1). These techniques are not only used for hearing aids. They are created 

for any sound systems, such as loudspeaker and microphone on a stage (19). As 

feedback can change very fast over time as well as the acoustic environment the 

feedback management must also adapt fast.  

The goals of preventing and reducing audible feedback are in general the same: 

to (goal 1) provide high and stable gain, (goal 2) preserve good sound quality, 

(goal 3) detect feedback very fast, and (goal 4) maintain the stability of the system 

(e.g., a hearing aid) (20). The strategies can either be proactive, meaning the 

feedback is cancelled or reduced before it occurs, or reactive, for which feedback 

must occur first in order to be activated.  

The basic principles of the most common used strategies in hearing aids are ex-

plained in the following sections. It is common for manufacturers to design their 

own strategy based on combinations of several techniques. Several strategies 

and approaches to reduce or cancel the feedback have been made and further 

improved in many studies (1, 13, 21–24). 

 

1.2.1 Feedforward Suppression  

The approach in a feedforward suppression technique is to modify the signal pro-

cessing path to make the hearing aid stable (13). To achieve such stabilization, 

most commonly a gain reduction or a shift in frequency is implemented. The in-

crease of the MSG has found to be limited with these methods.  

In general, a first attempt to reduce feedback occurrence is by reducing the gain 

over the entire frequency range. An Automatic Gain Control (AGC) is typically 

used. When the gain exceeds a specified level, the broadband gain is reduced 

(13, 25). The method is reliable as the occurring instability is reduced sufficiently 

and the hearing aid can be stabilized. Many manufacturers include this as a basic 
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technique which is activated if needed (1). However, a gain reduction will lead to 

an insufficient fit (“underfit”) for the hearing aid user especially for those who re-

quire more gain to have a sufficient compensation of the hearing loss. Another 

disadvantage in this strategy is the reactive working, as the oscillation must occur 

first before feedback is reduced.  

Two other, more frequency specified, and commonly used feedforward suppres-

sion techniques are described in the following. 

 

1.2.1.1 Notch Filter       

Feedback does not occur over the entire frequency range and gain should there-

fore be only reduced in the critical areas. This can be done with a filter 

implemented in the signal processing path. The most common way is to use a 

notch filter. A notch filter reduces the gain in a small frequency band around crit-

ical frequencies, where feedback occurs. The bandwidth of these filters is sought 

to be as small as possible (4). Based on the modification of the notch-filter, sev-

eral criteria detect the true feedback component which will then be discriminated 

from the source signal components (e.g., speech or music)(1). Due to the change 

in the leakage path, through talking or chewing, the characterist ics of the feedback 

path and the oscillation can change. Therefore, several notch filters are usually 

implemented in the system (8).  

In terms of the goals pointed out in the beginning of section 1.2, this technique is 

rather reducing instead of preserving the gain, but only in specific frequency ar-

eas. A MSG increase of 3-4 dB with a special filter was found in a study of 

Bustamante et al. (22). Another advantage is the fast operation time (4). Due to 

the nature of the notch filter the sound quality aspect is limited as the howling 

needs to occur first before it activates, and is therefore a reactive technique (13). 

A disadvantage is the way of detection of feedback components in the signal 

which might include parts of the source signal. This can be limited by narrowing 

the bandwidth of the notch filter, on the other hand the estimation and detection 

must be more accurate than for a wider notch filter.  
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1.2.1.2 Frequency Shifting  

Schroeder implemented and approached this in the 1960s (26, 27). The principle 

behind this technique is that the input signal is shifted to a frequency by a certain 

amount Δf (26). Each time the signal passes the signal input a change is made. 

Stability in the system is provided as no signal reaches the input in the same way 

again. A smoother loop gain can also be achieved (1). Schroeder found in one 

investigation that the average frequency distance between two magnitude peaks 

was around 10 Hz, therefore, he suggested the Δf value was expected to be best 

around 5 Hz (26). A frequency shift of 5 Hz is inaudible for speech and music (26). 

To achieve a larger increase in the MSG a shift of at least 30 Hz is necessary 

(28). On the other hand, the sound quality is reduced the larger the frequency 

shift and it may be also audible for some hearing aid users. One advantage com-

pared to the notch filter and AGC is that no reduction in gain must take place.  

Schroeder found an increase of the MSG of 6 dB with a frequency shift of 5 Hz.  

 

1.2.2 Adaptive Feedback Cancellation 

Theoretically, this strategy is the most promising approach as it cancels out the 

feedback instead of reducing it. This strategy proposes to produce a second feed-

back path which ideally on the opposite phase of the input signal, but with the 

same gain and should therefore theoretically cancel the feedback out  (13). This 

is done by predicting the feedback signal component and subtracting it from the 

source signal. Adaptive filters are used to track changes in the feedback path 

impulse response (1). There are two ways of implementing this method, although 

today only the continuous strategy is used. A continuous adaption method and a 

non-continuous adaption method. The continuous adaption continually adjusts the 

adaptive filter weights while simultaneously processing the input signal  (23). This 

is rather proactive. The non-continuous adaption only activates when instability 

occurs (20). In a non-continuous adaption the normal signal path is interrupted 

and the filter is adapted using a broadband noise probe when some predetermined 

condition is met (23).  
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The Added Stable Gain (ASG) varies over several studies. Kates reported an ASG 

of 17 dB with a 65 dB SPL speech-shaped noise presented (29). Bustamante 

obtained 6-10 dB ASG, with minimal loss of speech intelligibility and for not se-

verely impaired users (22). Dyrlund and Bisgaard achieved 10-15 dB (21).   

 

1.2.3 Spectro-Temporal Modulation  

Spectro-temporal-modulations (STM) are patterns that change across a certain 

amount of frequency channels over time (30). The approach of this method is to 

work proactively and therefore prevent the hearing aid from audible feedback by 

disrupting the loop gain when exceeding +0 dB (31). A STM signal is then applied 

to frequency channels where potential feedback occurs. This might be audible for 

some hearing aid users and is therefore approached to be used in combination 

and to assist a traditional adaptive filter. The audible part was found to be shorter 

and less distracting than a feedback whistling sound (32). In the first approach of 

this method, it was found that in fast changing acoustic environments, such as a 

phone held up to the ear, the STM filter was able to prevent audible feedback 

whereas the traditional adaptive filter was not able to cancel feedback (32). This 

strategy in combination with traditional adaptive feedback cancellation approach 

can handle a positive loop gain of +6 dB. 
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1.3 Research Questions  

Good feedback management is essential for high subjective satisfaction of the hearing 

aid user with a hearing aid. Who tolerates audible feedback in their hearing aid that they 

themselves or others around them might hear? Acoustic feedback and some of the meth-

ods used to manage feedback can affect not only sound quality but also the availability 

of gain. 

The main research goal was 

To find and explore test set-ups that are reliable and valid to test the feedback perfor-

mance of a custom hearing aid clinically.  

With reliable and valid methods, the aim was to answer the following questions for four 

custom hearing aids from different manufacturers:  

1) How is gain affected across frequencies between 250 Hz - 8000 Hz in 

a feedback-challenged condition? 

2) How is hearing aid sound quality affected in a feedback-challenged 

condition? 

3) For a pre-defined hearing loss, is audible feedback observed and in 

what frequency regions?  

4) What is the subjectively rated sound experience in a feedback-chal-

lenged test condition?  

Four different test methods and set-ups were created with the aim of determining 

if these methods were reliable and valid and were able to help in answering the 

questions. 
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2 Exploring the Methodology  

Summarizing the four tests, the purpose of Test 1 “Provoked Real Ear Aided Re-

sponse (REAR) measurements” is to show how the output and response of the 

hearing aid changes in a dynamic situation. An increase in gain for a specific 

frequency range does not always mean that there is audible feedback, and as 

mentioned in the introduction, feedback is not always audible. For this reason, 

Test 2 “Sound Quality: Unprovoked vs Provoked”, was created to record the 

changes in sound quality from an unprovoked situation to a provoked situation 

with a custom hearing aid. A third test, Test 3 “Feedback Frequency Identification” 

was created to detect and name the frequencies in which the audible feedback 

occurred. Test 4 “Clinical Robustness” was conducted relating to the acceptance 

of a hearing aid a subjective feedback rating test with 20 test participants. 

In the following sections the baseline for all four test set-ups is explained. This 

includes the main test subject, all used hearing aids, as well as the chosen audi-

ogram and fitting formula. Furthermore, the exploration on achieving matched 

gain and matched acoustics is described. Each test is described separately in the 

chapters 3-6. 

2.1 Test subject  

This test was performed on a manikin head, Clinical Assistant for Research and 

Learning (CARL) (AHead simulations, Cambridge, Canada) and therefore, did not 

include human subjects (Figure 4). 

 

Figure 4 - CARL with Verifit®2 measurement tools 
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From the initial idea in 2015 to the finished model in 2018, CARL was originally 

designed for audiology training programs to ensure probe tube placements and 

REM. Now CARL is also used for training tasks, research purposes, and product 

demonstrations and another manikin, Baby-CARL was designed to demonstrate 

children’s ears for more accurate measurements for pediatric purposes (33). For 

further practices and research studies, a CARL-head with a microphone placed 

inside was designed and on the market since mid of 2022 to record REM (34). 

CARL’s ears are 3D-printed from a silicon blend (35), which is flexible in a way 

that the ear canal expands by pulling on the ear, but also in a way that silicon 

contracts to its original shape when inserting a hearing aid. This means that by 

widening the ear canal with an earmold, depending on the size, the ear might 

squeeze the mold. This behavior was found during this study. Over the years the 

ears were refined several times to build a realistic texture and feel like a human 

ear as well as similar ear acoustics. Although CARLs ear acoustics are realistic 

the material does not separate in the outer, cartilage and inner, bone part such 

as in a human ear. CARL has different ear sizes, an adult large, an adult small 

and a bent ear canal ear (35). For this study, the adult large ear was used.  

The Real-Ear-Unaided-Response (REUR) of the large ear is shown in Figure 5. 

A peak around 3 kHz can be observed.  

 

Figure 5 - Measured REUR of the large adult ears form CARL 
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2.2 Hearing Aids  

All four test set-ups included the same custom IIC hearing aids. They were built 

for the large adult ears of CARL. Hearing Aid 1 (HA 1) and 2 (HA 2) were launched 

in 2022, Hearing Aid 3 (HA 3) in 2021 and Hearing Aid 4 (HA 4) in 2018. They 

were ordered as the highest level of technology for each manufacturer and in the 

smallest built-size available with no vent. Therefore, the same acoustics was ap-

plied to all test devices. Although there was no vent, the probe tube during REM 

provided a small leakage (8). The amplification abilities in terms of power level 

were aimed to be the same across the four hearing aids. As a starting point, the 

aim was to have the hearing aids programmed with similar features and attributes.  

In Table 1 the applied settings in the fitting software are listed. The default auto-

matic program was activated, as this is the usual preferred setting for a patient. 

Only speech in a quiet environment was tested, therefore the default setting for 

noise reduction, as it would be in an everyday situation, was not changed and 

does not affect the result. Frequency lowering, when the default setting is ON, 

was set to OFF. The feedback system was turned ON, and the FPA, was run prior 

to performing any tests or measurements.  

Table 1 – Features with the respective settings applied to the tested hearing aids 

Feature Setting 

Frequency Lowering OFF 

Noise Reduction Default / ON 

Transient Noise Management Default / ON 

Experience Level High / Experienced / Long-term 

Adaption Manager OFF (set to highest / experienced) 

Adaptive Directionality ON 

Feedback Management ON - Default / Strongest 
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2.3 Audiogram 

Bisgaard et al. created 10 standard audiograms for the IEC 60118-15 measure-

ment procedure (36). In this study the standard audiogram S3 (S3), which 

represents a steeply sloping hearing loss, was used (Figure 6 (red)). The aim was 

to push the hearing aids to their limits and to find a solid baseline where all hearing 

aids obtained the same gain while performing equally in a non-challenging situa-

tion. Pushing it to its limit means that the hearing aid is on high gain and can be 

challenged easily. After consideration of several hearing losses the S3 was found 

to be best in keeping the balance between well performance and being a chal-

lenge for the hearing aids. Nevertheless, a modification at 6 kHz was made to 

have this hearing loss in the fitting range of all manufacturers. Figure 6 displays 

the standard audiogram S3 (red) and the modified S3 audiogram (blue). This does 

not correspond to the left and the right ear, it is for illustrating purposes and the 

modified hearing loss was applied to both ears. The hearing level at 6 kHz was 

modified to be at 80 dB HL.  

 

 

Figure 6 – Standard audiogram S3 (red) and the modified S3 (blue) 
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The gain needed to fit hearing aids for this hearing loss can also be referred to as 

being close to the MSG. The MSG can be determined by gradually and slowly 

increasing the gain while the feedback canceller is running (13). This was not 

done in this work, but while testing several hearing losses this was found to be 

close to this term. 

2.4 Prescription Formula   

A generic rationale, DSL v5 (37), was used for the fitting of the hearing aids. The 

use of a generic rationale allows comparison between different manufacturers and 

can be verified with an external verification device through REM. DSL v5 was 

chosen as it provides high gain in high frequencies for a sloping hearing loss, 

resulting in a greater challenge for the feedback system (8).  

The target gain between 0.25 kHz - 8 kHz for the modified S3 hearing loss with 

DSL v5 prescription for 50 dB SPL, 65 dB SPL and 75 dB SPL is shown in Table 

2. 

Table 2 – Target gain in dB for DSL v5 for soft, moderate, and loud input levels 

Frequency 

(kHz) 

0.25 0.5 0.75 1 1.5 2 3 4 6 8 

REAR50 46 56 58 65 69 76 80 77 77 76 

REAR65 59 68 69 77 82 91 95 92 92 91 

REAR75 61 73 79 86 92 99 104 101 97 95 

 

2.5 REM vs Test Box 

The intention was to perform REAR on CARLs ears and match each hearing aid 

to target. For this objective test, the Verifit®2 (Audioscan®, Dorchester, Canada) 

verification module (Software 4.28.1) was used. Throughout the target matching 

process several problems occurred. A change in the probe placement on CARLs 

ear arrived with more inconsistency than on a human ear (38). Due to the silicone-

like material of CARLs ear and the size of the IIC it was possible to push the 

hearing aid further in as it would be possible on a human ear. Therefore, it was 

decided to match all hearing aids in the Verifit®2 test box. This provided an equal 

way to compare the performance across all hearing aids. A 0.4 cc coupler was 
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used to represent the volumes associated with a custom hearing aid. An adhesive 

putty (an adhesive which is commonly used to stick or seal light weighted items) 

was used to attach each hearing aid to the coupler to prevent leakage (see Figure 

7).  

 

 

Figure 7 - IIC secured with a putty adhesive in the Verifit®2 test box 

The test procedure to match target in the test box is shown in Table 3. Each 

hearing aid was first connected to the respective fitting software and the sug-

gested settings checked and applied. After that, the hearing aids were placed in 

the test box shown in Figure 7 and matched to the target of DSL v5. 

Table 3 – Procedure to follow to match the target gain in the test box 

Step  Description of procedure 

1 Connect hearing aids to fitting software 

2 Check suggested settings (Table 1)  

3 Re-prescription of target  

4 Run FPA (on CARL) 

5 Open Audioscan software and test box measurement → calibrate 

6 Place hearing aids in test box and the reference microphones as shown in 

Figure 7 

7 Run the test box measurement for 55 dB SPL, 65 dB SPL and 75 dB SPL 

and match the hearing aid to the DSL v5 target by using the respective 

fitting software 

 Repeat 1-7 for all four devices   
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The international test speech signal (ISTS) was used for all REAR and test box 

measurements. To verify the target matching in the test box, 50 dB SPL (soft 

speech) and 75 dB SPL (loud speech) were measured, and the gain adjusted to 

the target. The hearing aids were sought to be matched to target gain within 

+/- 2 dB in a test box at each frequency between 0.25 kHz - 8 kHz. The results for 

the fitting at 65 dB SPL are shown in Table 4. The gain at 0.25 kHz for HA 4 was 

+ 4 dB to target and could not be adjusted further down without changing the fre-

quencies above.  

Table 4 – Test box target matched gain at 65 dB SPL for all four hearing aids 

Frequency (kHz) 0.25 0.5 0.75 1 1.5 2 3 4 6 8 

DSL v5 Target 59 68 69 77 82 91 95 92 92 91 

HA 1 62 68 72 76 83 91 94 90 90 90 

HA 2 59 69 72 76 81 92 94 90 91 91 

HA 3 60 67 70 77 82 90 93 89 90 88 

HA 4 63 67 72 76 82 91 93 90 90 89 

 

In the following chapters all four test set-ups as well as their results were de-

scribed. The results were included as the exploration of methodology arrives with 

results and conclusions to find a valid method and set-up for a test.  
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3 Test 1: Provoked REAR Measurement 

In the following, the terms unprovoked and provoked are used to explain the po-

tential activity and/or objects around an ear with a hearing aid inserted. Figure 8 

illustrates the meaning of these terms. The unprovoked condition is measured 

with only hearing aids and the probe tube on CARLs ear (HAs and probe tube not 

shown). The provoked condition shows an item placed close to the ear or on 

CARLs head, respectively. Those items were not moved during the measurement 

and each item is tested separately.  

 

Figure 8 – Illustration of the unprovoked (left) and provoked (right) condition 

In this section the on-ear feedback test including one unprovoked and three pro-

voked conditions is explained. This test was conducted to answer research 

question 1. 

3.1 Pilot test  

Prior to the target match of the hearing aids an exploratory pilot test on CARL with 

a first fit on each hearing aid was performed. This was done to see which provoked 

conditions particularly challenge the system and how the gain is affected. Real 

life situations were taken to relate to the everyday experience of a hearing aid 

user. These included a motorcycle helmet (Figure 9 - left), a headscarf (Figure 9 

– right) and a beanie (warm hat) which were all placed on CARLs head with cov-

ering the ears. These three conditions gave an idea how the hearing aid behaves 

with any head covering worn from a hearing aid user. The other two situations 

were a phone held to the ear, and a hand cupped around the ear. Last simulates 
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a hug. Both were created with a person sitting behind CARL and holding the phone 

and hand, respectively.  

For the actual measurements, the hand (condition 1), phone (condition 2), and 

headscarf (condition 3) were used. No differences were found between the head-

scarf and the beanie for all hearing aids. The reason for removing the motorcycle 

helmet from the test is that the placement of the probe changed in an uncontrol-

lable way when the helmet was put on CARL's head. 

 

Figure 9 - CARL with motorcycle helmet (left) and head scarf (right) 

CARL was placed on a rolling table which was secured to stand in place and was 

approximately 1 m away from the loudspeaker of the Verifit®2 (see Figure 10).  

 

Figure 10 - CARLs placement in front of the Verifit2 
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3.2 Unprovoked On-Ear Gain Match  

After the target match in the test box the hearing aids were put on CARL and 

measured via REM in an unprovoked situation to ensure that the set gain is still 

there. This situation was used as a baseline for all further conditions. As the same 

problems occurred as above (section 2.5) mentioned, it was decided to match 

HA 1 (which was first put on CARLs ear) to the DSL v5 target within +/- 5 dB 

between 250 Hz – 6000 Hz and taken as a reference point (baseline) for the other 

hearing aids. This number was chosen based on the recommendation from the 

British Society of Audiology for probe microphone measurements (17). Multiple 

insertions were done for all hearing aids to reach this target/ baseline.  

Table 5 shows the unprovoked REAR values on both of CARLs ears. The grey 

marked cells are the response values of HA 1 for the right and the left side, re-

spectively. The values in the orange marked cells show a bigger difference than 

+/- 5 dB compared to HA 1. The goal was to match and compare the gain across 

the four hearing aids, therefore the target gain is not displayed in this table.  

Table 5 - Unprovoked gain at 65 dB SPL on CARL for the right and the left ear  

Frequency (kHz) 

/ HA – ear   

0.25 0.5 0.75 1 1.5 2 3 4 6 8 

HA 1 – right 59 64 65 74 89 94 99 94 91 83 

HA 2 – right 61 60 59 71 87 90 101 94 86 77 

HA 3 – right 65 65 62 72 90 91 102 94 91 77 

HA 4 – right 65 65 64 72 88 88 96 89 91 75 

HA 1 – left 64 71 71 74 94 91 90 88 91 82 

HA 2 – left 67 66 58 66 85 90 96 95 88 78 

HA 3 – left 61 65 64 76 96 94 98 90 87 77 

HA 4 – left 62 62 64 74 88 80 86 84 82 71 

 

In Figure 11 and Figure 12 the graphs show the gain difference between the 

matching on-ear and the target (shown as a black 0 baseline) for the chosen hear-

ing loss. This was calculated and visualized in Microsoft Excel (version 365) by 

subtracting the values of the on-ear matching from the target values. Higher de-

viations to target as well as across hearing aids can be seen for the left side. 
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For the right side, all four hearing aids have a tendency for less gain in the lower 

frequencies between 0.5 kHz - 1 kHz as well as a tendency for more gain around 

1.5 kHz and 3 kHz is visible. All hearing aids were not able to reach matched gain 

within +/- 5 dB at 8 kHz.  

 

Figure 11 - REAR difference to the DSL v5 target at 65 dB SPL for CARLs right ear 

 

 

Figure 12 - REAR difference to the DSL v5 target at 65 dB SPL for CARLs left ear 
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Both ears were considered as part of the study. This approach was chosen to be 

able to perform a crosscheck on both ears. Due to larger variations in the meas-

urement of the left ear across hearing aids, it was decided to use only the right 

side for displaying and analyzing of the results. 

After the on-ear gain match the hearing aids were not taken out until the provoked 

REAR was completed.  

 

3.3  Test flow for Provoked REAR 

Table 6 shows the test procedure as it was performed during the REAR measure-

ments. This provided a consistent way to test the hearing aids fairly and to avoid 

changes in the placement of the probe tube and hearing aid each time the condi-

tion changes.  

Table 6 - Test procedure for Test 1: Provoked REAR Measurement 

Step  Description of procedure 

1 Open Audioscan REM → calibrate probes 

2 Place probe and hearing aid in the ear-canal and run REAR65 (unpro-

voked situation) → compare to target (for HA 1) / set baseline (for HA 2/ 

HA 3/ HA 4)  

3 If necessary: Insert probe/ HA again and measure REAR65 until re-

sponse is within +/- 5 dB of target/ baseline 

4 Place hand to provoke feedback system and run REAR65  

5 Place phone to provoke feedback system and run REAR65  

6 Place head scarf to provoke feedback system and run REAR65 

 Repeat 1-6 for all four devices  
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3.4 Results Test 1 

The aim was to find out if there are gain increases or gain decreases in the REAR 

measurements and audible feedback observed. In section 3.4.1 the overall meas-

urements from Verifit®2 are shown for each hearing aid in all four conditions. 

Furthermore in 3.4.2, 3.4.3 and 3.4.4 the results of each provoked condition are 

displayed.  

3.4.1 REAR measurements  

Figure 13 shows the measurements on the Verifit®2 screen of HA 4. Looking at 

the provoked condition 1 (pink) the deviations in gain were mostly in the frequen-

cies in between two target frequencies. Therefore, for analyzing the provoked 

conditions, the center frequencies in one third octave bands were included. The 

added frequencies are referring to the preferred numbers created by Charles Re-

nard, which were also adapted for ISO 3-1973 (39). These are 1.25 kHz, 1.6 kHz, 

2.5 kHz, 3.15 kHz, 5 kHz, and 6.3 kHz. In Figure 13 lines were added at the stand-

ard target frequencies of 1 kHz and 1.5 kHz, and 4 kHz and 6 kHz (blue lines) and 

the additional frequencies at 1.25 kHz and 5 kHz (red lines). By looking at the 

purple graph it is clearly visible, that a gain increase takes place around the added 

frequencies (here 1.25 kHz and 5 kHz).  

 

Figure 13 - REAR measurements for HA 4 in all conditions for the left and right ear 

(Green: unprovoked, pink: hand, orange: phone, blue: head scarf) 
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The following figures (Figure 14 - Figure 16) show the screenshots of the meas-

urements of HA 1, HA 2, and HA 3. The colors indicate the same condition in all 

four screenshots. The green line represents the unprovoked on ear matched base-

line. Purple shows the hand provocation, orange indicates the phone provocation 

and blue the head scarf provocation. It also shows that the left side follows the 

same tendencies, despite of the dB differences.  

 

Figure 14 - REAR measurements for HA 1 in all conditions for the left and right ear 

(Green: unprovoked, pink: hand, orange: phone, blue: head scarf)  

 

Figure 15 - REAR measurements for HA 2 in all conditions for the left and right ear 

(Green: unprovoked, pink: hand, orange: phone, blue: head scarf)  
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Figure 16 - REAR measurements for HA 3 in all conditions for the left and right ear 

(Green: unprovoked, pink: hand, orange: phone, blue: head scarf) 

3.4.2 Condition 1 – Hand  

This situation was simulated by covering the ears of CARL with a hand. It was 

sought to have the same hand-placement for all four devices. Multiple measure-

ments were done to see if the hand position is consistent to make reproduceable 

results. Furthermore, the measurements were performed three times by waiting 

5 sec / 10 sec / 30 sec before starting the measurement to let the hearing aid 

settle and allow the feedback system to activate. As it did not affect the results it 

was chosen to start right after closing the ear and being in the final position. 

As the screenshots in 3.4.1 show, this condition had the most deviation across 

hearing aids. Figure 17 compares the difference from unprovoked (set to a 0 base-

line) to provoked in condition 1 for all four hearing aids in this situation. The 

difference was calculated by taking the provoked REAR value and subtracting the 

respective unprovoked REAR value. This was done to see the fluctuations relating 

to the provocation.  

For HA 1 a gain increase of +10 dB can be observed around 1.5 kHz. A decrease 

with a maximum of –14 dB is shown in the frequency range between 

2.5 kHz - 8 kHz. HA 2 has a more fluctuating curve. Two gain increases take place 

around 1.5 kHz (+6 dB) and 2.5 kHz (+8 dB). Between 3 kHz - 8 kHz a gain 
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decrease (maximum at 4 kHz with -14 dB) can be observed. HA 3 also shows a 

fluctuating curve an overall gain increase between 1 kHz – 3 kHz. Two major 

peaks are around 1.25 kHz (+23 dB) and 2.5 kHz (+18 dB). Another gain increase 

can is around 4 kHz – 5 kHz (+3 dB) with a steeply sloping decrease at 6 kHz        

(-18 dB). HA 4 shows a fluctuating curve with a main increase in gain around 

1.25 kHz (+30 dB). In the frequency are between 3 kHz – 8 kHz a decrease in 

gain can be observed with the maximum of -20 dB at 6 kHz. Overall, all hearing 

aids show at least one gain increase in the lower frequencies between 0.25 kHz 

and 2.5 kHz and a gain decrease in the higher frequencies between 

3 kHz – 8 kHz.  

 

Figure 17 - Gain difference of REAR values from unprovoked to provoked in condition 1 

Audible feedback was observed during the measurement for HA 2, HA 3, and 

HA 4.  

3.4.3 Condition 2 – Phone  

The second condition was measured with a phone held close to the ear. As in 

condition 1 it was sought to keep the same placement for all measurements and 

in a position how a user would hold a phone up.  
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Figure 18 shows the gain difference from unprovoked to provoked condition, using 

the same method to calculate as in condition 1. HA 1 is showing a light fluctuating 

but close to the unprovoked line curve. The highest increase is at 0.25 kHz with 

+5 dB and the highest decrease around 6 kHz with –5 dB. For HA 2 a gain in-

crease between 1.5 kHz and 3 kHz can be observed with a maximum of +8 dB 

around 2 – 2.5 kHz. A gain drop can be seen between 3 kHz and 6.3 kHz (-7 dB). 

HA 3 shows a constant gain increase between 1.25 kHz and 3 kHz (+9 dB). It also 

shows a gain drop between 3 kHz and 6.3 kHz (-8 dB). One major gain increase 

for HA 4 is shown around 2.5 kHz (+12 dB). In the lower frequencies the curve 

shows minor fluctuations (+/- 2 dB). Between 4 kHz and 8 kHz a gain drop can be 

seen (-8 dB). Overall, a tendency for a gain increase in the frequencies below 

3 kHz and a tendency for a gain decrease in the frequencies above 3 kHz is given.  

 

Figure 18 - Gain difference of REAR values from unprovoked to provoked in condition 2 

Audible feedback was observed for HA 3 throughout the whole measurement. For 

HA 2 and HA 4 it was only audible while going in the provoked placement and  if 

a movement took place, when no speech was presented. It was not observed after 

being in the final position and measuring REAR. 
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3.4.4 Condition 3 – Head Scarf  

The third situation was with a head scarf (hijab) on CARL. It was applied on CARLs 

head the same way for each hearing aid.  

Figure 19 shows the gain difference from unprovoked to provoked condition, using 

the same method to calculate as in the conditions 1 and 2. As the graph shows 

there are no great fluctuations. HA 1 shows a small gain drop of -3 dB at 2 kHz 

and in the higher frequencies around 4 kHz. HA 3 showed a gain increase of +5 dB 

around 2.5 kHz and a gain decrease of -3 dB around 6 kHz. HA 2 and HA 4 had 

deviations of +/- 2 dB throughout all frequencies. During the test box match small 

deviations of 1 – 2 dB without a change in gain were observed. Therefore, these 

small deviations can be seen as normal and were not due to the head scarf.  

 

Figure 19 - Gain difference of REAR values from unprovoked to provoked in condition 3 

No audible feedback was observed for any of the tested hearing aids.  
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4 Test 2: Sound Quality Measurement  

This chapter explains the test set-up for Test 2. The purpose of this sound quality 

measurement was to answer research question 2.  

4.1 Test set-up  

To measure the sound quality, it was intended to record the sound reaching the 

ear drum through an external microphone. The CARL manikin used in Test 1 does 

not have a possibility to record the sound, therefore a Head and Torso simulator 

(HATS) with a built-in microphone in the ear simulator was used. Regarding the 

size and shape difference of CARLs ear canal to HATS ear canal (which is cylin-

drical), only the ear-simulator without the pinna was used. The hearing aids were 

secured in front of the microphone with the same putty adhesive as for the test 

box measurement (Figure 20 (right)). With that, an ear canal simulation could be 

created which had no leakage and where each hearing was sought to fit in the 

same way, providing equal performance chances.  

The set-up in a sound studio included one loudspeaker and HATS (Figure 20). On 

the left side the sound studio set-up with 16 loudspeakers (placed in a circle) is 

shown but only the one needed was turned on. It was located at 0° in front of 

HATS, and speech was presented from this speaker. The speech level was 

65 dB SPL, which was also used for Test 1 and is the normal sound pressure level 

in an everyday conversation. 
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Figure 20 - Set-up of HATS in the sound studio (left) and  

attachment of IIC to HATS ear (right) 

All four hearing devices were intended to be tested in two of the previous tested 

situations. First, the unprovoked condition as comparison and second where the 

hand was held up to the ear. The programming of the HAs was not changed for 

this measurement.  

4.2 Results Test 2 

This test could not be performed and analyzed, as intended, in a way that is reli-

able and valid for all four hearing aids. The output and feedback did not match 

the observations during the REM test. During the test loud whistling was observed 

for all four hearing aids and the observation of Test 1 could not be re-created. 

Therefore, the results and measurements were deemed unusable for analysis. 

This is further and more detailed explained in the discussion (Chapter 7). 
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5 Test 3: Feedback Frequency Identification  

This test set-up was created after performing Test 1 and seeing similar behavior 

for the REAR for condition 1 (hand) of each hearing aid although no audible feed-

back was observed for HA 1. This test was proposed to answer research 

question 3.  

5.1 Test flow  

To find out and verify in what frequency the audible feedback occurred, all four 

hearing aids were placed in CARLs right ear with the probe tube and the feedback 

system was provoked as in condition 1 from Test 1. HA 1 was part of this to verify 

the observation of no audible feedback. The probe was inserted again because it 

was the goal to create the same environment as for Test 1. The output of the 

hearing aid, without an additional speech signal was recorded with an external 

microphone. It was done without speech presented from the front, to be able to 

analyze the pure feedback sound and detect the frequency areas. This was ac-

cepted as the audible feedback was observed in Test 1 for HA 2, HA 3, and HA 4 

before starting the measurement by closing the ear with the hand. The external 

microphone was a phone held close to the ear; therefore, no calibration could be 

performed. As the goal was to find the frequency areas as a verification of Test 1 

and not the sound pressure level, this was deemed to be acceptable.  

5.2 Results Test 3 

To verify the indications of audible feedback from the REAR peaks, this test was 

performed to detect the frequency areas in which it occurred.  

Figure 21 shows the feedback recording over the frequency range between 

500 Hz and 8 kHz. This analysis was done in MATLAB (version R2021b) with a 

custom code. The x-axis represents the frequency in Hz, whereas the y-axis rep-

resents the output level in dB. This shown output level is not the true output level, 

as mentioned above in 5.1. For this instance, the magenta line for HA 1 can be 

seen as a reference line in amplification, as there was no audible feedback ob-

served. While this recording was done without speech or noise in the background 

the peaks in amplitude represent the audible feedback. The recording of feedback 
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for HA 2 shows one major peak around 2.5 kHz. For HA 3, several peaks can be 

seen over all frequencies. This hearing aid was feeding back a lot during the 

measurements, and several major and minor peaks over the frequency range be-

tween 1 kHz and 5kHz can be seen. Major peaks are around 1.5 kHz, 2.5 kHz, 

3 kHz, and 5 kHz. HA 4 shows narrow peaks around 2.5 kHz and around 5 kHz. 

Throughout the REAR measurement audible feedback was observed without mov-

ing the hand for HA 4. For this recording, the hand had to be slightly moved to re -

create the feedback.  

 

Figure 21 - Feedback frequency analysis for all four hearing aids 
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6 Test 4: Clinical Robustness 

As mentioned in the introduction the audible feedback occurs in different everyday 

situations of a wearer, where also surrounding people can hear it. This includes 

for example a battery-change during a conversation where the hearing aid user 

takes the hearing aid out of the ear and puts it back in. This movement challenges 

most of the hearing aids and they will start “whistling”. Especially family and 

friends, who are not wearing hearing aids will perceive this as uncomfortable and 

sometimes even as annoying/ disturbing. For this reason, a fourth test was imple-

mented to get a subjective rating on how annoying the sounds are perceived by 

normal hearing people and the influence of getting themselves hearing aids when 

needed. 20 test participants (TPs) were asked to rate and rank the sound output 

on discomfort and annoyance for all four hearing aids from the previous tests. 

Sound output is hereby referred to the audible feedback sounds. It was a single-

blinded test as the TPs did not know which hearing aid they had in the hand, but 

the test leader knew.  

This test aimed to answer research question 4. 

6.1 Test participants  

The TPs were 20 adults, who perceived themselves as normal hearing and who 

did not wear hearing aids. It was chosen to include only normal hearing people as 

they represent family and friends of a hearing aid user and might come in such 

situation of perceiving feedback from outside. The distribution of men and women 

in the study was 10 to 10.  

Inclusion criteria: Normal hearing, Age: +18. 

Exclusion criteria: People who are not able to hear a sound coming out of the 

hearing aid, where it is very audible to someone with normal hearing. 
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6.2 Test flow  

Each TP was given a brief explanation on how this test is performed. After the 

instruction, they were taken through a trial run, where they learned a consistent 

provoking method by cupping the hearing aid in their hand. This was done by 

having one hearing aid placed in the open palm (by the test leader) and then 

closing the hand to a fist at least 5-6 times. They were instructed to do the same 

movements and provoking for all four hearing aids, such as moving the hand up 

to the ear to hear any sound clearer. In the trial, they were allowed to experiment, 

to see how easy one hearing aid is to provoke. For the actual test, all four hearing 

aids were presented in a randomized way where the TP chose the order of the 

hearing aid number, without knowing which is from what manufacturer. After each 

hearing aid, they (task 1) ranked the annoyance of the sound output on a visual 

analog scale (VAS), where one end was labeled with “not annoying” and the other 

end with “very annoying”. The second task (task 2) was to rank them in an order 

from 1 - 4 by their annoyance (1 - least annoying, 4 – most annoying). The last 

question (task 3) was if what they just experienced would influence the TPs deci-

sion to get a hearing aid.  

The answer sheet can be seen in the Appendix.  

6.3 Results Test 4 

This test was rolled out to have a subjective rating and verification of the obser-

vation from Test 1 and 3.  

In task 1 the TPs were asked to rate the specific sound on a VAS with trying not 

to compare to the previous heard sound from a different hearing aid.  Based on 

the marking of the scale the ratings were converted to percentage numbers from 

0 - 100 %. Table 7 shows the average rating, standard deviation, median and the 

interquartile range (IQR). The IQR describes the spread of the middle half of the 

distribution, calculated with the difference of the values of quartile 3 and quar-

tile 1.  
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Table 7 - Statistical summary of task 1: rating of the sound experience of each HA 

 HA 1 HA 2 HA 3 HA 4 

Average Rating (%) 14,4 62,3 55,7 76 

Standard Deviation (%) 10,65 20,47 22,33 14,58 

Median (%) 12 67,5 53,5 81 

IQR (%) 10,75 31 34,75 21,5 

 

The boxplots in Figure 22 show the variance of the answers. A one-way repeated 

measures ANOVA was run to test if any hearing aid differs significantly from the 

others in the rating. The p-value of this test was p < 0.001, meaning there was a 

highly statistically significant difference found. A post hoc pairwise comparison 

was run to test which hearing aids and how they differ. There was a highly signif-

icant better rating (p < 0.001) for HA 1 compared to the other three devices. No 

statistical significance was found between HA 2 and HA 3 (p = 0.738). The rating 

of HA 4 is statistically significant less compared to HA 1, HA 2, and HA 3 (HA 4 

to HA 2: p = 0.021; HA 4 to HA 3: p < 0.001).  

 

 

Figure 22 - Boxplots for task 1 for all hearing aids 



Test 4: Clinical Robustness  

  

36 

To obtain a performance comparison task 2 asked to rank the four hearing aids. 

Table 8 shows the ranking of each TP as well as the overall ranking highlighted 

in blue. These cells show the most named HA for the respective column. HA 1 

was the best ranked hearing aid for 20 out of 20 TPs. HA 4 was ranked the most 

annoying with 18 out of 20 test participants. HA 2 and HA 3 were each ranked by 

70 % of the TPs as the second most annoying and the third most annoying, re-

spectively.  

Table 8 - Results of task 2: ranking the hearing aids for each TP  

TP / Ranking #  1  2  3  4  

1 HA 1 HA 3 HA 2 HA 4 

2 HA 1 HA 3 HA 2 HA 4 

3 HA 1 HA 3 HA 4  HA 2 

4 HA 1 HA 3 HA 2 HA 4 

5 HA 1 HA 2 HA 3 HA 4 

6  HA 1 HA 3 HA 2 HA 4 

7 HA 1 HA 3 HA 2 HA 4 

8 HA 1 HA 3 HA 2 HA 4 

9 HA 1 HA 3 HA 2 HA 4 

10 HA 1 HA 3 HA 2 HA 4 

11 HA 1 HA 3 HA 2 HA 4 

12 HA 1 HA 2 HA 3 HA 4 

13 HA 1 HA 2 HA 3 HA 4 

14 HA 1 HA 3 HA 2 HA 4 

15 HA 1 HA 2 HA 3 HA 4 

16 HA 1 HA 4 HA 2 HA 3 

17 HA 1 HA 3 HA 2  HA 4 

18 HA 1 HA 2 HA 3 HA 4 

19 HA 1 HA 3 HA 2 HA 4 

20 HA 1  HA 3 HA 2 HA 4 

  HA #1  HA #3 HA #2  HA #4  

 20/20 14/20 14/20 18/20 

 100% 70% 70% 90% 
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For the last task, the TPs were asked if the sound experience of task 1 would 

have an influence on the decision to get a hearing aid. This question was voted 

by 90 % with a yes, although some of these 90 % said that the decision to get a 

hearing aid is not based on this, but the decision on which brand / device.  
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7 Discussion 

The overall research question was to identify test set-ups for testing custom hear-

ing aids for their feedback performance clinically. To achieve this goal four test 

set-ups were created and attempted to be performed. Throughout the whole test 

period several problems followed along and in the end three comparable set -ups 

were created to support the results of each other. The results show clear differ-

ences in feedback occurrence and performance.  

7.1 Test 1 – Provoked REAR Measurements 

The goal of Test 1 was to investigate gain differences during a provoked situation 

between 500 Hz and 8 kHz. Overall, gain was affected during the provocation of 

the feedback system in condition 1 and condition 2 for all four hearing aids tested. 

It should be mentioned that in the provoked condition 1 all hearing aids showed 

an additional increase in gain around 1.5 kHz. For three out of the four tested 

hearing aids audible feedback was observed and therefore a gain increase ex-

pected. One considered explanation for the gain increase HA 1, which had no 

audible feedback was that the hearing aid was in the sub-oscillation stage. This 

implies that there is no audible feedback, but it is close to occurring, which may 

also result in a change in the frequency response of the hearing aid (18). Even 

with a very low gain configuration a gain increase was found. Thus, these changes 

in gain are considered to be a consequence of changes in the acoustic environ-

ment and reflections when the ear is closed. The frequency of this increase and 

change is also depending on the distance of the surface (10). 

In the higher frequencies (above 3 kHz) a gain decrease for all hearing aids in 

condition 1 and condition 2 was observed. This is considered to be due to acoustic 

changes around the ear or the feedback management. Since the exact feedback 

management strategy in the hearing aids are not made public by the manufac-

turer, this could not be analyzed further. Surfaces such as a hand or a phone were 

found to create a better reflection zone for sound than a head scarf. For condi-

tion 3, it was claimed that small variations of +/- 2 dB were not due to the change 

in the acoustic environment. This could be confirmed by the measurements in the 
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test box. Through multiple measurements for the gain matching process, devia-

tions of 1 or 2 dB were found without changing the gain in the corresponding 

frequency region.  

For probe tube measurements on CARL, there are several suggestions for im-

proving the test procedure and reproducibility. As explained earlier, the ear 

material contracted after hearing aid insertion and therefore pressed on both, the 

probe tube, and the hearing aid. One solution is to make the ITE (in this case IIC) 

or earmold by reducing the size of the digital impression to about 80 %. This way, 

the material has enough room to fit in the same way as a 100 % sized earmold or 

ITE in a human ear. Another issue with the material is that an IIC can be pushed 

further than should be. This can be avoided by using a larger custom hearing aid 

style. 

7.2 Test 2 – Sound Quality Measurement 

To understand the effects of feedback on sound quality better, another set-up 

aimed to be used in this study. The sound quality test was to be performed by 

recording the sound output of the hearing aid with a microphone at the end of the 

simulated ear canal of a manikin. As CARL did not have a microphone for sound 

recording at the time of these tests, HATS was used. However, several variables 

made this choice unreliable. First, the HATS ear-canal has a different residual 

volume than CARLs ear. Because of large amount of adhesive attached to HATS 

head, leakage could not be completely avoided. Second, the simulated ear canal 

did not contain a pinna. As a result, the acoustic changes in the provoked situation 

are different from those in Test 1. Therefore, all hearing aids started oscillating 

differently during the provoked condition. 

To obtain comparable and reproduceable results for two tests, the test subject 

(CARL / HATS) should be the same, especially in testing custom hearing aids built 

for a specific ear.  

7.3 Test 3 – Feedback Frequency Identification  

It was assumed that the fluctuations in Test 1 correspond to the feedback fre-

quency. Test 3 was performed to confirm this statement. For HA 2 and HA 3 this 
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matched with the observation of Test 1. For HA 4, slight differences could be 

seen. Since the hand was moved slightly during the recording of HA 4 to observe 

audible feedback, the results showed that this changes the output compared to 

the REAR measurement. It was expected that a peak would also be seen around 

1.5 kHz, due to a peak in the REAR measurement. This difference supports the 

initial statement that feedback changes over time and due to changes of the 

acoustic environment, such as a slight hand movement. This happens in a phone 

call because the hand is moving especially when walking. The goal was to re-

create the same placement for both, the hand and of the hearing aid as in Test 1. 

A different insertion of the hearing aid can cause these differences. Another as-

sumption based on the observations is that the speech signal causes the hearing 

aid to go into the stage of oscillation due to larger amplification.  

7.4 Test 4 - Clinical Robustness  

The fourth test, Test 4 was designed to show the subjective rating of feedback 

with 20 normal hearing TPs. The aim was also to substantiate the results of Test 

1 and Test 3. The overall rating and ranking showed a clear preference for HA 1. 

This was also reflected in Test 1 and 3 where no audible feedback was observed. 

It is worth mentioning the handling of HA 1 in this situation. The hearing aid did 

not go into the usual “whistling” stage , instead it was a soft buzzing sound when 

closing the hand. The noise stopped when the hand was held closed. For the other 

three devices, the handing over from test leader to TP caused the hearing aids to 

oscillate. Cupping the hearing aid led to a steady squealing sound. HA 4 had a 

poorer rating compared to the other three hearing aids. This hearing aid was 

launched 2018 and the technology and feedback management are older relative 

to the other three hearing aids. Therefore, a change to better technology for HA 1, 

HA 2 and HA 3 is shown here. To note, HA 3 was rated better than HA 2. Based 

on Test 3 and Test 1, HA 3 had more fluctuations in the response curve indicating 

louder and stronger feedback. One explanation for this was the range of feedback 

in both hearing aids shown in Test 3. In HA 2, it was a narrower and higher pitched 

sound, which is likely to be more disturbing to hear.  
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8 Conclusion and Outlook  

This work showed that testing custom hearing aids on their feedback management 

is challenging but possible. Throughout all measurements the hearing aids were 

challenged in terms of handling feedback. It was shown that feedback differs and 

is depending on several variables, such as the hearing aid itself and the acoustic 

environment. The implementation and on-going research on feedback strategies 

in hearing aids made one hearing aid capable of preventing audible feedback and 

showing therefore a clinically robust system. 

By choosing methods for working with custom hearing aids, the study design must 

be carefully chosen and created to be able to use acoustics and builds suitable 

for the purpose of the study. With the introduction of a CARL manikin that has 

similar ear acoustics as a human ear which is also suitable for sound recordings, 

further studies on feedback or other hearing aid features can be conducted easier 

and more controllable.  
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