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ABSTRACT

Our research focuses on the development of adaaiisory substitution device to provide
missing high frequency sound information to perssitls high frequency hearing loss (HFHL). Previous
research has shown that high frequency consonantbecdistinguished by their energy and frequency
content. The sound signal of common words comnigihigh frequency consonant sounds (California
Consonant Test, CCT) was filtered into four seafi@quency channels between 1.6 — 8 kHz. The
sound present in each of the 4 channels was pessenthe user via discrete vibrating motors, daequ
at the tip of each of the 4 fingers. The vibragigive different patterns for different soundspwaihg the
user to make a distinction between different higlgiency soundsThis study will measure the
subject’s ability to identify the location of thévation, i.e. which finger is activated, the atyili
to learn the specific patterns, and the abilityse the vibrating pattern to increase word
recognition ability. We employed a preliminary practice session to etk the subject with the tactile
substitution device and then the CCT was admirgsteoth with and without the tactile substitution
device. The testing consisted of playing a reabrderd from the CCT from a single computer speaker
while simultaneously presenting the word’s higlgtrency information via the four tactile stimulators
and asking the subject to identify the played woodch a closed set of four words.

INTRODUCTION

The number of hearing impaired Americans has ntae tloubled in the past 30 years
with nearly 50 percent of Americans over the agééffected [1]. It not only affects the
elderly however, 1.4 million children under the agd 8 also have a hearing condition [2]. The
most common type of hearing loss is sensorinedaut 90 percent of individuals who are
hearing impaired have sensorineural hearing lolss. dondition, also known as nerve deafness,
consists of either damage to the inner ear or ¢imees which transmit the messages from the ear
to the brain. It is caused by disease, birth ipjor even aging. The most common form of
sensorineural hearing loss is high frequency hgdoiss. This is where an individual loses the
ability to hear certain high frequency constantshsas Sh, S, T, Th, P, or F sounds. Since these
are some of the most common used consonants Enpésh language, high frequency hearing
loss is truly detrimental to every day communicatio

High frequency hearing loss is not easily medichdgd because it is caused by damage
to the nerve, so sound cannot simply be amplifeedsssist a person with communication. For
example, hearing aids do not do an adequate jfikind this problem because they only
amplify the sound. This is why sensory substitutias been chosen as a method to replace the
lost hearing at high frequencies.

The goal of this project is to use sensory suligtitiy a technique for presenting
environmental information missing in one sensoryality to another, to help replace this
missing high frequency information. We proposeat tndevice that filters frequencies above
1,000 Hz into four bands and provided this inforiovawibro-tactically to a subject would allow



them to be better able to discriminate between frigduency consonant sounds, thereby
assisting in everyday communications.

The device takes recorded sound, filters it intar fifferent channels based on
frequency, and then outputs all four channelssound card. The sound card outputs to a circuit
that amplifies the sound and reduces the noise cirhuit then outputs to four vibrotactile
transducers. The four transducers will then vibratresponse to high frequency sound inputs.
Different fricative sounds will stimulate differenibrotactile transducers based on the frequency
of the sound, allowing the user to associate agodat vibration with an unheard sound.
Vibrotactile stimulation involves generating vikaats that activate mechanoreceptors in the skin.
Vibrotactile transducers were chosen because ofébse of acquirement and implementation.
Use of this device, to supplement for the lossighlirequency hearing, should aid the user in
daily communications in regard to speech and hgarin

There are a few existing devices which aim to @sesary substitution by substituting for
hearing using vibro or electro stimulation, butst@roducts are made specifically for people
with complete hearing loss. For example, the Tidkdéker™ uses vibrotactile stimulation on the
fingers of the user. Each finger receives stinmitatrom a different range of frequency and
based on the pattern, strength, and duration ofibiration, the user can pick out a certain
frequency range. Since this form of sensory suligiit covers the whole spectrum of hearing, it
is not sensible for a person with only high frequehearing loss to use the device. They would
have to sift through way too much information teo te signals they needed. With such a large
learning curve, the user must spend hours witldéwice to learn minimal amounts of words.
For example, after more than 40 hours of trainangertain user could only identify 70 words
[3]. The high frequency user could adapt at a nfaster rate to only a high frequency stimulator
because they are only missing certain soundsheatiitire spectrum. Other similar devices
include the Tacticon 1600 and the Tactaid VII. Taeticon 1600 uses electro stimulation by
putting electrodes on a belt around the user’s mieaho[4]. This device also covers the whole
spectrum of hearing and has a steep learning clm&milar ways, the Tactaid VII uses
vibrations covering the entire range of human Imggf4]. The vibrators are attached to the user’s
sternum, each corresponding to a certain frequeangye. However, no device currently exists
on the market that effectively assists people wigfn frequency hearing loss in their every day
communications.

MATERIALSAND METHODS

Device Design

The general function of the experimental devict® ipresent the subject with a sample
sound along with vibrational pulses that signifg gresence of high frequency consonant
sounds. The overall system consists of a laptgpnple driving circuit, and a handheld device
with four vibrating motors.

For the purposes of this study, the laptop was tsedn a custom Java program that
simultaneously played two versions of sample wdmis the California Consonant Test (CCT)
to the subject and recorded their responses. Tkif€a variation of a forced response test
where a word is played for the subject who therosks the corresponding word from a list of
four that vary in their initial and final consonadunds. The CCT was chosen for this study
because it emphasizes discrimination of consor@mnids and has proven useful in identifying
consonant confusions for rehabilitation purposés The first version of the word is a standard



wave file that was played to the subject througimall speaker. The second version of the word
contains four tracks, each filtered to containfteguency range of only its corresponding
channel. This word is not played aloud, but eaatkt containing only a specific frequency
range is sent on to its respective channel in theénd circuit.

When the analog audio signal is played to the agiwircuit each track is amplified in its
respective channel. This signal is then compavedthreshold voltage. If there is a significant
amount of sound energy in a channel’s given frequeange, the threshold will be exceeded
and a short 10 — 20 ms DC pulse will be sent tartb&or of that channel. The strength and
duration of vibration that a motor will undergo fasspecific sound is then dependent upon the
degree to which the short DC pulses overlap andvkeall duration for which pulses are
created. The motors used are four Solarbotics VR&2lisk motors that are housed in a
handheld device that allows the motors to contafingertips of the user. The motors are
housed in sponge rubber to isolate vibrations #lod ahe user to clearly identify which motor
is providing the stimulus.

This system allows for the subject to be preseateduditory stimulus through the small
speaker while also receiving tactile stimuli thgin#y the presence of high frequency sounds
that may not be perceived or discerned througlatititory stimulus alone.

Frequency Range/Consonant Determination

The frequency ranges of the four channels weosamthrough various types of spectral
analysis of consonant sounds using COLEA, a fredald@rogram designed specifically for
speech analysis. Once the frequency characterstieach high frequency consonant sounds
was determined, the frequency ranges of the foanmbls were chosen to allow for the
maximum number of consonant sounds to have a usiguellus pattern across the four
channels. Particular care was taken to ensureatblgtar S/Sh distinction could be made, as this
is a very important distinction that must be maaolespeech intelligibility. The frequency ranges
of the four channels were then chosen as follo@isannel 1: 1.6-2 kHz (B, F), Channel 2: 2-3
kHz (F, CH, SH), Channel 3: 3-3.5 kHz (CH, SH), @hal 4: 4.5-8 kHz(S, SH).

Testing Protocols

The testing demographic consisted of five subjétmale, 2 female) with a mean age of
75 (+/- 4.4 S.D) years. Each subject suffered frogih-frequency hearing loss (HFHL), as
determined by an audiologist. Each subject wasiitect for one session lasting one hour. Before
the actual testing began, the participants wergestéda to preliminary inspection. This
inspection included a health questionnaire to enthw participants had not been exposed to any
substance that could alter their attention and @eichl abilities, including alcohol, caffeine,
and prescriptions. It was then made certain trastibjects were not experiencing any
insensitivities, numbness, or tingling of the fingen the non-dominant hand. This was done
verbally and visually, looking for calluses, scamsts, etc. If the participant passed the
preliminary visual and verbal inspection, testiogid continue.

A Von Frey Hair Test was used to test the sengit individual fingertips. A fishing
line 0.45 mm in diameter was lightly touched torefgertip of the non-dominant hand in a
swiping motion with enough force to slightly bete tfishing line. The participant needed to be
able to identify which finger the stimulus was ot on. If the subject could identify the
stimulus on each finger, he or she continued whgnhtesting.

A California Consonant Test (CCT) was administarsithg a java computer program.
This test was given without the aid of the vibrétadevice. The CCT was developed to test the



word recognition ability of individuals with HFHLypresenting a list of 50 target words, each
stressing high frequency consonants, in closetbsmat with three incorrect choices. Each
word was presented to the subject at 65 dBA fraxoraputer speaker. The user selected to play
the word using the computer program, then chosevtrd they heard from a list of four words.
All 50 responses were logged. There was a 30 saaoedimit to answer, after which the
guestion was marked incorrect.

The subjects were then tested using the devicewltbtactile transducers. Pure tones
were delivered in order to isolate each tactoniadially. Then dual tones were delivered in
order to stimulate two tactors simultaneously. phdicipant had to be able to sense the stimulus
on each finger and correctly identify which finggr{vere receiving the stimulus with 80 percent
accuracy to continue on. Trial number was not Bahjtand if there was any doubt of the ability
of the participant to sense the stimulus, testiag vepeated. Each finger was stimulated at least
once using pure tones and each combination oftdnak was tested at least once.

Next a consonant discrimination test was perforimegdlaying s, sh, ch, f, and b sounds
to the subject while he or she was using the detiaeeh specific consonant sound was played
until the user could identify the pattern of viboats associated with it by selecting the correct
consonant choice using the java computer program.

After learning the vibration patterns associateth\specific consonant sounds, the
subject’s word recognition ability was retestechggihe CCT method used in the baseline test,
except now with the aid of the vibrotactile devid&'hile the word was played through the
speaker, a filtered version of the word was preskstmultaneously via four tactile stimulators
placed on the fingertips of the non-dominant haimte subject was asked to identify the word
presented from a list of four possible choicesgisire same computer program as before. Each
trial with the tactile information presented wasnpared to the trial without the tactile
stimulation for the same subject and analyzed tin@tatistical means for significance.

Data Analysis

Overall, the data analysis was designed to yigddlte that conclude whether there was
significant improvement in subjects’ word ident#ton ability when using the handheld device.
A Student’s t-test (paired, 1-tailed, directiona8s used to compare the group of scores on the
CCT before using our handheld device and the gadggpores on the CCT while using our
device. To determine if the each subject’s trgriiad influenced his or her performance on the
CCT with the device, a non-parametric Spearmamik carrelation coefficient was determined.
This non-parametric approach was utilized due ¢dithited sample size.

RESULTS

The Student’s t-test conducted at a 95 % confidamerval determined whether to reject
the null hypothesis §(that the scores on the CCT were unaffected byéwece;uo= pa) and to
accept the directional alternative hypothesis(that the scores on the CCT significantly
improved with using the devicaa> po).

The results in Figure 1 show that three out offietested subjects improved on the CCT with
the device showing subject 04 improving most dracaldy by 18% .



Performance on CCT with and without device
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Figure 1: Bar graph of each subject's CCT scoré atd without aid of handheld
device

The distribution of the CCT scores and the varisstagstics are shown in Figure 2 with the
average score of the subjects using the devicglsdightly higher than the baseline scores.
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Figure 2: Distribution of CCT scores and varianiistics



The result of the Student’s t-test at a 95% comfdeinterval on the CCT scores show:

p=0.23
Ho is accepted at 95% confidence o= pa
With this limited sample size, even though the mgjof the subjects improved on the CCT
with the device, the Student’s t-test concludesitha not significant at a 95% confidence
interval. The performance on the consonant trgifian each subject compared to the
performance on the CCT is shown in Figure 3.
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Figure 3: Distribution of consonant training perf@nce against CCT performance with
device

For the non-parametric Spearman’s rank correlata@fficient g to conclude that a
correlation exists for n = 5 must be greater or equal to 0.9. The resulthisftest show:

rs=-0.703< 0.9

There does not exist a correlation between higlagnihg score and a higher CCT with
device score. Furthermore, the trend shows thattdend toward a lower training score relating
to a higher CCT with device score.

DISCUSSION

The purpose of this study was to test whetheieamtiditory sensory substitution could
be used to increase the word recognition abilitguddjects with high-frequency hearing loss.
The subject’s ability to identify the location diet vibration and their ability to learn the spexifi
patterns of vibration associated with certain coashs was also tested to look for a correlation
between the subject’s learning capability and thveird recognition scores. With a p-value of
0.23 the study pertaining to increased word red¢agnability was inconclusive. Also, it was
expected that higher scores on the subject’s vibrddcation and consonant training (learning
capabilities) would correlate with a greater inse@ word recognition ability. However, as
exposed in the Spearman rank correlation, the stitlgot show this. The inconclusive results



can be explained partially due to factors of vaz&amcluding the small sample size, varying
range of subject’s hearing loss and perceptudkskihd short device training period.

While the gathered evidence for the improvemenmtand recognition ability was
inconclusive among the five high-frequency heammpgaired individuals tested, the information
and experience gain resulted in valuable insidlite lack of a positive correlation between
training test scores and overall word recognitibitityy with the substitution device points to a
possible deficit in the training procedure usedtésting. In planning the study the learning
curve for using the device was unknown, but appeabe higher than initially thought. The
lack of correlation in the results also points toegd for stricter guidelines for subject
recruitment, as the five subjects tested varieteaignificantly in age as well as in degree of
hearing loss.

Future testing with this device and in the auditsuipstitution subject area in general can
benefit greatly from the insight gained in thisdstu The next series of tests with this device
should incorporate multiple testing sessions faheadividual subject, focusing much more
time on training with use of the device. Specificaspending more time teaching the subject to
recognize the individual consonant sounds ondiateacould lead to significant improvements.
Also, narrowing the required range of hearing fosgprospective subjects would decrease the
amount of variability in the test.
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