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Fig. 7. Four typical audiograms for mild-to-moderate HL [27], [28] in the SII
testing.

Fig. 8. Experimental setup for SII testing for SmartHear.

and sloping, according to the shape of audiometric configu-
rations [27]. Audiogram 1 and Audiogram 2 are precipitous
audiograms, and Audiogram 3 and Audiogram 4 are sloping au-
diograms. We adopt the four-frequency average HL (4FAHL),
which is the average of thresholds at 500, 1000, 2000, and
4000 Hz, to indicate the degrees of HL. In the two groups
of audiograms, audiogram 1 has a smaller 4FAHL value than
audiogram 2, and audiogram 3 has a smaller 4FAHL value than
audiogram 4. The testing data (IEEE sentences) and the imple-
mentation software (the MATLAB code) for calculating the SII
value are provided in [31]. Each IEEE sentence is randomly
selected among the 72 lists, and its duration is designed to last
more than 13 s. The energy of all the sentences is normalized
to the value of 3276 (corresponds to 70-dB SPL), where the
maximum volume of the speaker is 32768 (corresponds to
90-dB SPL).

Our experimental setup is shown in Fig. 8. The speech
speaker plays the IEEE sentences, and the noise speaker plays
the speech-shaped noise (SSN). The Verifit Real-Ear Hearing
Aid Analyzer model (VF-1) made by Audioscan is used to
calculate the equivalent sound spectrum level for the various
sounds from both speakers and SmartHear. The Verifit system
is also used to facilitate the sound level calibration process. The
volume of the noise speaker is calibrated at 70-dB SPL.

Fig. 9. Audiograms for the tested ear of the five participants in the user
experience survey.

B. User Experience Questionnaire

We evaluate the user experience with SmartHear, in compari-
son with the conventional FM system, through a questionnaire-
based survey. Five participants (three males and two females,
aged 34-70 years with a mean age of 49 years), whose audio-
grams for the tested ear are shown in Fig. 9, participated in
this survey. The configurations of these participants’ HLs are
similar to the four typical audiograms considered in the SII
testing. Each participant was given a trial of the SmartHear
device and a conventional personal FM system by listening to
recorded materials using each device. The FM transmitter used
for the study was the Phonak inspiro with a lapel microphone
coupled to the transmitter (as shown in Fig. 1). The FM receiver
was the Phonak iSense Micro, which was a small behind-the-
ear headset designed for hearing-impaired users who do not
wear hearing aids. At the beginning of the trial session, the par-
ticipants received a copy of the user experience questionnaire,
and they were given instructions and explanations regarding
each item on the questionnaire. During the trial session, each
participant was instructed to set the SmartHear device or the
conventional FM system to a comfortable listening level (which
was kept constant throughout the testing) and wear the device
in the better ear. In the event that the participant has symmetric
HL, he/she was asked to wear the device in the ear used to listen
to the telephone in daily life. At the end of the device trials, the
participant was asked to rate items regarding different situations
on the questionnaire. This study was reviewed and approved by
the local institutional review board (IRB) committees. Informed
consent was obtained from all participants. All participants
were compensated for their participation in this study.

We developed the user experience questionnaire based on the
Satisfaction with Amplification in Daily Living (SADL) ques-
tionnaire [33], with modifications. The original SADL ques-
tionnaire aims to investigate hearing aid satisfaction. As shown
in Table III, the questionnaire contains 17 items representing six
dimensions: positive effect (4 items), self-confidence (3 items),
appearance (3 items), cost (2 items), ease of use (3 items),
and willingness to purchase (2 items). The questionnaire was
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TABLE III
QUESTIONS ON THE USER EXPERIENCE QUESTIONNAIRE
(ASTERISKS INDICATE REVERSED ITEMS)

POSITIVE EFFECT

1. The sound from this hearing assistive system is natural.
2. This hearing assistive system reduces the number of times I have
to ask people to repeat.
10. Compared to not using it, this hearing assistive system helps me
understand better the people I speak with.
*14. I am frustrated when this hearing assistive system picks up
sounds that seem different from what I want to hear.

SELF-CONFIDENCE

6. This hearing assistive system improves my self-confidence in a
conversation.
*8. This hearing assistive system seems inconvenient to use on a
regular basis.
*12. 1 think using this hearing assistive system can cause inconve-
nience to others.

APPEARANCE

*3. Using this hearing assistive system makes me seem less capable.

*4. 1 think people may notice my hearing loss when I use this
hearing assistive system.

13. T am content with my appearance when using this hearing
assistive system.

COST

5. The cost of this hearing assistive system seems reasonable to
me.
*11. This hearing assistive system is barely affordable to me.

EASE OF USE

7. 1 can handle this hearing assistive system without help from
others.

9. I encounter no technical difficulty when using this hearing
assistive system.

15. This hearing assistive system is easy to use.

WILLINGNESS TO PURCHASE

16. I will consider this hearing assistive system when I need hearing
assistance.

17. T will recommend this hearing assistive system to relatives and
friends.

presented to the participants in the order of the numbered items.
The dimensions are not shown to the participants. Each item was
rated on a seven-point rating scale from 1 (“strongly disagree”)
to 7 (“strongly agree”). Reversed items are assigned reverse
scores (e.g., an item receiving the rating of 1 will be assigned
the score of 7). The average score was calculated for each
dimension from responses to the corresponding items.

V. RESULTS
A. SII Test

We measure and compare the intelligibility performance of
people with different degrees/configurations of HL in different
SNR conditions and different cases (i.e., using SmartHear or
not). The intelligibility scores were obtained in several steps.
First, the speech of IEEE sentences and the SSN noise were
received and analyzed by VF-1. Second, in order to compute
the SII value, the output result from VF-1 and the typical
audiograms were fed into the SII computation in MATLAB.
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Fig. 10. Improvements in the speech intelligibility scores by using SmartHear,
for the four audiograms in Fig. 7 and in four SNR conditions (5, 0, —5, and
—10 dB). Positive values indicate better speech intelligibility performance by
using SmartHear, as compared to not using SmartHear, in the corresponding
condition.

Third, according to the matching table provided by Verifit
User’s Guide, we mapped the SII value to the intelligibility.
Finally, repeating all the steps in different SNR conditions, the
intelligibility scores for the four typical audiograms in four
SNR conditions were obtained.

Fig. 10 shows the improvement in the speech intelligibility
score when SmartHear is used, for the four typical audiograms
for mild-to-moderate HL and in four SNR conditions. As can
be seen, SmartHear yields a greater improvement in the sloping
group (Audiogram 3 and Audiogram 4) than in the precipitous
group (Audiogram 1 and Audiogram 2) in general and partic-
ularly when SNR < 0. In the sloping group, the improvement
is proportional to the degree of HL (i.e., greater improvement
for Audiogram 4 than Audiogram 3). In the precipitous group,
however, the improvement is not proportional to the degree
of HL. In addition, there is a heightened difference between
Audiogram 1 and Audiogram 2 when SNR = 5.

Fig. 11 presents the Speechmap [32], which displays the
relationship between hearing thresholds, loudness discomfort
levels (LDLs), and the amplified speech spectrum. The white
dotted line is the normal hearing threshold, and the red circled
line represents an individual with a flat audiogram of 55-dB HL,
which is the most severe degree of moderate HL. The asterisks
are LDLs, which indicate points of uncomfortable sensitiveness
to sound predicted from the degree of HL. The green shaded
region is called the speech envelope. The top and bottom curves
of the speech envelope represent the level in each band that is
exceeded by 99% and 70% of the samples, respectively, and
the middle curve represents the long-term average speech spec-
trum. If the speech envelope is above the hearing threshold, the
speech will be detectable. The speech envelope entirely above
the threshold will be maximally audible, and one that extends
above the LDLs will be uncomfortable. Fig. 11 shows a sharp
magnification decrease above 4 kHz, due to the specification of
the Bluetooth system [34] that the spectrum of the sound at the
transmitter side should be below 4 kHz and the spectrum above
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Fig. 11. Speechmap of sounds transmitted from SmartHear is shown in the
green striped area. The red line (with circular markers) represents the hearing
threshold of the upper limit of a moderate HL.
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Fig. 12. Comparison of the average speech intelligibility scores (averaged over
the four audiograms in Fig. 7) when using SmartHear or not, in four SNR
conditions (5, 0, —5, and —10 dB). The error bars represent one standard
deviation above and below the average scores.

4 kHz should be 20 dB below the maximum in the 0—4-kHz
range at the receiver side.

Fig. 12 shows the speech intelligibility scores averaged over
the four typical audiograms, when using SmartHear or not, in
four SNR conditions. As can be seen, SmartHear can improve
speech intelligibility for people with sloping and precipitous
HL alike by approximately 0.2 score at each SNR condition.
As the SNR decreases, the intelligibility generally decreases
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Fig. 13. Difference of average ratings (SmartHear subtracted by the con-
ventional FM system) in the six dimensions in the user experience survey.
Positive values indicate higher satisfaction of SmartHear in the corresponding
dimensions.

more significantly when SmartHear is not used. The same
score at SNR = —5 dB and —10 dB, when SmartHear is not
used, indicates that it is difficult to distinguish the clean speech
from the noise. In such challenging conditions, SmartHear can
still achieve an average intelligibility score of 0.85 for people
with HL.

B. User Experience Questionnaire

Fig. 13 shows the difference of average ratings (SmartHear
subtracted by the conventional FM system) in the six dimen-
sions in the user experience survey. Positive values represent
higher satisfaction of SmartHear, and negative values represent
higher satisfaction of the conventional FM system in the corre-
sponding dimensions. As can be seen, SmartHear has a clear
advantage in the dimensions of self-confidence, appearance,
and cost. SmartHear and the conventional FM system received
nearly the same preference ratings, on average, in the dimension
of positive effect. For the dimensions of ease of use and willing-
ness to purchase, most participants considered SmartHear more
favorable, except for Participant 4.

VI. DISCUSSION

Fig. 10 observes a greater improvement for the sloping group
when SNR < 0. As shown in Fig. 7, the hearing level in the
precipitous group is higher than 55 dB (i.e., more severe than
moderate HL) above 2 kHz, while the hearing level in the
sloping group is generally below the degree of moderate HL,
resulting in the higher benefits of using SmartHear for the
sloping group. In the precipitous group, Audiogram 1 observes
a greater improvement than Audiogram 2 at SNR = 5, 0, and
—5 dB. This may be due to the masking effect [30], [31]. The
shape in Audiogram 1 (with better hearing at low frequencies)
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intensifies the masking effect more than Audiogram 2, leading
to a better intelligibility performance of Audiogram 2 than
Audiogram 1 without SmartHear. On the other hand, since
SmartHear equally magnifies all the speech spectrum below
4 kHz, the masking effect only mildly affects the intelligibility.
Thus, Audiogram 1 exhibits a better intelligibility performance
than Audiogram 2 with SmartHear.

Fig. 12 shows that there is a 0.1-0.15 score gap to full
intelligibility when SmartHear is used. This may be explained
as follows. First, most voice communication devices only
transmit the sound below 4 kHz. Likewise, SmartHear only
amplifies the sound below 4 kHz. However, the calculation of
SII takes the sound spectrum between 4 and 8 kHz into account.
Second, we adopt a relatively low sampling rate at 11.025 kHz
in our configuration (see Table II), which may distort the
original sound. It is an option to adopt a higher sampling rate
for the sound quality at the tradeoff of transmission latency.
Third, in our current configuration, SmartHear amplifies all
the frequency channels at the same fixed amplification ratio
of 17 dB. However, different types of HL require different
fitting strategies. Developing a customized fitting strategy that
maximizes the listening experience with SmartHear within the
hardware capabilities is a worthwhile future study.

Fig. 13 shows an overall higher satisfaction toward Smart-
Hear, as compared to the conventional FM system, according to
our user experience survey. The results confirm the many attrac-
tive features of SmartHear based on user feedback. Specifically,
the remarkable differences of ratings on the dimensions of cost
and willingness to purchase justify the better affordability and
cost effectiveness of SmartHear. The results for the dimension
of ease of use suggest that the developed mobile application
with an intuitive user interface meets the participants’ needs and
habits, making SmartHear a user-friendly device. Participant 4
gave low ratings for SmartHear on the dimensions of ease of use
and willingness to purchase, possibly due to his/her preference
of the conventional cell phone and lack of user experience
with smartphones. The optimistic responses on the dimensions
of self-confidence and appearance (particularly the unanimous
and strong preference toward SmartHear in the dimension of
appearance) verify the anti-stigma feature of SmartHear. The
results for the dimension of positive effect suggest that the
proposed SmartHear is comparable to the conventional com-
mercial FM system, in terms of the sound quality of the device.
Note that, in this user experience survey, the amplification
scheme in SmartHear was not customized to the participant’s
audiogram. As mentioned earlier, a worthwhile future endeavor
is to develop a customized fitting strategy for SmartHear, which
may very likely further enhance the perceived sound quality
of SmartHear. Participant 1 responded that he/she was not
impressed by the sound from SmartHear, possibly due to the
earphone not fitted to his/her ear and the insufficient amplifica-
tion of the sound, which results in the poor performance on the
dimension of positive effect. Participant 4’s lower satisfaction
with the sound quality of SmartHear on the dimension of
positive effect may be related to his/her precipitous HL, as
shown by the audiograms in Fig. 9. This lower satisfaction for
Participant 4 with precipitous HL is in agreement with the SII
testing results in Fig. 10, which shows that SmartHear yields
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a smaller improvement in the precipitous group. This points to
an important and promising future work for SmartHear: realize
the full customization potential of SmartHear by adapting the
amplification in each channel to the audiograms or preferences
of users.

SmartHear is one of the many examples in mobile health,
aiming to expand the smartphone hardware capabilities to po-
tentially replace existing technologies. With increasingly more
hearing-aid-related mobile applications launched in the iOS and
Android mobile application stores, it can be anticipated that the
hearing product industry will be changing, as individuals with
HL can easily access affordable personal hearing assistance
on smartphones. Few studies, however, address the issue of
the scientific validity of these mobile hearing aid applications
[35]. Our study presents the development of SmartHear and its
validation process carried out in parallel, in an effort to provide
the potential users with a scientifically proven hearing assistive
technology on smartphones.

VII. CONCLUSION

We have developed a novel hearing assistive system us-
ing smartphones and wireless technologies for individuals
with mild-to-moderate HL. The proposed SmartHear system
is highly affordable and accessible compared to the existing
commercially available FM systems, and it carries promising
potential in customization and extension by designing advanced
speech—audio processing techniques and user-friendly mobile
applications. Our speech intelligibility experiments have shown
an average improvement of 0.2 speech intelligibility score (on
the scale of 0-1) across four typical audiograms for mild-
to-moderate HL and in four SNR conditions. Our survey
conducted among five participants with various degrees of
HL compares the SmartHear and the conventional FM sys-
tems and confirms the many attractive features of SmartHear,
including more affordability and cost effectiveness and less
stigma. Future work includes developing a customized fitting
strategy that maximizes the listening experience for users
with different degrees/configurations of HL, incorporating ad-
vanced speech—audio processing techniques in our prototype
system, promoting our proposed system by cooperating with
local/global organizations serving people with HL, and estab-
lishing an effective user feedback mechanism.
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