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Abstract: Cochlear implants (CIs) recover hearing in severely to profoundly hearing-impaired people
by electrically stimulating the cochlea. While they are extremely effective, spatial hearing is typically
severely limited. Recent studies have shown that haptic stimulation can supplement the electrical CI
signal (electro-haptic stimulation) and substantially improve sound localization. In haptic soundlocalization studies, the signal is extracted from the audio received by behind-the-ear devices and
delivered to each wrist. Localization is achieved using tactile intensity differences (TIDs) across
the wrists, which match sound intensity differences across the ears (a key sound localization cue).
The current study established sensitivity to across-limb TIDs at three candidate locations for a
wearable haptic device, namely: the lower tricep and the palmar and dorsal wrist. At all locations,
TID sensitivity was similar to the sensitivity to across-ear intensity differences for normal-hearing
listeners. This suggests that greater haptic sound-localization accuracy than previously shown can be
achieved. The dynamic range was also measured and far exceeded that available through electrical
CI stimulation for all of the locations, suggesting that haptic stimulation could provide additional
sound-intensity information. These results indicate that an effective haptic aid could be deployed
for any of the candidate locations, and could offer a low-cost, non-invasive means of improving
outcomes for hearing-impaired listeners.
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1. Introduction
A cochlear implant (CI) is a neuroprosthesis that restores hearing by electrically stimulating the cochlea. While sound information is transmitted to the brain by thousands of hair
cells in normal-hearing individuals, in CI users it is transmitted through a maximum of just
22 micro-electrodes. The amount of information that can be transferred is therefore severely
limited. Despite this, CIs have been remarkably effective at restoring speech perception in
quiet listening environments [1]. However, CI users often struggle to understand speech in
noisy environments [2–4] and to locate sound sources [5,6]. Recent work has shown that CI
listening can be enhanced using “electro-haptic stimulation” [3], whereby the electrical CI
signal is augmented with haptic stimulation, which delivers sound information that the CI
is unable to provide (reviewed in [7,8]). Using haptic stimulation on the wrists, substantial
improvements to both speech-in-noise performance [3,4,9] and sound localization [6,10]
have been shown. Haptic sound-localization accuracy was found to be better than for
many hearing-aid users, suggesting that it could benefit a wide range of hearing-impaired
listeners. Furthermore, the approach could be readily deployed using a compact, lowpowered wearable device. As well as improving outcomes for CI and hearing-aid users,
this device could aid the many millions of people worldwide who are unable to access
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for CI and hearing-aid users, this device could aid the many millions of people worldwide
who are unable to access hearing-assistive devices as a result of insufficient healthcare
provision or prohibitive costs [7,11,12].
hearing-assistive devices as a result of insufficient healthcare provision or prohibitive
In haptic sound-localization studies, the audio signal received by behind-the-ear decosts [7,11,12].
vices is converted to vibrotactile stimulation on the under (palmar) side of each wrist
In haptic sound-localization studies, the audio signal received by behind-the-ear de[6,10]. This allows the spatial-hearing cues used by the auditory system to be exploited.
vices is converted to vibrotactile stimulation on the under (palmar) side of each wrist [6,10].
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Figure 1. Illustration
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probe placements
that were that
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in the
current
study:
lower tricep (panel
Figure 1. Illustration
of stimulation
the tactile stimulation
probe placements
used
in the
current
(A)) and dorsal
and
palmar
wrist
(panel
study:
lower
tricep
(panel
(A))(B)).
and dorsal and palmar wrist (panel (B)).

The wrist is commonly selected as a practical body location for haptic devices because
wrist-worn devices allow for an adequate design space (in terms of size and weight), do
not typically impede everyday tasks, and are easy to self-fit [7,19]. One downside of this
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is that the user’s wrist may already be engaged by another device (such as a fitness or
health tracker or a smartwatch), leaving limited scope for an additional wrist-worn haptic
aid for hearing to be fitted. It might therefore be desirable to integrate this approach into
existing wrist-worn devices. Another potential issue is the discreetness of wrist-worn
devices, which could become a particular concern if wrist-worn haptic aids to hearing were
larger than other devices or were distinctive enough to become recognizable as aids for
hearing. Finally, for haptic sound-localization devices, across-wrist TIDs might be distorted
by wrist movements in everyday life (particularly crossing of the wrists), such as when
walking, gesticulating, or operating machinery. To overcome these issues, we also tested
TID sensitivity across the lower triceps, which allow for easy self-fitting, but are more
discrete and less susceptible to distortion from arm movements.
For haptic sound-localization to be effective at enhancing performance in hearing
impaired listeners, sensitivity to TIDs must be better than that available auditorily. For
normal-hearing listeners, the smallest intensity difference between the ears that can be
detected is around 1 dB [20]; for hearing aid users, this increases to ~2–3 dB [21]; and for
CI users with implants in both ears, it increases further to ~4 dB [22]. However, it should
be noted that variance between hearing-impairment listeners is high and that most CI
users are implanted in only one ear, and so have little or no access to intensity differences
between the ears [23]. Therefore, even if the across-limb TID discrimination was found to
be 4 dB, this would still indicate that haptic stimulation could be effective at providing
sound-localization cues to the majority of CI users.
The second aim of the current study was to establish the usable dynamic range available at each of the three candidate haptic device locations. Following previous work [13],
the dynamic range is defined here as the difference between the lowest detectable signal and the most intense signal that can safely be delivered for 2 h. A large dynamic
range is critical to represent the full range of intensity differences across the ears for all
possible sound locations. The largest intensity differences across the ears can be greater
than 20 dB [24], but the dynamic range for electrical stimulation by a CI is around just
15 dB [25,26]. In contrast, the dynamic range of haptic stimulation at the palmar wrist or
the fingertip is around 60 dB [13,27]. Given the increased dynamic range available through
haptic stimulation, a key role, in addition to enhancing spatial hearing for CI users, is
likely to be the provision of additional sound-intensity information. It is therefore critical
to establish the dynamic range available at each candidate stimulation site.
As with TIDs, changes in the pressing force during activities such as typing might
change the perceived intensity and the dynamic range available, and this is likely to be a
particular issue for devices stimulating the palmar wrist. Furthermore, for devices that provide frequency information through stimulation at different locations on the skin, changes
in the pressing force might also lead to a distorted perception of the relative intensity of
sound in different frequency bands. These issues are expected to be substantially reduced
at the dorsal wrist and lower tricep.
Most previous work has focused on the sensitivity of the fingertip and few studies
have compared tactile detection thresholds across different body sites. Across three studies,
the thresholds were measured at the fingertip, the palm, and the palmar forearm. The
highest sensitivity was found at the finger and the lowest at the forearm [28–30]. However,
the hand and fingertip are not considered suitable sites for the current application, as they
are frequently engaged in everyday activities. Another study found that the bicep was
less sensitive than the hand, but that it was more sensitive than the abdomen, back, or
shoulders [31], which have been used in some previous haptic devices [32]. In addition to
the reduced sensitivity, devices fitted on the torso can also raise difficulties with self-fitting
and can lead to undesirable feelings of restrictedness [7].
In this study, for all three locations tested, we found a large dynamic range and
extremely high sensitivity to across-limb TIDs, which was similar to intensity difference
sensitivity across the ears in normal-hearing listeners. This indicates that any of the
candidate body locations studied could be used to dramatically improve sound localization
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for a wide range of hearing-impaired listeners. These findings could also have substantial
implications for the design of other wearable haptic systems. Haptic devices are currently
being developed for a variety research, medical, military, and entertainment applications,
but currently do not take advantage of the high sensitivity to across-limb TIDs. For
example, wrist-worn haptic devices have been developed for remote control of research
laboratory equipment [33] and to aid needle steering in brachytherapy [34]. Wrist-worn
haptic systems have also been developed to aid the remote control of robots that have been
deployed in areas that are too small or dangerous for humans to access [35], and to enhance
immersion and interactions in virtual or augmented reality [19]. There is a strong potential
for these systems to exploit the tactile system’s large dynamic range and high sensitivity to
across-limb TIDs to enhance spatial perception.
2. Materials and Methods
2.1. Partipants
Twelve participants (6 males and 6 females, aged between 22 and 33 years, with an
average of 22.6 years of age) took part in this experiment. Participants were recruited from
the staff and students of the University of Southampton, and each participant was paid an
inconvenience allowance of £10 per hour. Written informed consent was obtained from all
of the participants. Participants reported no touch perception issues and had vibrotactile
detection thresholds within the normal range (see Procedure), indicating no dysfunction of
their tactile system. The participant characteristics are shown in Table 1.
Table 1. Participant characteristics. Participant age, sex (M = male, F = female), dominant hand (L = left, R = right), and
vibration thresholds at the fingertip (measured during screening; see Procedure) are shown.

Part ID

Age
(Years)

Sex

Dom
Hand

Vib Thresh,
31.5 Hz, Right
(ms−2 RMS)

Vib Thresh,
31.5 Hz, Left
(ms−2 RMS)

Vib Thresh,
125 Hz, Right
(ms−2 RMS)

Vib Thresh
125 Hz, Left
(ms−2 RMS)

1

22

F

R

0.039

0.039

0.063

0.042

2

33

M

R

0.020

0.020

0.035

0.049

3

26

M

R

0.044

0.053

0.091

0.094

4

24

M

R

0.072

0.087

0.159

0.062

5

32

M

R

0.031

0.020

0.026

0.017

6

26

F

R

0.046

0.018

0.019

0.022

7

25

F

R

0.031

0.031

0.073

0.045

8

27

F

R

0.034

0.032

0.063

0.061

9

25

F

R

0.014

0.031

0.037

0.077

10

25

M

R

0.046

0.018

0.189

0.077

11

26

F

R

0.019

0.041

0.027

0.038

12

28

M

R

0.033

0.021

0.068

0.044

Mean

26.6

NA

NA

0.036

0.034

0.071

0.052

2.2. Stimuli
The tactile stimulus was a sinusoid with a frequency of 250 Hz, either with or without
amplitude modulation applied. The modulated stimulus had its amplitude modulated by
the amplitude envelope of a female speech sample (shown in Figure 2), which was used in
previous studies [10,13]. The sample is available through the University of Southampton’s
Research Data Management Repository at: https://doi.org/10.5258/SOTON/D1206 (last
accessed on 27 May 2021). A 500th-order zero-phase FIR filter with a cut-off frequency
of 50 Hz was applied to the absolute Hilbert transform of the speech sample to extract
the amplitude envelope. The unmodulated stimulus had a duration of 600 ms (to ensure
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of 50 Hz was applied to the absolute Hilbert transform of the speech sample to extract the
amplitude envelope. The unmodulated stimulus had a duration of 600 ms (to ensure that
maximal
temporal
summation
had occurred
[36]) [36])
and the
stimulus
had ahad
du-a
that maximal
temporal
summation
had occurred
andmodulated
the modulated
stimulus
ration
of
1877
ms
(matching
the
duration
of
the
speech
sample).
Stimuli
were
ramped
on
duration of 1877 ms (matching the duration of the speech sample). Stimuli were ramped
and
off
with
20-ms
raised-sine
and
-cosine
ramps.
on and off with 20-ms raised-sine and -cosine ramps.

Figure 2. A speech sample and its amplitude envelope, which was used to modulate the amplitude
Figure 2. A speech sample and its amplitude envelope, which was used to modulate the amplitude
ofthe
thetactile
tactilestimulus
stimulusin
inthe
thecurrent
currentstudy.
study. The
The original
original audio
audio waveform
waveform is
is shown
shown in
in blue
blue and
and the
the
of
extracted
amplitude-envelope
is
highlighted
with
a
thick
orange
line.
The
spoken
text
is
marked
extracted amplitude-envelope is highlighted with a thick orange line. The spoken text is marked
abovethe
thestimulus.
stimulus.
above

The modulated
modulated stimulus
in in
thethe
TIDTID
discrimination
threshold
measurements.
The
stimuluswas
wasused
used
discrimination
threshold
measureFor
these
measurements,
the
stimulus
intensity
was
nominally
set
to
20
the
ments. For these measurements, the stimulus intensity was nominally set todB
20 above
dB above
individual’s
modulated-stimulus
detection
threshold
at
the
least
sensitive
wrist.
The
level
the individual’s modulated-stimulus detection threshold at the least sensitive wrist. The
of theofstimulus
was was
randomly
roved
(with
a uniform
distribution)
around
thethe
nominal
level
the stimulus
randomly
roved
(with
a uniform
distribution)
around
nomlevel by ±2 dB. This ensured that participants could not use single-wrist intensity cues
inal level by ±2 dB. This ensured that participants could not use single-wrist intensity cues
to perform the task. All stimuli had total harmonic distortion of less than 0.1%. To mask
to perform the task. All stimuli had total harmonic distortion of less than 0.1%. To mask
any audio cues from the shakers, a white noise at a level of 65 dB SPL (A-weighted) was
any audio cues from the shakers, a white noise at a level of 65 dB SPL (A-weighted) was
delivered to each ear.
delivered to each ear.
2.3. Apparatus
2.3. Apparatus
During the screening phase, vibrotactile threshold measurements were made with a
During
the screening
phase,Meter
vibrotactile
threshold
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were can
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a
HVLab
Vibrotactile
Perception
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HVLab
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withMeter
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a constant
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at:
[37]).
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and
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testing using
phase,a detection
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custom MATLAB
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The MathWorks
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stimuli
using
custom
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The MathWorks
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The aTID
discrimination
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then measured
with stimuli
Natick,
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The TID
discrimination
thresholds
were ‘74,
thenWalnut,
measured
controlled
using
a custom
Max
8 patch (version
8.0.8, Cycling
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USA).stimuli
For all
controlled
using
a
custom
Max
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patch
(version
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Cycling
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Walnut,
CA,
USA).
For
of the measurements in the testing phrase, an RME Babyface Pro soundcard (Haimhousen,
all
of
the
measurements
in
the
testing
phrase,
an
RME
Babyface
Pro
soundcard
Germany; sample rate of 48 kHz and bit depth of 24 bits) was used to play out haptic and
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sample rate
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accelerometers
(Quartz
Shear The
ICP,
skin
excitation,
would
be tactile
typicalvibrometer’s
of stimulation
through
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model number: 353B43), which were calibrated using a B&K Type 4294 calibration exciter.
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vibration intensity was calibrated using the HVLab tactile vibrometer’s built-in accel6 of 14
erometers (Quartz Shear ICP, model number: 353B43), which were calibrated using a B&K
Type 4294 calibration exciter.

Figure3.3.Schematic
Schematicrepresentation
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the experimental
experimental set
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for the
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a
B&K
4157
occluded
ear
coupler
(Royston,
Hertfordshire,
UK).
A
B&K
Type
4231
sound
a B&K 4157 occluded ear coupler (Royston, Hertfordshire, UK). A B&K Type 4231 sound
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the sound
sound level
level meter.
meter.
calibrator
2.4. Procedure
2.4. Procedure
The study contained a screening and testing phase. The screening phase ensured that
The study contained a screening and testing phase. The screening phase ensured that
participants had normal touch perception. Participants were asked to complete a screening
participants had normal touch perception. Participants were asked to complete a screenquestionnaire to confirm that they (1) had not been exposed to hand or arm vibration
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24 h, (2)
had not
been
exposed
to sustained
periods
intense
hand
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their touch
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Normal
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touch perception was also confirmed by measuring vibrotactile detection thresholds
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detection
thresholds
at
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the fingertip of the index finger on each hand, following International Organizationfinfor
gertip
of the index
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Following the detection threshold measurements, participants had a break of at least
15 min before beginning the TID discrimination threshold measurements. TID thresholds
were measured for the modulated stimulus only. This stimulus mimicked the stimulus
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used in previous studies, which showed haptic enhancement of sound localization [6,10]
and speech-in-noise performance [3,4,9] in CI users. Similar TID discrimination thresholds
have previously been found for modulated and unmodulated stimuli [13]. For each
participant and stimulation location, the stimulus intensity was set to 20 dB above the
participant’s detection threshold for the modulated stimulus on the least sensitive limb.
A two-alternative forced-choice paradigm was used, with the stimuli presented in two
observation intervals for each trial. The first interval contained a reference stimulus, with
no TID applied. The second interval contained the target stimulus, with a higher intensity
on the left or right limb (with equal a priori probability). The participant was instructed to
indicate to the experimenter whether the target stimulus was to the left or the right of the
reference stimulus. As in the detection threshold measurements, intervals were visually
cued and feedback was provided. The thresholds were measured using a three-down,
one-up adaptive tracking procedure. The starting TID was 10 dB. TIDs were adapted by
2.5 dB for the first two reversals, by 1 dB for the third reversal, and by 0.25 dB for the
remaining six reversals that made up a threshold track. A constant power panning law
was used to calculate the intensity difference between the wrists. The gain applied to each
side was determined using the following equation:



g L = cos arctan 10( x/20) ,
(1)



gR = sin arctan 10( x/20) ,

(2)

where x is the TID value in dB at the current point in the adaptive track, and the left and
right shaker gains (in linear units) are g L and gR , respectively. A positive value for x will
lead to a higher intensity on the right, and a negative value will lead to a higher intensity
on the left.
The threshold was defined as the average of the last six reversals. Three threshold
tracks were run for each stimulation location and these were averaged to make the final
threshold estimate.
Each experimental session lasted around 2 h. The order in which the stimulation
locations (palmar wrist, dorsal wrist, and lower tricep) were measured was fully counterbalanced across participants. The experimental protocol was approved by the University
of Southampton Faculty of Engineering and Physical Sciences Ethics Committee (ERGO
ID: 47769). All of the research was performed in accordance with the relevant guidelines
and regulations.
3. Results
Figure 4A shows the TID discrimination thresholds for each body location. The TID
discrimination data were analyzed using a repeated-measures analysis of variance (RMANOVA), with the factor “body location” (dorsal wrist, palmar wrist, and lower tricep).
A significant effect of body location was found (F(2,22) = 6.16, p = 0.008). The average
TID thresholds were 1.11 dB (ranging from 0.54 to 1.75 dB; SD = 0.34 dB) for the dorsal
wrist, 0.81 dB (ranging from 0.58 to 1.08 dB; SD = 0.17 dB) for the palmar wrist, and 1.19 dB
(ranging from 0.65 to 1.75 dB; SD = 0.37 dB) for the lower tricep. Planned post-hoc twotailed paired-samples t-tests (with p values corrected for multiple comparisons using the
Bonferroni–Holm method [40]) revealed that the TID discrimination thresholds for the
palmar wrist were significantly lower than either for the dorsal wrist (t(12) = 3.41, p = 0.012)
or the lower tricep (t(12) = 3.80, p = 0.009). No difference in the thresholds for the dorsal
wrist and the lower tricep were found (t(12) = 0.53, p = 0.606).
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4. Discussion
The across-limb TID discrimination threshold was found to be around 1 dB for each
of the body locations tested. Encouragingly, these thresholds were highly similar to those
for the across-ear intensity difference discrimination in normal-hearing listeners [20]. This
suggests that an even greater haptic sound-localization accuracy than has previous been
shown [6,10] could be achieved. The palmar wrist, which has been used in previous
studies of haptic sound-localization [6,10], was found to be more sensitive to TIDs than
the dorsal wrist or lower tricep (which did not differ from each other). TID discrimination
thresholds measured at the palmar wrist were in strong agreement with a previous study
that assessed TID sensitivity at this body location [13]. While the higher sensitivity at the
palmar wrist may indicate that it is the most suitable body location for delivering haptic
sound-localization cues, it should be noted that the average difference in TID sensitivity
between this and the other locations measured was relatively small (~0.3 dB). Furthermore,
as discussed in the Introduction, the dorsal wrist or lower tricep may be preferred if issues
such as contact with surfaces or crossing of the wrists are realized in practice.
To appreciate the sensitivity to across-limb TIDs demonstrated in this study, it is
important to understand how the minimum detectable TID relates to the difference in
sound location. However, this relationship is complex, as the TID extracted from across-ear
intensity differences depends strongly on sound frequency, the starting location of the
sound relative to the head, and the haptic signal-processing strategy used. Using the
long-term average spectrum of male speech [42] and the haptic signal-processing approach
from Fletcher and Zgheib [10], the minimum detectable TID across the palmar wrists
corresponds to a change in stimulus location in the horizontal plane of ~ 3◦ for a starting
location between ±15◦ (with 0◦ corresponding to directly in front of the listener); for a
starting location between 15◦ and 30◦ to the side, it would correspond to a change of ~ 4.5◦ ;
and, for a starting location between 30◦ and 45◦ to the side, to a change of ~ 7◦ . This
sound-localization accuracy is far higher than is typically achieved by hearing-impaired
listeners [5,6].
At all candidate body locations, the average usable dynamic range was around 55 dB.
Across participants, the smallest dynamic range for any of the body locations on the left
or right side was 45 dB and the largest was 70 dB. Even the smallest dynamic range far
exceeded that available through electrical CI stimulation [25,26], and also far exceeded
the range required to represent the maximum intensity difference across the ears for any
sound location [10,24]. These findings are in strong agreement with previous studies at the
palmar wrist and fingertip [13,27]. Given the larger dynamic range available, as well as
providing spatial hearing cues to hearing-impaired listeners, a haptic device could provide
additional sound-intensity information (including absolute intensity) to CI users.
The current results showed considerable differences in detection threshold across
stimulation sites, both within and across individuals. Because the frequency difference
sensitivity of the tactile system is low [43], a number of haptic device prototypes have
mapped sound-frequency information to haptic stimulation location along or around the
wrist or forearm [7,15–17]. Individual correction for detection threshold differences (like
that used in [10]) might therefore be desirable in haptic aids to hearing in order to avoid a
distorted perception of frequency and sound location.
The secondary analysis showed no evidence of sex differences for the detection and
TID-discrimination thresholds. Previous studies have shown evidence of sex differences in
tactile detection thresholds at the wrist and in across-wrist TID discrimination [13]. There
is also evidence that the tactile sensation magnitude grows slightly more quickly in women
than in men [44], and that men are more sensitive to tactile time differences across the
fingers than women [45]. However, further work with a large sample size is required
for the presence or absence of sex differences to be securely established. An additional
secondary analysis in the current study also revealed no evidence of a correlation between
detection thresholds and TID discrimination thresholds, which is in line with previous
findings [13].
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The results of the current study strongly suggest that a haptic device deployed at any of
the candidate body locations could effectively provide sound-localization information for a
wide range of hearing-impaired listeners. A low-cost, non-invasive wearable haptic device
could offer a highly attractive alternative to a second CI, which is expensive, limits access
to future therapies and technologies, and risks vestibular dysfunction and loss of residual
hearing. Such a haptic device could readily be developed using existing technologies [7].
In addition to aiding sound localization, there is evidence that the approach used in
haptic sound-localization studies can substantially improve the segregation of spatiallyseparated sound sources [4]. If an inexpensive device that could aid sound localization
and segregation were to be developed, then, in addition to helping many hearing-assistive
device users, it could have a large impact for those unable to access hearing-assistive technology. This includes many millions of people in low- to middle- income countries [7,11,12],
where unmanaged hearing loss often leads young children to have large deficits in educational attainment and in language and cognitive development [46–50]. Employment rates
for hearing-impaired adults are also lower in these countries, and those who are employed
tend to work in lower-grade occupations [50,51]. A new generation of haptic aids might
reduce this burden by offering a low-cost and widely accessible means to improve access
to the auditory world.
4.1. Limitations
In the current study, participants were not trained to discriminate across-limb TIDs.
Across-ear intensity difference detection thresholds have been shown to improve with longterm training [52]. In this previous work, the majority of the improvement was observed
after three 1 h training sessions, although improvement continued throughout the 9-h training regime. Substantial long- and short-term training effects have also been observed for
haptic sound-localization [6,10] and for haptic enhancement of speech reception [3,9,53,54].
It therefore seems likely that an even greater sensitivity to across-limb TIDs than has been
shown here can be achieved with training.
The current study used a stimulation frequency of 250 Hz and a circular contactor with
a 10-mm diameter. These were selected to match the shape, size, and operating frequency
of many widely available haptic actuators (e.g., [19]). A key reason that haptic actuators
often deliver haptic stimulation at or close to 250 Hz is that tactile sensitivity is highest at
this frequency [27]. For actuators that stimulate at 100 Hz (the lowest operating frequency
typically found in compact actuators), detection thresholds are around 15 dB higher [27].
Contactor size is also known to impact detection thresholds, with thresholds increasing
by around 3 dB with each halving in the contactor area [28,29]. Motors with different
operating frequencies or smaller contactors would therefore be expected to have a reduced
usable dynamic range. However, it should be noted that motors with a small contactor and
low operating frequency would still typically have a usable dynamic range far larger than
what is available through electrical CI stimulation.
4.2. Future Work
The main barrier to establishing the effectiveness of haptics for aiding spatial hearing
in the real world is the absence of a suitable device. The technology required to build
such a device is readily available, particularly after important recent advances in wireless
communication, batteries, micro computation, 3D printing, haptic drivers, and haptic
motors (see [7] for a review). Furthermore, many of the key technologies have already been
combined in a compact form factor in the latest hearing aids and CIs, and some existing
wearable haptic devices that could be adapted for this application are currently under
development [7,16,17,19].
As well as developing the hardware for a haptic device, future work should explore
whether more advanced haptic signal-processing strategies can be used to maximize benefits. Fletcher and Zgheib [10] recently proposed a haptic signal-processing strategy that
included the use of dynamic-range compression. This compression was applied indepen-
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dently across frequency bands to reduce differences in sound energy across frequency.
Across-ear intensity differences depend strongly on frequency [10,24] and, therefore, for
a given sound location, stimuli with different distributions of energy across frequency
can produce a different overall across-ear intensity difference. By reducing the difference in energy across frequency between sounds, this multi-band compression approach
aims to make the correspondence between across-ear intensity difference and sound location more uniform between sound sources. In addition to exploiting techniques such
as multi-band compression, the effectiveness of approaches that aim to improve sound
localization by exaggerating across-ear intensity differences [55,56] should be tested for
haptic sound-localization.
Techniques to improve sound segregation should also be explored. This includes
sophisticated noise-reduction methods, such as those using neural networks [57,58], as well
as simpler methods. For example, deploying a simple noise-reduction approach (using an
expander) in a haptic signal-processing regime has been shown to be effective in allowing
haptic stimulation to improve speech-in-noise performance in CI users [3,4,9]. Future work
should explore whether this approach can also be effective for spatially-separated signal
and noise sources.
In addition to allowing the transmission of spatial-hearing cues to aid listening, the
high sensitivity to across-limb TIDs could be exploited in numerous other human–machine
interfaces to deliver fine-grain orientation information. This could be beneficial in the
applications already discussed, such as remote control of laboratory equipment [33], needle
guidance [34], and remote human–robot control [35]. This high sensitivity might also
be exploited for guidance in search and rescue missions where visibility is reduced [59],
and to provide feedback on body orientation to those with balance disorders [60]. Future
work should focus on establishing the effectiveness of using across-limb TIDs in other
applications such as these.
5. Conclusions
The current study found a remarkably high sensitivity to across-limb TIDs for the
palmar wrist, dorsal wrist, and lower tricep. Spatial hearing cues, presented through
across-wrist TIDs, have been shown to substantially improve sound localization in CI users.
The current findings suggest that an even greater sound localization accuracy than was
previously measured could be achieved by haptic devices mounted at any of the body
locations tested here. This approach could therefore be highly effective at enhancing spatial
hearing for a wide range of hearing-impaired listeners. For each of the body locations
tested, a large usable dynamic range was also found, which far exceeded that available
through electrical CI stimulation. This large dynamic range will allow the tactile system to
represent the full range of intensity differences between the ears that can occur at different
sound source locations. It could also give valuable additional sound-intensity information
to hearing-impaired listeners. A haptic device that improves spatial hearing in CI users
could provide a low-cost, non-invasive alternative to the implantation of a second CI. In
addition to aiding hearing-assistive device users, a low-cost haptic aid to hearing could be
used to help the many millions of people worldwide who are currently unable to access
hearing-assistive technology.
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