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Sensory Substitution Through e
Vibrotactile Stimulation

Arni Kristjansson, Ivan Makarov, Nashmin Yeganeh, and Runar Unnthorsson

8.1 Introduction

Picture yourself standing in a river in northern Iceland, fishing on a sunny day.
You feel the power of the current of the river through your waders that are keeping
you dry (a haptic sensation), you hear the ducks who have their nests along the
riverbank, the river flowing, and the sheep calling their newborn lamb as they graze
close by (audition). While you watch the river flow and keep an eye on the lure
(vision), you sense the aroma of the berry bushes on the riverbank that you try to
not stray too far away from and the fresh water flowing down from the highlands
(olfaction). Haptic feedback from the riverbed and from the river current then
provides essential proprioceptive input allowing you to maintain balance. This scene
clearly conveys how our representation of the perceptual world is made up of visual,
auditory, haptic, olfactory, and proprioceptive information. Our representation of the
perceptual world is, in other words, multimodal.

Our largest sensory organ is the brain and a commonly accepted notion is that the
brain constructs mental models of the world from prediction about the world and
from sensory input [1-3]. The importance of this creative role of the brain and the
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multimodal input that informs this construction has been known throughout human
intellectual history. In Aristotle’s book on Psychology, De Anima, he discusses
what he called the common sensible (koine aesthetes), which involves a unified
perception of the world that is typically informed by all the senses. Ibn Al-Haytham
emphasized this creative role of the brain in his seminal Book of Optics [4]. Bishop
George Berkeley, in his theory of perception [5], emphasized that sensations that
overlap in time become associated with one another and also that such associations
become stronger as they are repeated, again emphasizing how our concept of the
perceptual world is multimodal, combining information from all the senses. In
the seventeenth century, William Molyneux asked the philosopher John Locke [6]
whether a blind man who suddenly gained the ability to see would be able to
recognize objects that he had previously only interacted with through touch with
his restored vision (see discussion in [7]), which is a fundamental question in the
context of sensory substitution. While Locke’s answer to Molyneux’s question was
a decisive “no,” the multimodal nature of our perceptual representations suggests
that humans and other animals are much better at this than Locke assumed [8, 9]
while there are still considerable deficits [10]. Charles Darwin [11] argued that
“When we direct our attention to any one sense, its acuteness is increased; and
the continued habit of close attention, as with blind people to that of hearing, and
with the blind and deaf to that of touch, appears to improve the sense in question
permanently.”

All these examples clearly indicate how researchers throughout intellectual
history have considered our representation of the perceptual world as a multimodal
intellectual construction.

It is important to emphasize that this representation that the brain constructs, is
by no means thought of as a precise representation of the world—instead, it is a
useful one [12] perhaps analogously to how an operating system, such as the one
in our computers, is a useful interface for working with the electronics underlying
its performance [13] while the tokens denoting files and the windows and folders
that we use to organize the information bear no resemblance to the underlying
electronics. Instead, our representation of the world reflects how evolution has
equipped us with the tools that we need for successful interaction with the world.

Overview of chapter. In the following, we will describe our work on providing
sensory feedback to people with sensory impairments by conveying information
through another intact sense. We emphasize that for such sensory substitution the
operating principles of the perceptual channels involved need to be thoroughly
understood. In particular, we will focus on our work on the properties of haptic
perception.
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8.2 Sensory Impairment and Sensory Substitution

What happens when information from one of these perceptual channels is missing?
For a person born without a functional visual system, the representation of the world
is undoubtedly quite different than for those with normal eyesight.

In recent years, investigators have increasingly tried to address the question of
whether this loss can be compensated for in any way, for example, by providing
information from the missing sense through another one. The quick answer to
this question is a clear “yes.” There is good evidence that information that is not
available through a sense that is deficient can be substituted by presenting the same
information through another sense (see [14—16]). Similarly, the brain regions that
are continuously in use throughout the lifespan may stay well-tuned to the tasks that
they are involved in, which is, in fact, a relatively under-explored research avenue.

Such sensory substitution is not a new idea—a good example is how the white
cane has, in one form or another, been around for millennia [17], allowing visually
impaired people to navigate their environments. Information about obstacles is con-
veyed from the cane to their hands through pressure and vibration. With increased
technological advances, possibilities for much more sophisticated replacement
devices have emerged.

The consensus has in recent decades been that the brain is modular, with specific
brain areas subserving different functions [18—20]. Various brain sites or networks,
each devoted to particular functions or to analyzing particular information have
been identified. While this is not incorrect, as such, recent evidence shows that
the potential for reorganization of the brain is vast. An important consideration
in this respect is that the brain is capable of considerable reorganization in cases
where one sense becomes deficient. It can even reorganize so that parts of the
brain devoted to a sense that is compromised can be taken over by another sense.
The most important constraint for such reorganization may be at what time the
reorganization occurs. There may be critical periods, during which they can be
taken over by other functions more easily and straightforwardly than later with
more settled functional organization. Evidence from studies of visual deprivation
of monkeys shows how the brain can reorganize, altering the modality that elicits
neuronal responses in areas that are responsible for handling visual information in
monkeys with functioning eyesight [21]. Other deprivation studies (on kittens) show
how active self-generated interaction with the visual world is necessary for normal
visuomotor behavior [22]. There is also evidence of auditory localization activity
occurring in the visual cortex in the blind [23-25]. The primary visual cortex is
indeed likely well suited to such localization because of how it is organized by the
locus of retinal input in sighted observers.

A well-documented example is how Braille reading with the fingers can recruit
areas devoted to visual perception in people with intact vision ([26, 27]). There is
also evidence that vision can recruit auditory areas following hearing loss [28].

Areas that have been thought to be concerned with higher level aspects of vision
such as word, or sentence processing and face processing, show responses to haptic
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or auditory input in visually impaired people. Reich et al. [29] showed how a region
called the visual word form area in the fusiform gyrus is activated during Braille
reading. Saccone et al. [30] recently showed how the visual networks of blind people
can even be sensitive to higher level cognitive aspects such as sentence grammar.
Kim et al. [31] found that in blind individuals the region corresponding to the
so-called visual word form area (VWFA) in the ventral stream responds to words
written in Braille and shows modulation of activity by sentence complexity. Ortiz
et al. [32] reported that the activity induced by touch in visual cortex could lead to
sensations similar to phosphenes in the blind, who reported seeing flashes of light
following tactile stimulation. Goayal et al. [33] reported that activations in face-
sensitive areas in the fusiform gyrus (typically considered to involve visual analysis
of faces) can occur from tactile face recognition and Ratan Murty et al. [34] reported
face selectivity in the lateral fusiform gyrus as congenitally blind participants
touched 3D-printed faces with their fingers. Kanjilia et al. [35] found visual cortex
activation in a go/no-go task in the congenitally blind. Abboud and Cohen [36]
demonstrated interactions between cognitive networks and what typically is the
visual cortex in the seeing, in people who became blind at an early age. Similar
conclusions have been reached by Bola et al. [37], Mattioni et al. [38], Mattiono
et al. [39], and Raczy et al. [40]. Another example comes from Van Erp et al. [41]
who conveyed the direction of a stimulus with vibration location and distance with
frequency (see also [42, 43]).

All this highlights a crucial point. Even if people lose vision (for example),
through damage to their eyes or their optic nerve there is still a lot of neural
hardware that has evolved for the purpose of organizing input from the eyes. So,
even without functioning eyesight, we do not necessarily lose the ability to see [44].
We still possess intact neural mechanisms that can process such information. This
point was made centuries ago by Rene Descartes [45] in his analogy of a blind
man determining distance with two sticks, just as those with intact vision can use
binocular disparity to determine distance. In the end, the “language” of the brain
is electric and chemical signaling, irrespective of whether the input is photons for
vision, air pressure for audition, or physical contact to the skin. The human nervous
systems has repeatedly been shown to have quite impressive flexibility following
damage [26, 46, 47] and the current question revolves around the degree to which
this information can be utilized.

8.3 The Sound of Vision Project

Our research group has, for a decade now, investigated sensory substitution. Our
initial investigations were part of the Sound of Vision project (SOV; see [48—
52]) which was aimed at providing the visually impaired with a multimodal
representation of the surrounding world where information from head-mounted
cameras was translated into custom-made auditory and haptic languages.
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To generate the audio encoding, head position was continuously measured with a
head-mounted inertial tracker. Visual images from the head-mounted cameras were
translated into auditory information with the so-called fluid flow sound model. The
model relies on continuous depth information from the head-mounted cameras and
is designed to encode constantly changing scenarios. A model that was based on
bubble sound statistics was used to generate liquid sounds that each convey different
aspects of the surrounding environment. For example, depth information within a
given image region is mapped into aspects of a bubble sound, while the direction of
a particular stimulus (or location) is mapped into the relevant spatial sound features.
Different bubble sounds then denote different levels of obstacles close to the user,
the larger the number of bubbles sounding, and the sound becomes louder, the closer
the potential obstacles are.

But in the interest of utilizing our multimodal brain representation of the
environment, we also developed a haptic language, where information from the
head-mounted cameras was conveyed by a 6 by 10 array of tactile actuators applied
to the lower back of the users. The haptic encoding was based on the users’ body
position relative to the position of their head, so the haptic representation of the
location of stationary objects was kept constant when users rotated their head but
did not move the rest of their bodies. Information from the IMU was again used as
input for this. For example, the direction of the surface nearest to the user within
a 3.5-m radius was represented with the vibration of the tactor on the tactile array
that indicated that direction. Frequency and amplitude of the activated motor were
then inversely proportional to the distance of the object, where the frequency and
amplitude increased the closer the object was to the user. An additional feature of
the haptic language was that the motor representing the closest cell in the depth map
was augmented with activations from neighboring motors to amplify the vibrotactile
information, resulting in a 2 by 2 array of activated tactors.

8.4 Haptic Stimulation as Sensory Substitution

Just like the other senses, the tactile sense involves building a representation
of the world. Unfortunately, there is much less understanding of the processing
characteristics of this channel than of the visual or auditory world construction in
humans. In parallel with the development of the SOV sensory substitution device,
our research group has therefore carried out extensive experimental investigations of
perception of vibrotactile stimulation to develop knowledge of the psychophysical
properties of haptic perception. Our aim has been threefold: (i) to help people with
hearing impairments navigate their environment by providing information about
their environment, (ii) to develop ways to augment the enjoyment of music by users
of cochlear implants, and (iii) to create a general haptic stimulation device for use
within low-visibility environments that could be used to help people navigate in
low-visibility environments, and for people with visual impairments.
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8.5 Haptic Perception

When devices conveying tactile information are developed, it is important to
consider the properties of the so-called mechanoreceptors that play a key role in
the perception of mechanical stimuli such as pressure, touch, vibration, and stretch
of the skin. These receptors are found throughout the body while their dispersion
varies by body region. Each mechanoreceptor type possesses unique traits and
functions, enabling the body to perceive and differentiate diverse mechanical stimuli
in its surroundings. Together, these receptors contribute to the intricate sensory
perception of touch and perform vital functions in tactile sensation, proprioception,
and also detect mechanical occurrences within the body, such as joint movement
(see Fig. 8.1).

The Merkel Discs are found in the basal layer of the outermost layer of the skin
(the so-called epidermis), particularly in the fingertips and lips, in other words body
parts that have high tactile sensitivity. They perceive pressure and are crucial for the
perception of texture and fine tactile details.

Meissner’s corpuscles are mostly located in the papillae (the thin top layer of
the skin) of the dermis on hairless skin: fingertips, palms, lips, and the soles of the
feet. They are responsible for light touch and low-frequency vibrations, enabling the
detection of tactile stimuli with high sensitivity and precision.

The Pacinian Corpuscles are located in the dermis (the inner layer of the skin)
and the hypodermis (the bottom layer furthest from the skin surface) and in joint
capsules and other connective tissue. These mechanoreceptors are responsible for
detecting deep pressure and high-frequency vibrations and for proprioception.

Finally, the Ruffini Endings (or Ruffini Corpuscles) are located in the dermis and
hypodermis and at the joints. Ruffini Endings are receptors that slowly adapt to skin
stretching and sustained pressure providing information about skin deformation and
joint position.

Sweat gland

Free nerve ending «-——- Ruffini's corpuscle *- -+ Merkel's disk
(pain and temperature ) (touch and pressure) (touch)

Cuticle «

Sebaceous gland

Krause's corpuscles .
(cold receptors)

Hair follicle receptor «
(touch)

Fig. 8.1 The mechanoreceptors in the skin (see text for further details)
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Our research group has conducted studies of tactile attention and tactile per-
ception for about a decade. One goal has been to assess thresholds for vibrotactile
discrimination for different tactor types and body parts. The results have, not only,
cast new light on vibrotactile sensitivity, but our hope is that this information will,
furthermore, be of use in the design of devices that convey information through
vibrotactile stimulation, in particular devices aimed at sensory substitution. These
results have highlighted the crucial roles played by inter-tactor spacing, choice of
tactor type, and direction of stimulus presentation for vibrotactile spatial acuity.
Overall, this set of findings can contribute to the formulation of guidelines for the
design of tactile displays. In addition, we have studied tactile illusions. This research
has also revealed that the mechanoreceptors in the skin appear to be more sensitive
to vibrations than to pressure [49-51].

8.6 Summary of Findings from Investigations
of the Processing of Vibrotactile Stimulation

In J6hannesson et al. [53], we tested vibrotactile discrimination on the lower back.
Observers judged whether the second vibration of two successive ones was to the
left, right, or in the same location as the first. While accuracy decreased with smaller
distance between the tactors, discrimination accuracy was still well above chance
for the smallest possible distance (13 mm center-to-center) for these eccentric
rotating mass (ERM) tactors. This means that the distance threshold for vibrotactile
stimulation is below 13 mm, far lower than some previous estimates [54, 55].

Notably, in Hoffmann et al. [49-51] we then investigated what effect the
characteristics of tactile actuators, such as frequency, or acceleration in addition to
where the stimulation was applied, is on measurements of spatial acuity. All of these
factors greatly affected spatial acuity for vibrotactile measurements, highlighting
the crucial role of the stimulation type for vibrotactile acuity. In Hoffmann et al.
[49-51], we also observed an anisotropy in how vibrotactile stimuli are perceived,
where spatial acuity was higher for horizontal than vertical presentation. This may
be related to differences in the so-called intensity order illusion as a function of the
direction of stimulation ([56], see discussion below).

Another important finding was the investigation of the optimal frequency values
for vibrotactile stimulation [57]. Participants wore a wristband with L5 actuators
on their inner and outer wrists. Avarsson et al. [57] found the highest sensitivity
for 200 Hz stimulation for the inner part of the wrist (optimal range between 100
and 275 Hz). For the outer wrist, the optimal frequency was 125 Hz (optimal range
between 75 and 200 Hz). It is well known that hairy parts of the skin tend to be more
sensitive than glabrous skin [58] and the results of Avarsson et al. [57] indicate
small but notable differences in optimal frequency for stimulation of the two skin
types. These results provide us with basic parameters for stimulation that can be
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Fig. 8.2 (a) The apparatus used in Yeganeh et al. [59, 60]. The figure shows sleeves of stretchable
material of five different sizes with different distances between actuators. (b) The experimental
setup in Yeganeh et al. [59, 60]

used in other studies of vibrotactile perception on the skin and for future sensory
substitution devices.

An example of the application of these results is how we use values from these
sensitivity ranges to find the optimal distance between actuators using five different
sleeves made of elastic material with vibrotactile stimulators that participants wore
on their forearm ([59]; Fig. 8.2). The sleeves had different distances between
actuators (as close as possible, 5 mm, 10 mm, 15 mm, 20 mm). All sleeves had
three actuators on stretchable fabric that enabled adjustment by different sizes of
people’s forearms. We also compared vibrotactile acuity on the inner (glabrous skin)
and outer (hairy skin) parts of the forearm. Accuracy was highest when the tactile
stimulators were placed with a 2 cm distance between them, but there was little or
no accuracy difference between the inner and outer forearm. Note, however, that this
may partly reflect that the task was too easy, and that with increased task difficulty,
larger differences could be seen (e.g., [57]).

Subsequently, we performed another study to assess where on the human forearm
resolution is the highest [60]. Participants were stimulated with two sequential
vibrations using the sleeve with the best performance from Yeganeh et al. [59].
Participants judged whether a second vibration was in the same location, closer
to the wrist or to the elbow, than the preceding vibration. Another important
independent variable was the frequency of the stimulations (100 Hz, 150 Hz,
200 Hz, 250 Hz). These frequencies were chosen based on previous our results on
vibrotactile sensitivity as a function of frequency [57]. The most sensitive regions
for the perception of tactile information were in close proximity to the wrists and
to the elbows, while accuracy was lower for stimulation between them, indicating
that less information can be conveyed in this region than closer to the joints.
Interestingly, accuracy did not vary much by frequency. This may reflect that the
whole frequency range that we used was within the range of best performance
for vibrotactile stimulation for both the upper and lower wrist [57]. Overall, these
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Fig. 8.3 The left panel shows the tactile actuators used in Yeganeh et al. [61] to present Braille
letters to the forearm, mounted on the stretchable, wearable material. The right panel shows four
vibration patterns, denoting the letters A, J, R, and X from the Braille alphabet

results provide insights about the best stimulation locations for potential sensory
substitution devices on the forearm.

In Yeganeh et al. [61], we compared sequential and simultaneous presentation of
tactile information. We created a vibrotactile sleeve of stretchable material (similar
to [59, 60]) with six vibrotactile stimulators in a 2 by 3 array (see Fig. 8.3). Our
aim was to send vibrotactile signals denoting letters from the Braille alphabet.
We also compared long and short patterns (2 and 3 vibrations versus 4 and 5
vibrations to convey the pattern). Participants had to recreate the presented patterns
of stimulation. Let’s say that the aim is to convey letter R in Braille. In the 2 by
3 array of tactors (see Fig. 8.3), this would be conveyed by activating all three
tactors in column 1 (the left column) and the middle tactor in column two (the
right column). We then either presented all of these four tactors simultaneously, or
sequentially (one after the other). The results showed that observers found it harder
to recreate the patterns when they were presented simultaneously than sequentially.
On the one hand, this difference between simultaneous and sequential presentation
is not surprising, but it is an important piece of information for the effective
conveyance of information since it suggests limits on what can be presented.
Another informative finding was that participants were significantly less accurate
at recreating long patterns. We should therefore seek alternative ways of presenting
complicated information that requires long combinations of stimulation.

8.7 Tactile Illusions

Tactile illusions can provide important insights about tactile perception and atten-
tion. Illusions involve the misperception of the actual stimulation applied to the
senses and reveal the predictions of the brain about the perceptual world and are
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a rich source of information about many basic operational principles of perceptual
systems (Fig. 8.4). Our group recently discovered the intensity order illusion [49—
51, 56, 62]. The illusion occurs when two stimulations are applied in succession
(with a brief interstimulus period) at the same location on the back, but observers
are asked to indicate whether the second stimulation was above or below the first
one. If the second stimulation is of higher intensity (through a combination of
amplitude and frequency) than the first one, the direction is misreported as up, while
the converse is the case if the second stimulation is of lower intensity (the second
reported as below the first; see Fig. 8.4¢).

Another illustrative tactile illusion is the so-called sensory saltation, also referred
to as the cutaneous rabbit ([63, 64]; see Fig. 8.4b). This phenomenon entails rapid,
repeated stimulation at adjacent locations on the skin. For instance, a sequence of
three taps applied to two skin sites can elicit the sensation of an object (the “rabbit”)
hopping along the skin, resulting in an illusory perception of stimulation occurring
between the two actual stimulated locations. Relatedly, the funneling illusion
[65, 66] involves the perception of two adjacent simultaneous vibratory stimuli
as originating from the space between the actual stimulations. These illusions
underscore the extensive spatiotemporal interactions involved in processing tactile
stimulation, whether they reflect modulations in the activity of the somatosensory
cortex or higher order interpretative brain processing.

A) p o A B) t;

3 t,
STIMULATION gOO ﬁOO OO@

PERCEPTION ﬁOO O&O OO%’

C) WEAK == STRONG STRONG == WEAK
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Fig. 8.4 Visual and tactile illusions. (a) Kanizsa style visual illusions. Neither the triangle on the
left nor the ring on the right is actually there, the two shapes are simply implied by the cyan-colored
inducers. (b) Sensory saltation (aka the cutaneous rabbit illusion) where the second stimulation (of
three) at 7, (a few hundred milliseconds after #;) is misperceived as occurring at the middle location.
(¢) The intensity order illusion, where a second vibration is perceived as occurring above the first
one if it is of higher intensity and as occurring below the first one, if it is of lower intensity, even
though the two stimulations are actually in the same location [56, 62]
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Moreover, well-known illusions observed in different sensory modalities, such
as vision, also occur in tactile perception. The Delboeuf illusion and the vertical-
horizontal illusion are two examples. Other visual illusions, including the Bourdon
[674], Miiller-Lyer [68], and the Ebbinghaus illusion [69]), have tactile counterparts.
Additionally, illusions associated with underestimation of distance between stimuli
and overestimation of time have been observed in the tactile modality. These include
the tau effect [70], the kappa effect [71], and the apparent haptic movement illusion
[72], which may be related to the cutaneous rabbit illusion discussed earlier.

Illusions generally involve nonveridical perception of the presented stimuli and
demonstrate the large role played by the interpretative processes of the brain in
tactile perception. Perotta et al. [73] have recently shown how participants can
use their skin to interpret auditory stimuli. They presented information through a
custom-made wristband and trained deaf and hard-of-hearing participants to identify
sounds that were translated into spatiotemporal vibration applied to observer’s
wrists. Using a three-alternative forced choice task, Perotta et al. [73] found that
participants could determine the identity up to 95% and on average 70% of the
stimuli simply by the spatial pattern of vibrations, and performance significantly
improved over the course of 1 month showing the importance of practice for sensory
substitution, consistent with results on the Sound of Vision device in Hoffmann et
al. ([49-51]; see also [14]).

8.8 Where to Stimulate

While the skin has great potential for conveying a lot of information, a key
prerequisite is that there has to be neural hardware that can process the conveyed
information. The information must also be useful and informative about the
environment, and our perceptual systems must be able to process the information
in a way that is useful in interacting with environment.

Considerable success has been reported for conveying visual information to
various body parts with tactile stimulation. But there are important considerations
to make in this respect. From the perspective of the SOV project, we have from
the outset emphasized stimulation of “passive” areas. Our concern has been that the
body parts that are used to interact with world, like the face or hands should be free
for other use while information from the sensory substitution device is conveyed.
For example, stimulation to the tongue can be used effectively and the tongue has
high tactile resolution. But generally, users should be able to talk while using a
substitution device. Similarly, while the palms and fingertips have very high tactile
resolutions, users should also be able to use their hands freely, and anything that
interferes with the full use of the hands would have a serious drawback as a sensory
substitution device for interacting with the environment. The device should also
not be disruptive in the user’s environments or intrusive to others. Echolocation,
which is in other respects a very useful approach [74], involves sound generation,
making this in many respects less than ideal. Note here that the Sound of Vision
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project involved considerable consultation with potential user groups and the seeing-
impaired community. One aspect that they emphasized was that any device should
not make them stand out in any way, or to as limited an extent as possible.

For example, Kerdagari et al. [75] tested a head-mounted tactile feedback system
where their observers navigated along a virtual wall. This is potentially a feasible
option for sensory substitution, but head-mounted devices need to ensure that the
equipment does not make the user stand out in a crowd. This point is very important
since a large concern for the acceptance of such devices in the visually impaired
community is that they do not make users stand out as wearing strange equipment
as they move around their environments among other people.

The best way of augmenting perceptual input is therefore to stimulate passive
areas of the body, such as the back, the forearm, or the waist [14].

8.9 Potential Benefits

Haptic stimulation for sensory substitution from vision can allow observers to have
“eyes in the back of their head,” so-to-speak because the stimulations can cover
all 360° around the observers’ head. Something approaching the user from behind
could therefore be identified and avoided or interacted with in other ways.

Haptic perception is prone to illusion (see discussion above)—having an element
of what Hermann von Helmholtz called “unconscious inference” where interpreta-
tive mechanisms of the brain contribute strongly to what is perceived. An excellent
example is sensory saltation, also known as the cutaneous rabbit illusion (discussed
above; see Fig. 8.4). A set of consequential steps made by something moving along
the arm is simply something that makes sense in light of the actual stimulation
that is applied. What is then particularly interesting is that our representations are
seemingly influenced by preceding events [12]. This indicates that perceptual time
is not always linear [76, 77]. It is crucial to consider these illusions and what
they reveal about perceptual interpretation when sensory substitution devices are
designed. But while this presents challenges, it may also provide opportunities
where this creative function is utilized.

8.10 Avoiding Sensory Overload

Well-known attentional capacities limit how much information we can process (see
[78] for review). Sensory or attentional overload must be avoided. As Loomis et
al. [15] have argued, considerable effort and resources has probably been wasted
by researchers failing to consider the upper limits of information transmission
that can be conveyed within particular perceptual channels. The properties of
modulation transfer functions (MTF) between different systems must be considered.
For example, it is important to consider the bandwidth that a sense allows. In an
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important investigation, Apkarian-Stielau and Loomis [79] presented alphabetic
letters haptically and visually to observers, assessing how discriminable the letters
are for each modality. Recognition across the visual and haptic modalities became
similar only when the visual presentation was considerably blurred. The resolution
was as if a low-pass filter were applied to the tactile stimuli. The MTF for
touch therefore obviously involved considerable signal loss, compared to vision,
particularly for high frequencies. The bandwidth of the visual system was at least
three orders of magnitude larger than for tactile perception. Importantly, this means
that haptic devices that exceed two-point thresholds for touch for particular body
parts may have been developed ([80, 81]; see discussion in [14, 15]). Note however
that two-point thresholds may not place an absolute upper limit on resolution ([14,
54]; see discussion in [44]). Perceptual interpretation can functionally result in
better resolution than the two-point thresholds would suggest [44]. The so-called
hyperacuity, where resolution is higher than the dispersion of receptors, e.g., in the
retina [82, 83] or the skin [84, 85] indicates that simple one-to-one mapping of
input to receptor pattern may not necessarily determine the upper limits of what can
potentially be detected.

8.11 Externalization, Generalization, and the Sixth Sense

When we perceive the visual world around us, we do not attribute the visual world
to the photons that hit our retina or the air pressure that bends our eardrum—
we attribute this to the object that the light is reflected off, or the speaker who
causes the changing air pressure. Designers of sensory substitution devices should
strive to achieve such externalization that the perceiver attributes the stimulation
from the sensory substitution device to a distal cause [14, 86] rather than the
stimulation being attributed to the device itself. For example, the vibrations and
mechanostimulation that occur through the white cane are externalized if the brain
attributes the stimulation to the object that the end of the cane hits, not the
mechanical stimulation that the cane conveys to the hand [87]. In the case of a
sensory substitution, device involving tactile stimulation, the haptic stimulation that
is picked up by the mechanical receptors on the skin, needs to be experienced as
occurring outside the body—since this is after all the way we perceive the world.

An excellent example of this comes from the so-called out-of-body illusion [88].
Maravita et al. showed that through training, tools can become externalized to the
degree that visual-tactile interactions can extend into far space [88]. In particular,
they observed this following active training on tool use and that such training
can lead to extended representations of the space surrounding the observers [89].
Previously, blindfolded or blind participants in Bach-Y-Rita, [90] who received
training on a tactile sensory substitution device that conveyed information about the
environment to observers, reported that they were able to literally “see with their
skin” [91].
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Intriguingly, the information may not need to be from a modality that intact
human perceptual systems typically sense, for externalization to occur. Through
successful externalization, something approaching another sense can develop.
Kaspar et al. [92] used electromagnetic field sensors to feed information about
the magnetic pole to users via vibration on a tactile belt. As the observers turned,
the tactile stimulator facing north at any given time would vibrate in response to
the magnetic pole. After 7 weeks of training many participants reported that the
vibrations had become a new source of spatial information—a “sixth sense,” so-to-
speak.

For any substitution device, it is important that observers learn to generalize. This
involves that any newly acquired perceptual abilities are extended to new situations
(see review in [14]). Arnold and Auvray [93] showed how important it is to train
users on a varied set of stimuli to achieve generalizability: increased difficulty of a
tactile task involving tactile alphanumeric characters (where the size of the learning
set was increased) led to better generalization (see [86]; [94]). It may also be
important not to confine the encodings to a one-to-one mapping between the senses.
As Kim and Zatorre [94] noted: “as long as tactile space is coded in a systematic
way, shape can be conveyed via a medium that is not spatial.” A consistent system
may suffice for effective sensory substitution.

8.12 Using Multimodal Representations

Studies on multimodal interactions in perception clearly demonstrate that a com-
plete understanding of perceptual representation cannot be achieved without a clear
understanding of multisensory interactions [95-101].

But this also provides opportunities, since if our representation of the environ-
ment is multimodal, we should not restrict our applications of sensory substitution
to a single modality which is exactly what we addressed with the Sound of Vision
system (see above) where observers received feedback about the environment from
head-mounted cameras through both audition and tactile stimulation.

Different perceptual channels may be optimally shaped through evolution for
conveying particular information. The auditory system has, for example, evolved
to detect changes in air pressure within a certain frequency limit. Some forms of
information may be better conveyed with audition (e.g., the intensity of a stimulus)
while other information may be provided with tactile stimulation (e.g., location).
Utilizing the fact that our representations of the world are multimodal could then
be thought of as using the best of both worlds for a device conveying a unitary
representation, such as the Sound of Vision device [49-52, 102]. SOV was aimed at
utilizing this multimodality, through the use of both haptics and audition. Tests of
the SOV system are yet to be performed where multimodal environmental encodings
are compared with unimodal ones since Hoffman et al. [49-51] only presented tests
that involved simultaneous presentation of both auditory and tactile information.
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8.13 Lack of Use Within Communities of People
with Sensory Impairments

A final point that must be addressed is that despite very impressive technological
advances in the development of sensory substitution devices, the use of such devices
is not yet widespread within communities of people with sensory impairments.

One problem is that although many applications have been developed, often
they have not crossed the line from prototype to finished commercial product—
which unfortunately is a theme within this field. One reason could be that scientists
working on these solutions tend to be interested in the scientific aspects rather than
the applied part and are not as interested in business plans as scientific discoveries.
Another reason may be conservatism within the communities of intended users. For
example, visually impaired people may be used to the white cane and prefer to stick
with what has served them well in the past. A third reason may be conservatism
within the community of mobility and orientation assistants. A fourth reason is that
a good understanding of the properties of perceptual channels is lacking, resulting
in sub-optimal designs. This remains a major challenge for sensory substitution.

8.14 Future Applications and Unexplored Avenues

Recent developments may suggest how artificial intelligence can be used to augment
sensory substitution [103]. Implementing ways of self-correction through Al for
guidance software could provide large benefits.

Another exciting possibility is the use of tactile feedback for balance such as in
using sensory substitution for feedback about the position of a prosthetic limb. A
big challenge for those with lower-limb prosthetics is to adjust the position of the
prosthetic in response to changing terrain, inclines, or when users walk in stairways
since they do not receive proprioceptive feedback about the position of their joints
[104, 105]. Tactile feedback could, for example, be used to provide information
about the position of the prosthetic and its joints. A number of Al-assisted sensory
substitution solutions have been proposed in addition to those we discuss above,
such as for improving situational awareness in low-visibility environments. This
includes assisting firefighters in smoke-filled rooms or pilots or drivers in low-
visibility or high-stress situations through smart-seats conveying spatial information
through touch. Other options involve supporting operators of unmanned equipment
where tactile feedback can enhance precision and control. A related application
could be through robot-assisted surgery.

Technology of this sort also has potential in enriching virtual and augmented
reality experiences, adding a dimension of sensory input for more realistic and
engaging experiences. We also speculate that such technology can aid with sports
training, where athletes can receive real-time feedback through tactile cues to
improve form or technique, such as posture correction in running or cycling
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and in physical therapy and rehabilitation, where tactile input can guide motor
recovery and retraining for individuals recovering from injuries or neurological
conditions. Tactile feedback could also be applied to stress and anxiety management,
where wearable devices could deliver calming tactile pulses or vibrations to help
individuals relax in high-stress environments.

8.15 Summary

Sensory substitution devices show great promise for improving the quality of life
of people with sensory impairments. One important impediment to progress has
been a lack of understanding of the perceptual channels involved. In our work on
sensory substation devices for the hearing impaired, we have strived to understand
tactile perception, focusing on body parts that are not highly active during everyday
function. Another crucial consideration is that attentional resources are limited, and
sensory overload must be avoided. All of these considerations are, to our minds,
crucial for the development of successful and widely used sensory substitution
devices.
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