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Abstract: Spatial orientation and navigation depend primarily on vision. Blind people lack this
critical source of information. To facilitate wayfinding and to increase the feeling of safety for these
people, the “feelSpace belt” was developed. The belt signals magnetic north as a fixed reference
frame via vibrotactile stimulation. This study investigates the effect of the belt on typical orientation
and navigation tasks and evaluates the emotional impact. Eleven blind subjects wore the belt daily
for seven weeks. Before, during and after the study period, they filled in questionnaires to document
their experiences. A small sub-group of the subjects took part in behavioural experiments before and
after four weeks of training, i.e., a straight-line walking task to evaluate the belt’s effect on keeping a
straight heading, an angular rotation task to examine effects on egocentric orientation, and a triangle
completion navigation task to test the ability to take shortcuts. The belt reduced subjective discomfort
and increased confidence during navigation. Additionally, the participants felt safer wearing the
belt in various outdoor situations. Furthermore, the behavioural tasks point towards an intuitive
comprehension of the belt. Altogether, the blind participants benefited from the vibrotactile belt as
an assistive technology in challenging everyday situations.

Keywords: blindness; assistive technology; vibrotactile belt; safety; orientation; navigation

1. Introduction

Wayfinding is a highly complex and important activity in everyday life. Success
depends on a number of factors, e.g., on a person’s spatio-cognitive abilities, i.e., under-
standing space and manipulating it mentally [1]. This is especially challenging for those
with visual impairments, as they cannot rely on the main source of spatial layout informa-
tion: vision. According to the WHO, about 30 million visually impaired and blind people
live in the EU [2]. Navigation skills are of great importance for partaking in society, e.g.,
participating in education, the labour market and civic life. Supporting visually impaired
people in their ability to find their way in everyday life is therefore vital.

Reaching a destination in outdoor navigation is a time and effort consuming task,
as it requires the ability to orientate as well as to navigate. Orientation has been defined
as a cognitive process in which all sensory information is used to compute one’s own
position relative to other objects in the environment [3]. Blind and visually impaired people
cannot rely on vision and must therefore solely rely on touch, hearing and, occasionally,
smell [4] which is a severe handicap in orientation tasks. Navigation is associated with
directed movement in which one’s position in the environment has to be located with
respect to a destination, i.e., moving towards a certain goal. Here, relevant information
might be retrieved from memory or deduced by cognitive processes, e.g., through path

Sensors 2021, 21, 7384. https://doi.org/10.3390/s21217384 https://www.mdpi.com/journal/sensors

https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-5981-2025
https://doi.org/10.3390/s21217384
https://doi.org/10.3390/s21217384
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21217384
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s21217384?type=check_update&version=1


Sensors 2021, 21, 7384 2 of 22

integration during self-motion [5–7]. Without visual cues to correct the direction in which
one is heading, small errors in path integration accumulate quickly. Therefore, the lack of
visual information weighs heavily in such tasks. Thus, blind and visually impaired people
lack crucial information for several components of wayfinding tasks.

Besides these concurrent navigation and orientation challenges for blind people, en
route, obstacles—stationary and non-stationary—must be avoided and bypassed. One
well-known problem in this context is the detection of and correction for involuntary
body turns as well as estimating the degree of intentional body turns, e.g., after walking
around an obstacle or before making a turn [8]. There is a variety of aiding devices for the
visually impaired, most notably the white cane (e.g., [9,10]), navigation applications for
the smartphone (e.g., [11,12]) and auditory compasses [13–15]. Further developments of
the white cane enable obstacle detection also from a greater distance [16–18]. In science,
the field of sensory substitution takes this a step further by trying to substitute visual
information in its entirety through other senses and thus enabling blind people to have a
kind of visual experience (e.g., [19–24]). Through active handling and training with the
devices, astonishing visual experiences of blind people like object recognition and depth
perception (e.g., [19]) were reported. In addition, changes in brain activity due to sensory
substitution could be found [25]. However, sensory substitution devices are not widely
used by blind people in everyday life [26,27], as they require long training periods and
often demand too much attention. For all aiding devices in this context, it is of importance
that they neither block hands nor ears since these are the main channels for information
gathering for the visually impaired and blind people [28]. Taken together, there are several
aiding devices for blind people and for the visually impaired to overcome different aspects
of difficulties in wayfinding and orientation in everyday life.

The high amount of attention that is needed to process the independent factors of as-
sistive devices in parallel makes orientation and navigation outdoors for blind and visually
impaired people difficult tasks [4]. At each decision point of a route, the blind traveller
has to make correct estimations and decisions about their heading to successfully reach a
destination, whereas the probability of an erroneous estimation rises with the number of de-
cisions points en route [29]. As blind participants cannot visually adjust those imprecisions
e.g., using landmarks, the associated uncertainty can be overwhelming, and often leads to
stress, discomfort or even anxiety for the blind [1,29–31]. These negative emotions occur
when environmental demands rise beyond the available coping resources. They often limit
partaking in everyday life for the visually impaired e.g., leisure activities, entertainment,
or visiting friends or family due to the stress associated with getting there [31]. To adapt to
wayfinding without visual cues, Orientation and Mobility training is offered for the visually
impaired to practise coping strategies. It has been shown that Orientation and Mobility
training has an impact on stress levels concerning the usage of public transportation, but
not directly on wayfinding when walking [31]. During everyday wayfinding, there is no
immediate feedback on the performance, e.g., for turning a certain degree or following a
direction. Thus, the blind person might objectively be well adapted and yet feel subjective
high levels of stress. Immediate feedback on performance underways, such as whether
one is keeping to the direction in which one is heading, turning degrees and directions,
potentially reduces stress and discomfort and decreases the described avoidance behaviour.
All in all, direct feedback on orientation performance could thus have a strong impact not
only on navigation and orientation success but also reduce the stress level for outdoor
activities and thus increase the quality of life.

One way to overcome problems during outdoor navigation, as outlined above, is
to provide the blind person with a constant reference frame, e.g., through signalling a
fixpoint for body axis alignment and information on the direction of movement. A potential
candidate to fill this gap is the feelSpace belt [32–34]. The feelSpace belt was developed
as a sensory augmentation device that provides a continuous vibrotactile signal about
the direction of the magnetic north around the waistline. Previous research with the
feelSpace belt and sighted participants revealed that the subjects developed a new sense of
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space perception, especially concerning egocentric and allocentric spatial relations [33,34].
Sighted participants reported a strong feeling of security of “never getting lost again” while
they were wearing the belt [33,34]. The influence of the feelSpace belt’s information was
also tested with a late blind participant [35] and a congenitally blind participant [36]. Both
participants showed improved mobility and orientation abilities. They also reported a
feeling of increased security in outdoor navigation when taking a shortcut across an open
space with the constantly available north signal [35]. Thus, the feelSpace belt provides a
continuous reference towards the north that blind people can use as an update on their own
orientation in space while moving, resulting in a feeling of security in outdoor navigation
and wayfinding.

In the present paper, we want to evaluate the impact of the feelSpace belt on the stress
that is commonly associated with outdoor navigation and on the navigation and orientation
performance of blind participants. To this end, we equipped blind participants with the
feelSpace belt for seven weeks and instructed them to use the belt as much as possible in
outdoor activities in their daily life. We evaluated their subjective experiences with the
belt, especially their sense of security and discomfort in everyday situations of traffic, with
previously tested questionnaires [35]. We additionally investigated the performance of a
subgroup of participants in behavioural tasks (straight-line-walking, angular rotation and a
triangle completion task) to test whether the belt influenced their orientation and navigation
abilities before and four weeks into the study. We hypothesize that the continuous, reliable
signal of the feelSpace belt on cardinal north as a tangible fixpoint can be intuitively
understood and used to adjust one’s heading, improves the feeling of security in everyday
outdoor tasks and also improves aspects of spatial orientation and navigation for the
blind participants.

In the present paper we examined three aspects:

1. the emotional impact of the belt during everyday outdoor navigation
2. the intuitiveness of the belt use
3. the impact of the feelSpace belt on navigation and orientation performances

2. Materials and Methods
2.1. Participants

Eleven subjects (four female) with a mean age of 54.36 years (SD = 11.96, range 34–73)
took part in this study. Five out of the eleven subjects were congenitally blind while
the other six subjects were late blind. All eleven subjects recorded their experience in
questionnaires. Due to the limitations imposed by the Covid-19 pandemic, we could only
perform the behavioural tests with five subjects (one female, one congenitally blind). All
participants were active and mobile people that had received Orientation and Mobility
training prior to this study (range 25–300 h) and had been blind for several years (mean
39.5, SD = 15.5, range 20–60 years). The high amount of mobility training hours of some
participants is due to them having moved and therefore having taken additional training
hours to adapt to the new environment. They are therefore not to be taken as an indica-
tor for the participants’ individual orientation abilities. All participants knew cardinal
directions, angles and degrees, which were essential prerequisites to be able to interpret
and understand the vibration signal of the belt towards the north. All use the white cane
as an aid in outdoor activities and use traffic noise for guidance. They were familiar
with urban challenging situations such as crossing large junctions, roads, open spaces or
walking along train platforms and all but one rated themselves as being able to face these
challenges by themselves without another person’s help. The participants rated their sense
of orientation from quite good to very good before the study. All participants gave written
informed consent to participate in this study and the Ethics Committee of the University of
Osnabrück gave approval following the Institutional and National Research Committee’s
ethical standards (#4/2019 and #26/2020).
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2.2. Technical Setup

The feelSpace belt provides directional information of the magnetic north via vibrotac-
tile stimulation around the waist (Figure 1) and is distributed by the company feelSpace
(feelSpace, Osnabrück, Lower Saxony, Germany). The vibrotactile information of the in-
vestigated belt is given by sixteen vibromotors that are evenly spaced around the waist
covering 360◦. One vibromotor thus covers 22.5◦ of the circumference (Figure 1). An inte-
grated compass senses the direction of the magnetic north and transfers this information to
the northernmost vibromotor. Thus, only the single northernmost module vibrates at a time.
To ensure that all vibrotactile motors were felt also on the back, participants were asked for
their feedback on this point at the beginning of the study and the vibration strength was
adjusted accordingly. Furthermore, participants could adjust the strength of the vibration
to their needs themselves. In previous research with the feelSpace belt, the feedback of
participants showed that they did not have problems to distinguish between neighbouring
vibromotors even with 30 motors equally spaced in the belt. The current feelSpace belt is
a development of the original design that included thirteen vibromotors [32]. To ensure
usability during everyday life indoor and outdoor, the belt uses a long-lasting battery of at
least 8 h and up to 20 h, is weatherproof and is made of skin-friendly fabric (for further
technical details see [35]).
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Figure 1. The feelSpace belt [37]: (a) picture of the belt, (b) layout when stretched open, (c) vibration
motor layout around the waist, vibration motors on 90◦ in red, on 45◦ in light blue, control unit
marked in grey, (d) vibration layout around the body axis, walking direction is marked with the
black triangle.

The current belt has two main modes of operation: The standard is the compass
mode, in which the direction of the magnetic north is indicated via a continuous vibration
of the northernmost motor. When the user turns his/ her body axis, this signal “turns”
accordingly around the body to accommodate the turn. The second mode is the road-
crossing mode. When switched on, the road-crossing mode transmits pulsing vibrotactile
stimulation precisely at the navel as the centre of the belly. The vibrotactile signal “points”
in a straight line forward and can be used to cross a road or a large open space. If the blind
person diverges from the straight line, the vibration signal diverges to the left or the right,
indicating the direction and extent of the deviation.

The belt can be connected to the feelSpace smartphone application to use the belt
to receive directions for navigation. This function, however, is not in the focus of this
present study. All in all, the feelSpace belt enables the users to follow their gut feeling in
the literal sense.

In order to measure the turning angles and the turning direction of the participants,
the application “Compass Experiment” was developed. During the angular rotation
task, the application on the smartphone gave instructions to the participant in which
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direction to turn. The participant held the smartphone and pressed the screen to receive
the next instruction. The feelSpace belt could be connected to the application during the
experimental tasks. The application then recorded the time needed for turning, the present
orientation, the difference in turning degree to the start orientation and the orientation at
the end of the last turn, the turning degree and the turning direction (left or right). With
this information, turning errors could be calculated. This application also ensured that no
interaction between participant and experimenter was present. A subconscious impact of
the experimenter on the performance of the participants can therefore be obviated.

2.3. Study Procedure

The participants were instructed to fill in a pre-questionnaire, concerned with the
medical history, orientation strategies and the self-assessment of emotions in various
situations of traffic. During the seven weeks (Figure 2), participants were instructed to
wear the belt in every waking hour and wore it in known and unknown environments.
Each week they filled in a questionnaire with questions regarding different situations in
which they had to orientate and navigate and their feeling of security in various situations
when equipped with the belt. These questions remained the same every week to be able to
detect changes in the participants’ evaluations over the weeks. At the end of this training
period, the participants filled in a final post-questionnaire. The questionnaires were all
designed in SurveyMonkey, an online platform for designing barrier-free questionnaires.
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Figure 2. The overall schedule and structure of the study: The weekly questionnaires were filled in by all eleven subjects
and five of the eleven subjects additionally took part in behavioural experiments at the beginning and after four to five
weeks of the study.

Five subjects additionally took part in behavioural experiments (Figure 2) at the
University of Osnabrück. The participants were informed about the procedure of the
study, gave their consent to participate and filled in the pre-questionnaire with one of the
experimenters. First, the subjects completed a straight-line walking task, then an angular
rotation task and finally did a combination of a triangle completion and pointing task.
Every task was performed under a variety of conditions: with the belt in compass mode
or without the belt and with or without distraction tasks. The straight-line walking task
was additionally performed with the belt in road-crossing mode. After each condition the
subjects were asked about their sense of security. The three experiments were performed
again on the second experiment day after the participants had trained for four to five weeks
with the belt.

Due to the COVID-19 pandemic, specific safety measures had to be taken for the
experiment days in accordance with the Corona policy in Germany and Lower Saxony
of 22 March 2020. The experimenters, as well as the participants, wore masks during the
whole experiment and kept a distance of at least 1.5 m. Furthermore, each participant had
contact to only one of the experimenters during the experiment to further diminish the risk
of infection. Hands and utilities were disinfected before and after every participant and
the experimenters wore sanitary gloves during the experiments.
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2.4. Study Design
2.4.1. Questionnaires

The questionnaires consisted of multiple-choice questions, matrix questions with
quantitative Likert scales and open-ended qualitative questions. A pre-questionnaire
administered before the study served as a source of information about the participants that
took part in the study. The length and degree of blindness, the orientational aids (such as a
cane or dog) and orientational strategies (e.g., listening to traffic or using a smartphone)
of the subjects and their emotions when encountering various situations of traffic were
addressed. The weekly questionnaire was mainly based on the one employed by [35]. The
questions can be subdivided into four categories: the perception of the belt during the
week, questions concerning emotions and motivation, changes in orientation abilities and
the use of attentional resources. Finally, a post-questionnaire was conducted in which the
participants could give their final feedback on the feelSpace belt and on the study design
and procedure. In this paper, the focus is laid on the questions concerning confidence
and discomfort in various situations of traffic, the sense of security and the improvement
of orientational abilities. Further, we investigated whether the amount of time spent in
foreign surroundings and familiar surroundings correlates with the perceived benefit of
the belt.

Since discomfort is widely reported in situations of traffic by the blind, we invested the
development of discomfort and confidence when crossing a road, crossing a junction with
multiple lanes, traversing an open space and walking along a train platform with Likert
scaled statements, i.e., “I feel discomfort when I [ . . . ].” and “I feel confident when I [ . . . ]”.

The sense of security is investigated through the statements “I feel secure in foreign sur-
roundings.” from the pre-questionnaire and “With belt I felt more secure in foreign surroundings
than without.” from the weekly questionnaire. The perceived improvement of orientational
abilities was addressed with questions both about specific situations requiring different
orientational abilities and questions about a more general sense of orientational abilities.
Questions on specific situations encompass the following questions: “With belt it is easier to
notice that I walk around a long bend.”, “With belt I am always conscious of where I am in relation to
my home.”, “With belt it is easier to estimate the position of streets/places to each other.” and “With
belt it is easier to find my way in foreign surroundings.”. A potential improvement of a more
general sense of orientation is addressed through the following questions: “Since I wear the
belt, I am more aware of cardinal directions.”, “My spatial orientation has subjectively improved,
since wearing the belt.” and “When I take the belt off, my spatial orientation worsens.”. In the
post-questionnaire the participants could give their final feedback on the feelSpace belt
and on the study design and procedure. Finally, the amount of time spent in familiar and
unfamiliar surroundings is collected through the weekly questionnaires and the evaluation
of the benefit of the belt in the respective situation is evaluated through the statements

“The belt helped especially in (un)familiar surroundings.”.
All questionnaires and their mode of transmission were additionally approved by a

rehab teacher working at a school for blind people.

2.4.2. Behavioural Experiments

The three behavioural experiments took place on an open space outdoors. The sur-
rounding was not familiar to the subjects. After every experiment, we asked the participants
which orientation strategies he/she employed for the specific task. This way we checked
that they used egocentric strategies whilst ignoring surrounding potential cues. Further-
more, neither the subjective reports nor our data analysis indicate that learning the specific
tests influence the experimental results in a relevant way.

2.4.3. Straight-Line-Walking Task

During the straight-line-walking task participants try to keep to the direction in which
they are heading. The task aims at mimicking the crossing of a large street or an open space.
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Keeping a straight line is challenging for the blind as they cannot refer to visual landmarks
to steady their heading.

For the straight-line walking task, a large grid was drawn on the ground outdoors
(Figure 3). The subject was initially aligned towards the goal point by the experimenters.
The subjects were instructed to keep to the initial direction until they reached the goal
point. Two practice trials, one with the activated belt and one without the activated
belt, were conducted to get the participants acquainted with the procedure of the task.
Every participant then performed 12 trials, two trials per condition. The six conditions
were: Without belt (with and without distraction), with belt in the compass mode (with
and without distraction) and with the belt in the road-crossing mode (with and without
distraction). As a distraction, the participants performed a mental calculation task by
subtracting 3 repeatedly from 1000. The participants were instructed to calculate as fast
and as precisely as possible and to say each result out loud. The trials with a distraction
task were always performed first to reduce the probability of a training effect. To ensure a
natural setup, the participants walked with their own white cane since this is an aid they
use and rely on outdoors. To indicate the direction in which to head and give the start
signal, one of the experiment conductors gave a “go”-signal from the finishing point. One
experimenter followed the subject from the starting point onward, stopping the subject if
the limits of the experimental field were reached, and documenting the walking path of
the subject. During the trials, the time was measured from the beginning to the end of the
field and each trial was video recorded. The performance of the participants was analysed
according to their walking distance.
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Figure 3. The general set-up of the straight-line walking task is depicted. The field was 50 m long and 6 m wide. The dotted
lines indicate the ideal walking corridor. Deviations from this walking lane were documented every 5 m. If the subjects
diverged more than 3 m from the ideal straight heading, the trial was aborted.

2.4.4. Angular Rotation Task

The angular rotation task was designed as a direct measure for turning estimations
and as an indirect measure for orientation abilities of the participants. Specifically, the
effect of the belt on egocentric orientation, meaning orientation based solely on idiothetic
cues, are examined.

The participant’s belt was connected to the “Compass Experiment” application. The
participant held the smartphone in his/her hand. Via the application, he/she was instructed
to either do a quarter turn (90◦), half a turn (180◦) or a whole turn (360◦) either to the left or
the right. The subject then tried to rotate in an as exact angle as possible and touched the
screen of the smartphone to indicate the final direction. All in all, the subject did 12 turns
without the belt and 12 turns with the belt in compass mode (Figure 4). The order of the
conditions without belt and with belt was randomized across participants but remained
the same for the first and the second day. The initial orientation of the participant was
also random. The reason for the application giving the instructions and not one of the
experiment instructors was, that this way, there was no external reference point that the
participant could use as an auditory cue during the task. Four practice turns—two without
the belt signal and two with the belt signal—were performed beforehand to introduce the
subjects to the application and the type of instructions. The absolute turning error was
calculated to measure the participants’ performance.
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Figure 4. During the angular rotation task, the participant stood in a random direction. Via the
Compass Experiment application, the participant was told in which direction and how far to turn
from his initial position—either 90◦, 180◦ or 360◦. The absolute turning error was calculated by taking
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2.4.5. Triangle Completion Task

With a triangle completion task, the impact of the feelSpace belt on the participants’
spatial understanding and navigation abilities was examined by mimicking a person taking
a shortcut.

The experimenter led the subjects with a stick along two edges of a triangle, which was
drawn on the ground (Figure 5). The end of the second edge of the triangle was signalled
by the experimenter taking down the stick. Upon this signal, the participant turned back
towards the estimated starting point. Whereas in former studies, participants had to walk
back to the point where they estimated the starting point, in our study we only asked them
to turn into the direction they thought the starting point was since only their direction
estimation was of interest. The stick was used to exclude the possibility that movements
of the experimenter give the participant directional cues [35]. The turning degree of the
participant from the endpoint back towards the starting point was recorded with the help
of the “Compass Experiment” application and the belt connected to it.
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Figure 5. The participants were led along the sides of the three triangles with inner angles of 90◦

(right-angled triangle), 150◦ (isosceles triangle) and 30◦ in the order of the red numbers (a). The turns
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to turn back to the starting point. The absolute difference between the actual turning angle and the
instructed turning angle results in the absolute turning error (b).
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The tests employed three triangles with varying inner angles (90◦, 150◦ and 30◦, see
Figure 5a). The subjects walked the triangles in both directions, resulting in six trials with
the inner angles being either on the left- or the right-hand side of the participant. The
executed conditions were with belt with distraction, with belt without distraction, without
belt with distraction and without belt without distraction. The distraction task consisted of
the same calculation task as in the straight-line walking task and was always performed
first to avoid a training effect. The participants were instructed to calculate as fast and as
precisely as possible and to say the result out loud. Again, the conditions were randomized
between subjects but identical within subjects on both experiment days. The absolute
turning error (Figure 5b) was used as the error measure.

2.5. Data Analysis

Quantitative data from the Likert scaled questions in the questionnaires was analysed
over all eleven participants. Descriptive analyses, as well as statistical measures were
performed in MATLAB R2020a and IBM SPSS Statistics 26. For group comparisons, the
Mann–Whitney U-test was used and for paired samples, the Wilcoxon test was applied.
Missing data was filled with values of the previous week; thus, no change was assumed
when a value was missing. To test for correlations, Kendall’s Tb was applied.

The open-ended questions served the purpose of gathering the participants’ experi-
ences, problems and wishes and served as a source of subjective impressions. All quotes
from the open-ended questions as given in the results section have been translated from
German to English. The original quotes in German can be provided on inquiry. It is
important to keep in mind that blind people are a very heterogeneous group in which each
person has individual strategies to cope with his/her impediment.

The five participants who took part in the behavioural experiments could be subdi-
vided into four late blind participants and one congenitally blind participant. The late
blind participants will be analysed as a group while the results of the congenitally blind
subject will not be presented in this paper. This is due to the very different situation for the
congenitally blind subject in the behavioural test, because of him never having seen and
therefore never having used visual cues to base his orientation strategies on in contrast to
the late blind participants. Descriptive statistics were performed in Excel 2019. To test for
statistical significance between conditions and experiment days, repeated measure analysis
of variance (RM-ANOVA) was calculated with IBM SPSS Statistics 26.

3. Results
3.1. Subjective Data

Eleven blind participants gave their subjective reports during seven weeks of training
with the feelSpace belt. In the following, the focus of analysis will be laid on the emotional
impact of the belt on the participants, especially on their emotions during critical traffic
situations and their sense of security, and on their subjective evaluation of changes in their
orientation abilities.

3.1.1. Situational Emotions

Visually impaired extensively report discomfort and a sense of insecurity in everyday
traffic situations. Here we study the influence of the belt on discomfort and confidence.
Therefore, the participants were asked to rate the degree of discomfort/confidence before
the study and then weekly evaluate to what degree they experienced discomfort and
confidence in four everyday situations of traffic. These situations included crossing a
junction with multiple lanes, crossing a road, walking along a train platform and crossing
an open space without any external directional cues while wearing the belt (Figure 6).

Discomfort while crossing a junction with multiple lanes significantly decreased
after one week and further decreased after seven weeks of training (p = 0.0156, p = 0.002,
Wilcoxon signed-rank tests, respectively; Figure 6a). Similarly, discomfort in open spaces
showed a significant decrease after one and seven weeks of training (p = 0.0156, p = 0.0176,
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respectively). Discomfort while walking along a train platform showed a decrease after one
week; however, this was not significant, and a further significant drop after seven weeks of
training (p = 0.938 p = 0.0273, respectively). When crossing a road, the ratings were low
before and throughout the study.
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Figure 6. (a) The mean Likert scale ratings with the standard error of the mean (SEM) of the self-assessment to what
degree the participants felt discomfort when crossing a junction with multiple lanes, crossing a road, walking along a train
platform and crossing an open space without any external directional cues before the study (green), after one week with belt
(blue) and after seven weeks with the belt (orange) are displayed. (b) The mean Likert scale ratings with the SEM of the
self-assessment to what degree they felt confident when in the respective situation before the study (green), after one week
with belt (blue) and after seven weeks with the belt (orange). The asterisk indicates a significant difference (p < 0.05).

We observe an increase in confidence ratings in all four situations over the course of
the study (Figure 6b). Comparing mean ratings after one week to the level of subjective
confidence before to the training revealed a significant difference in all situations (junction:
p = 0.0313, road: p = 0.0469, train platform: p = 0.0313, open space: p = 0.0313). After
seven weeks of training the confidence stayed high and was significantly different from
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pre-training levels for all situations except for the train platform (junction: p = 0.0078,
road: p < 0.001, train platform: p = 0.1875, open space: p < 0.001). Hence, the belt gave the
participants a feeling of confidence in typical traffic situations after a short training period.

In sum, an immediate emotional improvement became evident both in the decrease of
discomfort ratings and the increase of confidence ratings in various everyday situations of
traffic. This positive effect either remained stable or became more pronounced throughout
the course of the study.

3.1.2. Sense of Security

Orienting and navigating in unknown surroundings are especially challenging tasks
for the blind. The pre-questionnaire addressed how secure the participants felt in un-
known surroundings before being equipped with the belt. This assessment could then
be matched to the corresponding question in the weekly questionnaire allowing to track
the development of the sense of security in unknown surroundings. The sense of security
significantly increased after one week with the belt (p < 0.0001, Wilcoxon signed-rank test).
The ratings remained high throughout the study with the mean rating ranging between
3.5 and 3.8. Consequentially, the ratings before the study are significantly lower than after
seven weeks with the belt, indicating that the belt helped the participants to feel more
secure in unknown surroundings.

3.1.3. Changes of Orientation

To assess the subjectively perceived improvement of orientation during belt training,
we evaluated the corresponding questions of the weekly questionnaires.

One question concerning the ability to detect a long bend was assessed in the pre-
questionnaire as well as in the weekly questionnaire. We compared evaluations of the
participants before training with the belt, after one week of training and after seven weeks
of training (Figure 7a). Before the training subjects strongly denied the statement that
they do not have any difficulties noticing a long bend, i.e., confirming that long bends are
difficult to navigate. After training with the belt, they strongly supported the statement
that the belt makes it easier to notice such a bend. Thus, the belt is perceived to be beneficial
when detecting a long bend from the first week on and continuously so throughout the
study. The seven remaining questions directly refer to the belt and therefore do not have a
matching counterpart in the pre-questionnaire. Thus, we compare the ratings after one and
seven weeks of training with the belt (Figure 7b). Overall high ratings are obtained in six
out of seven questions both after one week with the belt and after seven weeks with the belt.
Of the questions addressing potential improvements due to the belt all but one are rated
above average (Figure 7). Furthermore, no significant changes are obtained throughout
the study employing the Friedman test or when comparing week one with week seven
employing the Wilcoxon signed-rank test (p > 0.05). Nominally, all ratings are higher in the
following weeks than after the first week.

Summing up, the self-assessed improvement in various aspects of orientation was
high after one week with the belt and remained high throughout the study.

3.1.4. Time Spent in Familiar and Unfamiliar Surroundings

During the seven weeks, the eleven participants wore the belt in familiar as well as
in unfamiliar surroundings. Most participants remained mostly in familiar environments
(mean: 89.43 h during the seven weeks), but all participants spent at least some time
also in unfamiliar environments (mean: 29.77 h during the seven weeks). The absolute
wearing time of the belt in known and unknown surroundings did not coincide with
the participants finding the belt most helpful in the respective surroundings (known
surrounding: Tb = 0.342, p = 0.167; unknown surrounding: Tb = 0.181; p = 0.465). No
correlations between the amount of time spent in known and unknown surroundings and
questions of the weekly questionnaires were observed.
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Figure 7. (a) The mean Likert scale ratings with the SEM express the participants’ own evaluations of the difficulty to detect
a long bend before having been in contact with the belt i.e., before the study (green) and the facilitation experienced in the
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study. (b) The mean Likert-Scale ratings with the SEM of the self-assessment of improvement in orientation after one week
of training (blue), and after seven weeks of training (red) are depicted. * Inverted values of the original question “I face
difficulties noticing that I walk around a long bend” are depicted.

3.2. The Participants’ Experiences during the Training Period

To grasp the impact of the belt on the participants more deeply, some impressions and
experiences of the participants during the seven weeks of wearing the belt are presented in
the following. Some exemplary quotes from different participants are selected to illustrate
the subjective impact.

The participants described the impact of the belt in different situations involving traffic
and the feeling of safety that the belt conveys. Participant 7 (P7) stated: “The knowledge of
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always being able to get fast and reliable feedback on my orientation conveys to me a feeling of safety
[ . . . ].” P4 stated in the third week that “in all critical situations in traffic such as road and rail
crossings as well as crossing open squares, the belt helped me very much.” “With no perception
of light, the belt is indispensable to monitor whether one is keeping to the right direction. When
walking with the cane, the belt gives, to a very large extent, an additional feeling of safety in known
and unknown environments—especially in traffic”, P4 further concluded at the end of the study.
Through this additional feeling of safety one participant (P1) gained more independence
due to wearing the belt. In the fifth week, he learned a new way to walk to work via a
large complicated triangular crossroad and through the woods; he said that he tried it only
because of his feeling of safety with the belt: “I crossed a confusing triangular crossroad several
times and learned, with the help of the direction signal [of the belt], to safely cross it.” (P1). This
further illustrates the increased courage to try new things with the tactile compass belt.

However, there were also limitations mentioned. P3 and P10 pointed out that one
should not rely absolutely on the belt’s signal. At crossroads with pavements not aligned
to the road or pedestrian crossing at an angle from the starting position, there is the danger
of walking towards the middle of the crossroads if one relies only on the belt’s signal and
does not know the crossroads, P10 pointed out. P3 stated that he would not rely on the belt
when walking along a train platform without guiding lines: “Both the signal of the belt and
its perception are not exact enough to keep a constant distance to the edge of the platform. [ . . . ]” In
the process of orientating and navigating in urban situations as well as in the countryside,
the belt helped to keep track of the direction in which one is heading. In conclusion, it is
important to bear in mind that the belt is only an aid which offers additional information
but can replace neither mobility training nor the cane.

Turning to the participants’ perception of the signal of the belt, P4 directly transferred
the information of the belt into spatial information. “One directly transfers the signal into
direction”, P4 stated in the first week. Concerning the impact on walking straight: “The
registering of bends and turns etc. helped to better comprehend and thus to internalize a path one
walked along”, P2 said when asked for situations in which the belt was of help.

The participants further commented on their orientation abilities: The belt facilitated
orientation from an egocentric perspective because “[ . . . ] I was at every point in time aware of
either the planned or the actual direction in which I was moving”, according to P7. P8 found two
aspects that influenced her orientation strategies. Firstly, she could concentrate better on
other things when orientating (counting the number of crossroads and crossings, finding
and memorising specific points along the route) and secondly, she could use different paths
which she had avoided previously because there were no landmarks to use for orientation.
Concerning her navigation abilities, P3 commented that her “perception of the network of
roads had improved and clarified, also in an environment that has been familiar to [her] for years.”.
This perception supports the general impression of the participants that with the belt it is
easier to estimate the position of roads to each other. Three participants made comments
on how the belt positively affected their inner map. P7 for example stated: “The knowledge
of always being able to get a fast and reliable feedback on my orientation [ . . . ] synchronises my
inner map with reality.” He further said that his inner map was completed by the belt. In
this case, the participant experiences the belt as being helpful for navigational purposes as
well as for receiving a feeling of safety whilst navigating.

All in all, these personal experiences highlight both the benefits of wearing the belt as
well as an awareness of the limitations of the device.

3.3. Behavioural Results

We behaviourally investigated straight-line walking, angular rotation and triangle
completion abilities on the first day and after four weeks of belt training. Neither the
subjective reports nor our data analysis give an indication that learning the specific tests
influence the experimental results in a relevant way.
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3.4. Behavioural Results of the First Experiment Day
3.4.1. Straight-Line Walking Task

The straight-line walking task was designed to assess whether the tactile information
of the belt helps blind people to keep to the direction in which they are heading and whether
performance depends on attentional mechanisms. To evaluate the difference in walking
distance, before major deviations from the straight direction, between the six conditions,
a 3 × 2 RM-ANOVA with the dependent factors belt condition (without belt/compass
mode/road-crossing mode) and distraction condition (with distraction/without distrac-
tion) was calculated. The results showed no significant differences between the distraction
conditions (p = 0.189) but a significant main effect for the belt condition (p = 0.047). No
significant interaction belt*distraction was found (p = 0.264). Since the two-way 3 × 2
RM-ANOVA did not show a significant difference between the distraction conditions
nor a significant interaction between belt and distraction, the average of the distraction
conditions was taken for further comparisons. Except for one trial, the participants walked
the whole distance every time when wearing the belt in compass mode, resulting in an
average distance of 48.44 m (Figure 8). The conditions without belt (mean: 38.44 m) and
with the belt in road-crossing mode (mean: 36.25 m) were comparable. For post-hoc
comparison paired t-tests, which compared the belt conditions (without belt/compass
mode; without belt/road-crossing mode; compass mode/road-crossing mode), revealed
a significant difference between compass mode and road-crossing mode (p = 0.041) but
no differences in the other two cases (p > 0.05). The participants walked straight for a
significantly further distance when wearing the belt in compass mode than wearing the
belt in road-crossing mode. These results indicate that the compass mode was intuitively
accessible and supported straight walking.
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belt conditions without belt (blue), with belt in compass mode (orange) and with belt in road-crossing
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3.4.2. Angular Rotation Task Results

The angular rotation task was performed to test the direction estimation accuracy and
therefore the egocentric body-centred orientation abilities of the participants. No significant
differences between left and right turns were found; thus, they will be analysed together.
In Figure 9 we see large errors for 180◦ turns. The mean absolute turning errors of 90◦

and 360◦ turns are below 22.5◦ in both conditions, which indicates that the participants
were precise in estimating their egocentric turns already without belt but also with the belt.
However, a two-way 3 × 2 RM-ANOVA with the supposed turning degree (90◦/180◦/360◦)
and the belt condition (without belt/compass mode) as dependent factors neither revealed
a main effect of turning degree or belt conditions nor a significant interaction (all ps > 0.05).
Thus, on the first experiment day, there is no significant difference in turning accuracy with
belt or without and no significant difference between the angular turning degrees.
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3.4.3. Triangle Completion Task Results

The triangle completion task addresses the question of whether the belt helps the
participants to keep track of their positions whilst moving in an environment, allowing
them to take shortcuts. In all four task conditions, the mean absolute errors when turn-
ing back to the starting point of the traversed triangle are above 22.5◦ (Figure 10). Thus,
the appropriate vibromotor was mostly not activated when the participants received the
vibrating signal via the belt. However, a two-way 2 × 2 RM-ANOVA with the depen-
dent factors belt condition (without belt/compass mode) and distraction condition (with
distraction/without distraction) revealed no main effect in the belt condition (p = 0.389),
no main effect in the distraction condition (p = 0.560) and no significant belt*distraction
interaction (p = 0.233). We conclude that on the first experiment day, the participants’ path
integration abilities are equally unprecise without and with the signal of the belt and that
the distraction task had no effect on the participants’ performance.

3.5. Comparison of First and Second Experiment Day

In the following, the performance of the subjects before training and after four to
five weeks of training with the belt is compared. The question to answer is whether the
execution of the three experimental tasks differs between the experiment days.

For the straight-line walking task, a three-way 3 × 2 × 2 RM-ANOVA was calculated
with the three dependent factors belt (without belt/compass mode/road-crossing mode),
distraction (with distraction/without distraction) and day (first experiment day/second
experiment day). No significant main effects could be found for the factors day and belt
and no significant interactions between any two factors nor between all three factors could
be found (p > 0.05). However, there was a significant difference between the distraction
conditions (p = 0.011). Without distraction, the participants walked a further distance than
with distraction (mean: 43.5 m vs. 40 m). According to the mean walking length, in both
with distraction and without distraction the performance of the participants increased from
the first to the second experiment day when using the road-crossing mode (with distraction
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first day: 31.25 m, second day: 37.5 m; without distraction first day: 41.25 m, second day:
46.25 m).
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Figure 10. This figure shows the absolute turning errors of the participants during the triangle
completion task in the four conditions without belt with distraction, without belt with distraction,
with belt with distraction and with belt without distraction on the first experiment day. The circles
indicate the mean and the whiskers the SEM. The red dotted line at 22.5◦ indicates the angular
range that the correctly activated single vibromotor covers before the vibrating signal moves to the
neighbouring vibromotor.

In the case of the angular rotation task, a three-way 3 × 2 × 2 RM-ANOVA with the
dependent factors turning degree (90◦/180◦/360◦), belt (without belt/compass mode) and
day (first experiment day/second experiment day) was used. No significant main effects for
day (p = 0.076), belt (p = 0.550) or turning degree (p = 0.187) and no significant interactions
(p > 0.05) were present. When wearing the belt in compass mode, the participants remained
below a turning error of 22.5◦ on the second day as on the first day (mean first day:
19.67◦, second day: 15.29◦), thereby indicating only a few mistakes in activating the
correct vibromotor.

For the triangle completion task, a three-way 2 × 2 × 2 RM-ANOVA with the de-
pendent factors belt (without belt/compass mode), distraction (without distraction/with
distraction) and day (first experiment day/second experiment day) was calculated. No
significant main effect for the factor day (p = 0.230), belt (p = 0.053) or distraction (p = 0.881)
was found. There was, however, a significant interaction belt*distraction (p = 0.041). No
further interactions of the factors were significant (p > 0.05). To examine the significant
interaction more closely, two post hoc one-way RM-ANOVAs (without belt with distraction
vs. without belt without distraction; with belt with distraction vs. with belt without dis-
traction) were calculated by averaging over the experiment days. No significant difference
could be found on comparing the distraction conditions without belt (p = 0.240), but a
highly significant difference could be observed when comparing the distraction conditions
with the belt in compass mode (p = 0.009). Since the mean of the absolute turning error
of the condition with belt with distraction (mean: 33.75◦) is lower than the mean without



Sensors 2021, 21, 7384 17 of 22

distraction (mean: 38.88◦), the participants were significantly more precise in their angular
turns with distraction than without.

In sum, no significant difference between the two experiment days could be found in
the individual analysis of the three experimental tasks. Jointly visualizing the error in three
tasks reveals that the performance of the participants improved on the second experimental
day (Figure 11). However, a priori we did not plan a statistical comparison of such pooled
data. Thus, the indication that extended training with the belt might indeed have an effect
on performance in the behavioural tasks has to await further targeted experiments.
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Figure 11. The mean absolute errors of the three experimental tasks straight-line walking (blue),
angular rotation (orange) and triangle completion (grey) on the first and on the second experiment
day are depicted. In the case of the straight-line walking task, the absolute error is the distance
missing to the finishing line (in m). For the angular rotation task and the triangle completion task the
absolute error is the absolute turning error (in ◦).

4. Discussion

In this study, we evaluated the impact of the feelSpace belt on the emotional benefit in
situations of traffic and the subjective experience of orientational abilities of the blind. We
investigated the subjective sense of safety as well as the subjective reports of navigation
abilities in outdoor situations with questionnaires. In the participants’ subjective evalua-
tions, we found a significant decrease in discomfort ratings and a significant increase in
confidence ratings in challenging situations of traffic or open spaces when participants were
equipped with the belt. This suggests a crucial alleviation of stress associated with orienta-
tion and navigation for the blind. Additionally, behavioural experiments were conducted.
We found that the concept of tactile compass signals is intuitively understood and that the
benefits of the belt do not deteriorate through an additional distraction task. Importantly,
our results show that the participants were objectively well adapted to orientation without
visual cues, yet their subjective valuation indicated that the continuous feedback about
their heading and their body turns from the feelSpace belt still had a large impact on feeling
confident en route. Thus, we conclude that the belt is a promising assistive device for the
blind and the visually impaired.

Emotionally handling the stress associated with orientation and navigation outdoors
is a challenging situation for blind or visually impaired people. Crudden et al. [31] found in
their study that 60% of the surveyed participants avoid entertainment and leisure activities
and 50% limit their visits to family and friends due to the stress associated with reaching
their destination. About one fourth of the participants were even limited in their partaking
in working life. An aiding device that supports spatial navigation emotionally will thus
have a large impact on independent participation in social life and quality of life of blind
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people [38]. In line with this point, participants reported an increased and lasting feeling of
security when wearing the feelSpace belt that was already developed after one week. Most
notably, in challenging situations like crossing a junction or an open space, or walking along
a train platform, the belt significantly reduced the feeling of discomfort and increased
participants’ confidence. We assume that the constant north signal of the belt enables
also blind participants to get feedback on their body orientation and rotation and the
direction of their movement during outdoor navigation and thus leads to the feeling of
increased confidence and security. Previous research that investigated a teleguidance-
based smart cane [16] or vibration information around the waist [35,39] also reported a
positive emotional impact on blind participants. At the same time, participants do not have
to handle the device actively, they just experience the continuous vibration as intuitive
feedback about their body rotations. Further, participants reported an enhancement in
their orientation and navigation abilities due to the belt. The positive ratings staying high
throughout the study indicated that the belt was experienced as helpful over this period of
time. Thus, in the presented study, participants developed a strong feeling that the belt’s
information is helpful to master difficult orientation and navigation problems in everyday
life reducing emotional stress in challenging outdoor situations.

Behaviourally, we conducted the straight-line walking task. This was designed to
mimic the crossing of a large street or a square as especially challenging situations for the
blind [12]. Our results revealed a better performance with the tactile belt in compass mode,
which provides constant information of the north cardinal direction, in comparison to the
road-crossing mode. This result suggests an intuitive understanding of the compass mode.
In line with previous research [40], to benefit from the road-crossing mode participants
have to go through training and learn how to adjust their bearing towards the goal in the
environment. On comparing the two experiment days, results showed that the participants
walked a significantly further distance without a distraction task than with distraction.
Straight-line walking, although being an everyday task, thus profits from attentional
resources of the blind participants despite of whether they are walking with a belt signal
or not.

The angular rotation task tested the participants’ precision at making egocentric
angular turns, their orientation abilities and their comprehension of the belt’s signal.
Estimating bodily turns is important when circumventing an obstacle and reorienting to
the original route. Already on the first experiment day, with and without the belt, turning
errors mostly remained under 22.5◦. These results indicate that the concept of the compass
mode was intuitively comprehensible for the participants since a turning error of less
than 22.5◦ indicates that the appropriate vibromotor was activated. Without the belt, this
indicates that participants had already formed strategies (e.g., by positioning their feet in
a perpendicular fashion while making the turn) prior to wearing the belt. As the belt’s
precision level is 22.5◦ with 16 vibrating elements equally spaced around the waist, further
improvement through the belt information would require mechanisms like hyperacuity
and was not expected after the available training time. The feelSpace belt used in prior
studies [35] was often equipped with 30 vibromotors, resulting in a leeway of 12◦. There
is, however, a trade-off between an improved accuracy of the belt and a higher cognitive
demand of integrating the information when increasing the number of vibromotors [41].
Future studies may investigate whether equipping the belt with more vibromotors, with
each vibromotor covering a smaller angle and thus inducing a higher cognitive load, would
lead to more precise turns and an improvement for everyday use of blind participants.

As a third behavioural task, the participants performed a classical triangle completion
task [5,6] which examined their navigation abilities in path integration and homing back
to the start location. In contrast to previous research with sighted [32] and blind partici-
pants [35,36], our results revealed no significant performance improvements with the belt
on the first experiment day. On the first experiment day, overall high estimation errors,
independent of the condition, indicated that the task was difficult for the participants.
Interestingly, when examining the two experiment days, the participants were significantly
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more precise with than without distraction when using the belt signal in compass mode.
A possible explanation for this result might be that being distracted, they had to rely on
the subconsciously integrated information of the belt [32], which led to more precise path
integration than consciously memorising all sensory changes during the task. Thus, our
results support the suggestion that the information of the belt can be used subconsciously
in the triangle completion task with simultaneous distraction.

The behavioural part of the current study suffered due to the Covid 19 pandemic. As
the behavioural investigations required travelling to the experimental location and meeting
with the experimenters, only four of the late blind subjects were willing to participate in
these. With this small number, a statistical evaluation using RM-ANOVAs is problematic.
Nevertheless, we supply all analyses and take care to cautiously interpret the results. To
improve on these points, a further investigation replicating our well-designed tasks with an
increased number of participants should be performed once the pandemic is firmly under
control. Still, in all three experimental tasks, a clear trend of an improved performance from
the first experiment day to the second experiment day could be observed. Yet, for stronger
claims regarding the improvement of orientational and navigational abilities through
training with the belt further research with more participants needs to be conducted.

Tactile signals of the feelSpace belt have been investigated with sighted and blind
participants (e.g., [33–35]). These studies showed that the belt induced changes in space
perception and was beneficial in navigation and orientation tasks. Kärcher et al. [35] evalu-
ated the tactile belt in a case study with a late blind subject. As with sighted participants,
the signal of the belt gave additional helpful information during spatial navigation and was
partly used without conscious attention. A further case study by Schumann [36] with one
congenitally blind participant showed that new spatial relationships can be learned with the
help of the belt in familiar environments. In sighted [33,34] and blind participants [35,36]
the feelSpace belt was reported to especially bring about a high subjective feeling of safety
during navigation in unknown as well as known outdoor environments. Consistently,
many participants in the current study, triggered through the increased feeling of safety,
also described situations in which they explored new routes and surroundings with the
belt. Thus, the belt’s information animates and enables the blind participants to explore
unfamiliar ground, expanding the range of independent everyday life activities.

Tactile signals are also used in sensory substitution devices which substitute the
missing modality through another modality, e.g., vision through tactile information. The
pioneer work of Bach-Y-Rita and colleges [19] revealed that blind participants could achieve
to recognize and localize objects in the environment when actively handling a tactile sensory
substitution device after a relatively short time of training. Since then, these findings could
be supported also using other substituting modalities [20–24]. Even though the brain was
shown to be plastic enough also in adult humans [25,42], sensory substitution devices
are still not used frequently by blind people [26,27]. The feelSpace belt, starting out as
a tool to investigate sensory augmentation [32], does not fulfil the criteria of a sensory
substitution device as it does not aim to replace the lost visual capacity. Rather, the tactile
belt, giving information about magnetic north, supplies information about the environment
that helps blind people to adapt to wayfinding without vision. The information about
relative heading and body turns received through the belt is not achieved through other
aiding devices blind people commonly use.

The most important tool for outdoor navigation is the cane. The cane scans the
immediate environment for obstacles and orientation cues, like the curb stone or tactile
tiles on the floor [9]. There are further developments of the cane [17], e.g., the EyeCane
that enables the detection of obstacles in different heights and distances [27] or the WeWalk
smart cane that gives feedback about distant obstacles via ultrasonic sensors and acoustic
signals [18]. Yet the cane cannot give continuous information about cardinal heading and
both detection of and correction for involuntary body turns are effortful with the cane
alone [10]. Smartphone Apps or speaking compasses can inform about the current heading
but are only used at intervals in everyday application. While a continuous use may be
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imaginable, it would constantly block the important auditory sense with an information of
comparatively low urgency [11]. The feelSpace belt provides constant cardinal information,
keeping hands and ears free so that, e.g., communication or hearing important signals
in the environment are unaffected. Thus, the continuous monitoring of current cardinal
heading through vibrotactile signalling of the feelSpace belt constitutes an addition to
commonly used navigation devices to support the blind in everyday challenges. This
approach is characterised by a pronounced emotional benefit which encourages mobility.

In the context of this research on its emotional impact, the feelSpace belt was used as
a tactile compass. As an everyday aiding device, it cannot only give compass directions
for intuitive feedback about body rotations but can also be used as a navigation device,
signalling turn-by-turn navigation information. Many Orientation and Mobility instructors
in Germany already use the tactile feedback on body rotation to help their blind clients to
adapt to life without vision.

This study shows the value of incorporating both first-person qualitative data and
quantitative data of behavioural tasks by proposing an extended version of a successfully
tested experimental set-up [35] and shaping it more to cover everyday experiences of the
participants. This set-up permitted a holistic picture of the experience with the belt and the
implementation into everyday behaviour.

5. Conclusions

Summing up, the present study exemplifies the potential of the feelSpace belt as an
assistive device for the blind and visually impaired especially through the pronounced
emotional benefit. Further strong points are the independence from attentional resources
as well as keeping the hands and ears free while ensuring easy integration into existing
orientation and navigation strategies. Considering the great advances of modern AI and
machine learning, such assistive devices with outputs based on vibrotactile signalling
could go beyond existing improvements, further enhancing mobility and thereby allowing
for greater participation of blind and visually impaired people in all aspects of social life
such as education, labour market and civic life.

Author Contributions: Conceptualization, C.B., A.R.L. and S.M.K.; methodology, C.B., A.R.L. and
S.M.K.; software, C.B.; validation, C.B., A.R.L., S.U.K., P.K. and S.M.K.; formal analysis, C.B. and
A.R.L.; investigation, C.B. and A.R.L.; resources, C.B. and A.R.L.; data curation, C.B. and A.R.L.;
writing—original draft preparation, C.B., A.R.L., S.U.K. and S.M.K.; writing—review and editing,
C.B., A.R.L., S.U.K., P.K. and S.M.K.; visualization, C.B. and A.R.L.; supervision, P.K. and S.M.K.;
project administration, C.B. and A.R.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the Ethics Committee of the University of Os-
nabrück following the Institutional and National Research Committee’s ethical standards (#4/2019
on 9 April 2019 and #26/2020 on 7 May 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We want to thank the German association of the blind (Deutsche Blinden-und
Sehbehindertenverband, DBSV) and the rehabilitation teachers for the blind for their support in
providing test subjects. Further, we want to thank the blind persons who gave valuable insights
into their navigation and orientation habits before the study to facilitate communication with the
participants of the study. We also want to acknowledge the work of Mareike Bordasch in data
collection and initial analysis.

Conflicts of Interest: Silke M. Kärcher is involved in feelSpace GmbH, the company that designed
and sells the feelSpace belt for commercial purposes.



Sensors 2021, 21, 7384 21 of 22

References
1. Passini, R.; Proulx, G.; Rainville, C. The Spatio-Cognitive Abilities of the Visually Impaired Population. Environ. Behav. 1990, 22,

91–118. [CrossRef]
2. Euroblind. About Blindness and Partial Sight—Facts and Figures. Available online: http://www.euroblind.org/about-blindness-

and-partial-sight/facts-and-figures#details (accessed on 24 September 2021).
3. Suterko, S. Practical Problems of Orientation and Mobility. In Social Rehabilitations Services for the Blind; Charles C Thomas

Publisher: Springfield, IL, USA, 1973.
4. Espinosa, M.A.; Ungar, S.; Ochaíta, E.; Blades, M.; Spencer, C. Comparing Methods for Introducing Blind and Visually Impaired

People to Unfamiliar Urban Environments. J. Environ. Psychol. 1998, 18, 277–287. [CrossRef]
5. Loomis, J.M.; Klatzky, R.L.; Golledge, R.G.; Cicinelli, J.G.; Pellegrino, J.W.; Fry, P.A. Nonvisual Navigation by Blind and Sighted:

Assessment of Path Integration Ability. J. Exp. Psychol. Gen. 1993, 122, 73–91. [CrossRef]
6. Chrastil, E.; Warren, W. Testing Models of Path Integration in a Triangle Completion Task. J. Vis. 2008, 8, 1153. [CrossRef]
7. Chrastil, E.R.; Nicora, G.L.; Huang, A. Vision and Proprioception Make Equal Contributions to Path Integration in a Novel

Homing Task. Cognition 2019, 192, 103998. [CrossRef]
8. Williams, M.A.; Galbraith, C.; Kane, S.K.; Hurst, A. “Just Let the Cane Hit It”: How the Blind and Sighted See Navigation

Differently. In Proceedings of the 16th International ACM SIGACCESS Conference on Computers & Accessibility—ASSETS ’14,
Rochester, NY, USA, 20–22 October 2014; ACM Press: New York, NY, USA, 2014.

9. Giudice, N.A.; Legge, G.E. Blind navigation and the role of technology. In The Engineering Handbook of Smart Technology for Aging,
Disability and Independence; John Wiley & Sons: Hoboken, NJ, USA, 2008; Volume 8, pp. 479–500.

10. Due, B.; Lange, S. Semiotic Resources for Navigation: A Video Ethnographic Study of Blind People’s Uses of the White Cane and
a Guide Dog for Navigating in Urban Areas. Semiotica 2018, 2018, 287–312. [CrossRef]

11. Azenkot, S.; Prasain, S.; Borning, A.; Fortuna, E.; Ladner, R.E.; Wobbrock, J.O. Enhancing Independence and Safety for Blind and
Deaf-Blind Public Transit Riders. In Proceedings of the SIGCHI Conference on Human Factors in Computing Systems, Vancouver,
BC, Canada, 7–12 May 2011; ACM: New York, NY, USA, 2011.

12. Rahayu, D.I.; Sunardi, S. The Effectiveness of Straight Line Walk Application Used on Straight-Walking Skills for Blind Students.
J. ICSAR 2018, 2, 148–152. [CrossRef]

13. Hersh, M.A.; Johnson, M.A. Assistive Technology for Visually Impaired and Blind People People; Springer Science & Business Media:
London, UK, 2008.

14. Schumann, F.; O’Regan, J.K. Sensory Augmentation: Integration of an Auditory Compass Signal into Human Perception of Space.
Sci. Rep. 2017, 7, srep42197. [CrossRef] [PubMed]

15. Tapu, R.; Mocanu, B.; Zaharia, T. Wearable Assistive Devices for Visually Impaired: A State of the Art Survey. Pattern Recognit.
Lett. 2020, 137, 37–52. [CrossRef]

16. Chaudary, B.; Pohjolainen, S.; Aziz, S.; Arhippainen, L.; Pulli, P. Teleguidance-Based Remote Navigation Assistance for Visually
Impaired and Blind People—Usability and User Experience. Virtual Real. 2021, 1–18. [CrossRef]

17. Daudpota, M.H.; Sahito, A.A.; Soomro, A.M.; Channar, F.S. Giving Blind a Smart Eye: Designing and Modeling of Intelligent
White Cane for Blind People. In Proceedings of the 2017 IEEE Global Humanitarian Technology Conference (GHTC), San Jose,
CA, USA, 19–22 October 2017.

18. Saaid, M.F.; Mohammad, A.M.; Ali, M.M. Smart Cane with Range Notification for Blind People. In Proceedings of the 2016 IEEE
International Conference on Automatic Control and Intelligent Systems (I2CACIS), Selangor, Malaysia, 22 October 2016.

19. Bach-y-Rita, P.; Collins, C.C.; Saunders, F.A.; White, B.; Scadden, L. Vision Substitution by Tactile Image Projection. Nature 1969,
221, 963–964. [CrossRef]

20. Sampaio, E.; Maris, S.; Bach-y-Rita, P. Brain Plasticity: “Visual” Acuity of Blind Persons via the Tongue. Brain Res. 2001, 908,
204–207. [CrossRef]

21. Auvray, M.; Hanneton, S.; O’Regan, J.K. Learning to Perceive with a Visuo-Auditory Substitution System: Localisation and Object
Recognition with “the VOICe”. Perception 2007, 36, 416–430. [CrossRef] [PubMed]

22. Ward, J.; Meijer, P. Visual Experiences in the Blind Induced by an Auditory Sensory Substitution Device. Conscious. Cogn. 2010,
19, 492–500. [CrossRef]

23. Levy-Tzedek, S.; Hanassy, S.; Abboud, S.; Maidenbaum, S.; Amedi, A. Fast, Accurate Reaching Movements with a Visual-to-
Auditory Sensory Substitution Device. Restor. Neurol. Neurosci. 2012, 30, 313–323. [CrossRef] [PubMed]

24. Abboud, S.; Hanassy, S.; Levy-Tzedek, S.; Maidenbaum, S.; Amedi, A. EyeMusic: Introducing a “Visual” Colorful Experience for
the Blind Using Auditory Sensory Substitution. Restor. Neurol. Neurosci. 2014, 32, 247–257. [CrossRef]

25. Amedi, A.; Stern, W.M.; Camprodon, J.A.; Bermpohl, F.; Merabet, L.; Rotman, S.; Hemond, C.; Meijer, P.; Pascual-Leone, A. Shape
Conveyed by Visual-to-Auditory Sensory Substitution Activates the Lateral Occipital Complex. Nat. Neurosci. 2007, 10, 687–689.
[CrossRef]

26. Lenay, C.; Gapenne, O.; Hanneton, S.; Marque, C.; Genouëlle, C. Sensory Substitution: Limits and Perspectives. In Touching for
Knowing: Cognitive Psychology of Haptic Manual Perception; Hatwell, Y., Streri, A., Gentaz, E., Eds.; John Benjamins Publishing:
Amsterdam, The Netherlands, 2003; Volume 19, pp. 275–292.

27. Maidenbaum, S.; Abboud, S.; Amedi, A. Sensory Substitution: Closing the Gap between Basic Research and Widespread Practical
Visual Rehabilitation. Neurosci. Biobehav. Rev. 2014, 41, 3–15. [CrossRef]

http://doi.org/10.1177/0013916590221005
http://www.euroblind.org/about-blindness-and-partial-sight/facts-and-figures#details
http://www.euroblind.org/about-blindness-and-partial-sight/facts-and-figures#details
http://doi.org/10.1006/jevp.1998.0097
http://doi.org/10.1037/0096-3445.122.1.73
http://doi.org/10.1167/8.6.1153
http://doi.org/10.1016/j.cognition.2019.06.010
http://doi.org/10.1515/sem-2016-0196
http://doi.org/10.17977/um005v2i22018p148
http://doi.org/10.1038/srep42197
http://www.ncbi.nlm.nih.gov/pubmed/28195187
http://doi.org/10.1016/j.patrec.2018.10.031
http://doi.org/10.1007/s10055-021-00536-z
http://doi.org/10.1038/221963a0
http://doi.org/10.1016/S0006-8993(01)02667-1
http://doi.org/10.1068/p5631
http://www.ncbi.nlm.nih.gov/pubmed/17455756
http://doi.org/10.1016/j.concog.2009.10.006
http://doi.org/10.3233/RNN-2012-110219
http://www.ncbi.nlm.nih.gov/pubmed/22596353
http://doi.org/10.3233/RNN-130338
http://doi.org/10.1038/nn1912
http://doi.org/10.1016/j.neubiorev.2013.11.007


Sensors 2021, 21, 7384 22 of 22

28. Gori, M.; Cappagli, G.; Tonelli, A.; Baud-Bovy, G.; Finocchietti, S. Devices for Visually Impaired People: High Technological
Devices with Low User Acceptance and No Adaptability for Children. Neurosci. Biobehav. Rev. 2016, 69, 79–88. [CrossRef]

29. Marston, J.R. The Hidden Demand for Activity Participation and Travel by People with Vision Impairment or Blindness. J. Vis.
Impair. Blind. 2003, 97, 475–488. [CrossRef]

30. Keryakos, Y.; Bou Issa, Y.; Makhoul, A.; Salomon, M. Analyzing Stress Situations for Blind People. In Proceedings of the 2019 15th
International Conference on Signal-Image Technology & Internet-Based Systems (SITIS), Sorento, Italy, 26–29 November 2019.

31. Crudden, A.; Cmar, J.L.; McDonnaall, M.C. Stress Associated with Transportation: A Survey of Persons with Visual Impairments.
J. Vis. Impair. Blind. 2017, 111, 219–230. [CrossRef]

32. Nagel, S.K.; Carl, C.; Kringe, T.; Märtin, R.; König, P. Beyond Sensory Substitution—Learning the Sixth Sense. J. Neural Eng. 2005,
2, R13–R26. [CrossRef] [PubMed]

33. Kaspar, K.; König, S.; Schwandt, J.; König, P. The Experience of New Sensorimotor Contingencies by Sensory Augmentation.
Conscious. Cogn. 2014, 28, 47–63. [CrossRef] [PubMed]

34. König, S.U.; Schumann, F.; Keyser, J.; Goeke, C.; Krause, C.; Wache, S.; Lytochkin, A.; Ebert, M.; Brunsch, V.; Wahn, B.; et al.
Learning New Sensorimotor Contingencies: Effects of Long-Term Use of Sensory Augmentation on the Brain and Conscious
Perception. PLoS ONE 2016, 11, e0166647. [CrossRef]

35. Kärcher, S.M.; Fenzlaff, S.; Hartmann, D.; Nagel, S.K.; König, P. Sensory Augmentation for the Blind. Front. Hum. Neurosci. 2012,
6, 37. [CrossRef] [PubMed]

36. Schumann, F. A Sensorimotor Account of Visual Attention in Natural Behaviour. Ph.D. Thesis, University of Osnabrück,
Osnabrück, Germany, 2012.

37. FeelSpace. GmbH The FeelSpace NaviGame. Available online: https://www.feelspace.de/2017angebot (accessed on 24
September 2021).

38. Bhowmick, A.; Hazarika, S.M. An Insight into Assistive Technology for the Visually Impaired and Blind People: State-of-the-Art
and Future Trends. J. Multimodal User Interfaces 2017, 11, 149–172. [CrossRef]

39. Durá-Gil, J.V.; Bazuelo-Ruiz, B.; Moro-Pérez, D.; Mollà-Domenech, F. Analysis of Different Vibration Patterns to Guide Blind
People. PeerJ 2017, 5, e3082. [CrossRef]

40. Inman, D.P.; Loge, K.; Cram, A. Teaching Orientation and Mobility Skills to Blind Children Using Computer Generated 3D
Sound Environments. In Proceedings of the 6th International Conference on Auditory Display (ICAD), Atlanta, GA, USA,
2–5 April 2000; Georgia Institute of Technology: Atlanta, GA, USA, 2000.

41. Cholewiak, R.W.; Brill, J.C.; Schwab, A. Vibrotactile Localization on the Abdomen: Effects of Place and Space. Percept. Psychophys.
2004, 66, 970–987. [CrossRef]

42. Pascual-Leone, A.; Amedi, A.; Fregni, F.; Merabet, L.B. The Plastic Human Brain Cortex. Annu. Rev. Neurosci. 2005, 28, 377–401.
[CrossRef]

http://doi.org/10.1016/j.neubiorev.2016.06.043
http://doi.org/10.1177/0145482X0309700803
http://doi.org/10.1177/0145482X1711100303
http://doi.org/10.1088/1741-2560/2/4/R02
http://www.ncbi.nlm.nih.gov/pubmed/16317228
http://doi.org/10.1016/j.concog.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/25038534
http://doi.org/10.1371/journal.pone.0166647
http://doi.org/10.3389/fnhum.2012.00037
http://www.ncbi.nlm.nih.gov/pubmed/22403535
https://www.feelspace.de/2017angebot
http://doi.org/10.1007/s12193-016-0235-6
http://doi.org/10.7717/peerj.3082
http://doi.org/10.3758/BF03194989
http://doi.org/10.1146/annurev.neuro.27.070203.144216

	Introduction 
	Materials and Methods 
	Participants 
	Technical Setup 
	Study Procedure 
	Study Design 
	Questionnaires 
	Behavioural Experiments 
	Straight-Line-Walking Task 
	Angular Rotation Task 
	Triangle Completion Task 

	Data Analysis 

	Results 
	Subjective Data 
	Situational Emotions 
	Sense of Security 
	Changes of Orientation 
	Time Spent in Familiar and Unfamiliar Surroundings 

	The Participants’ Experiences during the Training Period 
	Behavioural Results 
	Behavioural Results of the First Experiment Day 
	Straight-Line Walking Task 
	Angular Rotation Task Results 
	Triangle Completion Task Results 

	Comparison of First and Second Experiment Day 

	Discussion 
	Conclusions 
	References

