
LICENTIATE T H E S I S

Department of Computer Science, Electrical and Space Engineering
Division of EISLAB

The Development of a Virtual White 
Cane Using a Haptic Interface

Daniel Innala Ahlmark

ISSN 1402-1757
ISBN 978-91-7439-874-8 (print)
ISBN 978-91-7439-875-5 (pdf)

Luleå University of Technology 2014

D
aniel Innala A

hlm
ark   T

he D
evelopm

ent of a V
irtual W

hite C
ane U

sing a H
aptic Interface

ISSN: 1402-1757  ISBN 978-91-7439-XXX-X     Se i listan och fyll i siffror där kryssen är





The Development of a Virtual White
Cane Using a Haptic Interface

Daniel Innala Ahlmark

Dept. of Computer Science, Electrical and Space Engineering
Lule̊a University of Technology

Lule̊a, Sweden

Supervisors:
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Abstract

For millions of visually impaired individuals worldwide, independent navigation is a major
challenge. The white cane can be used to avoid obstacles close-by, but it does not aid
in navigation as it is difficult to get a large-scale view of the environment. Technological
aids have been developed, notably ones based on GPS, but they have not been widely
adopted. This thesis approaches the problem from different perspectives. Firstly, current
navigation aids are examined from a user-interaction perspective, leading to some design
guidelines on how to present spatial information non-visually. Secondly, a prototype
of a new navigation aid (the Virtual White Cane) is proposed, and a field trial with
visually impaired participants is described. The idea behind the Virtual White Cane is
to utilise the intuitive way humans avoid obstacles by touch, and specifically to leverage
the experience white cane users already have. This is accomplished by scanning the
environment with a laser rangefinder, and presenting the range information using a haptic
interface. The regular white cane is easy to use because it behaves like an extended arm,
and so does the Virtual White Cane, albeit working at a much greater distance than
the regular cane. A field trial with six experienced white cane users was conducted to
assess the feasibility of this kind of interaction. The participants carried out a trial
procedure where they traversed a prepared environment using the Virtual White Cane.
They did not receive extensive training prior to the trial, the point being that if the
Virtual White Cane behaves like a regular one, it should be quick to learn for a white
cane user. The results show that spatial information can be feasibly conveyed using a
haptic interface. This is demonstrated by the ease with which the field trial participants
familiarised themselves with the system, notably adopting a similar usage pattern. In
interviews that were conducted following the trial procedures, the participants expressed
interest in the idea and thought that being a white cane user helped them use the Virtual
White Cane. Despite knowing how to operate the system, the participants found locating
objects to be difficult. An extended training period would likely have made this easier,
but this problem could also be lessened by understanding what model parameters (such
as the length of the virtual cane) should be used.
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Individuals with a visual impairment generally have diminished independent navigation
skills. This can lead to fewer excursions, which in turn has a negative impact on the
quality of life. Assistive technology has expanded the abilities of visually impaired in-
dividuals, but navigation is an area where the white cane still functions as the primary
aid despite the fact that many new navigation aids have emerged, most notably GPS-
based solutions. The purpose of this article is to present some guidelines on how the
different available means of information presentation can be used when conveying spa-
tial information non-visually, primarily to visually impaired individuals. To accomplish
this, existing commercial and non-commercial navigation aids are examined from a user
interaction perspective. This, together with some background information on non-visual
spatial perception, lead to some design suggestions.
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In its current form, the white cane has been used by visually impaired people for al-
most a century. It is one of the most basic yet useful navigation aids, mainly because of
its simplicity and intuitive usage. For people who have a motion impairment in addition
to a visual one, requiring a wheelchair or a walker, the white cane is impractical, leading
to human assistance being a necessity. This paper presents the prototype of a virtual
white cane using a laser rangefinder to scan the environment and a haptic interface to
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present this information to the user. Using the virtual white cane, the user is able to
”poke” at obstacles several meters ahead and without physical contact with the obstacle.
By using a haptic interface, the interaction is very similar to how a regular white cane
is used. This paper also presents the results from an initial field trial conducted with six
people with a visual impairment.

Paper C – A Haptic Obstacle Avoidance System for Persons with
a Visual Impairment: an Initial Field Trial

Daniel Innala Ahlmark, Maria Prellwitz, Jenny Röding, Lars Nyberg and Kalevi Hyyppä

To be submitted.

Introduction: Independent navigation is a challenge for individuals with a visual im-
pairment. This limits daily activities and has a negative impact on the quality of life.
This article presents an early field trial of the prototype Virtual White Cane, a solution
employing haptic feedback to mimic the familiar interaction of a white cane, but working
at greater distances. The aim is to describe conceptions of the Virtual White Cane’s
feasibility.
Methods: Six visually impaired white cane users participated in the study. The partici-
pants were tasked with traversing a predetermined route in a corridor environment using
the Virtual White Cane. To see whether white cane experience translated to using the
Virtual White Cane, the participants received no prior training. The procedures were
video-recorded, and the participants were interviewed about their conceptions of using
the system. The interviews were analyzed using content analysis, where inductively gen-
erated codes that emerged from the data were clustered together and formulated into
categories.
Results: The participants quickly figured out how to use the system, and soon adopted
their own usage pattern. Despite this, locating objects was very difficult. The interviews
highlighted the desire to be able to feel at a distance, with several scenarios presented
to illustrate current problems. The participants noted that their previous white cane
experience helped, but that it nevertheless would take a lot of practice to master using
this system. The potential for the device to increase security in unfamiliar environments
was mentioned. Practical problems with the prototype were also discussed, notably the
lack of auditory feedback.
Discussion: The ease with which the participants familiarized themselves with the sys-
tem shows an intuitive learning process. The participants saw potential in the system,
but had difficulties judging the position of obstacles.
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Chapter 1

Introduction

“The only thing worse than being blind is having
sight but no vision.”

Helen Keller

1.1 Background

Vision is a primary sense in many tasks, thus it comes as no surprise that losing it has a
large impact on an individual’s life. The World Health Organization (WHO) maintains a
so-called fact sheet containing estimates on the number of visually impaired individuals
and the nature of impairments. The October 2013 fact sheet [1] estimates the total
number of people with any kind of visual impairment to 285 million, and that figure is
not likely to decrease as the world population gets older. Fortunately, WHO notes that
visual impairments as a result of infectious diseases are decreasing, and that as many as
80% of cases could be cured or avoided.

Thankfully, assistive technology has and is playing an important role in making sure
that visually impaired people are able to take part in society and live more indepen-
dently. Louis Braille brought reading to the visually impaired community, and a couple
of hundred years later people are using his system, together with synthetic speech and
screen magnification, to read web pages and write licentiate theses. Devices that talk or
make other sounds are abundant today, ranging from bank ATMs to thermometers, egg
timers and liquid level indicators for cups. Despite all of these successful innovations,
there is still no satisfactory solution aiding in navigation. Such a solution would help
visually impaired people move about independently, which should improve the quality
of life. A technological solution could either replace or complement the age-old solution:
the white cane.

It has likely been known a long time that poking at objects with a stick is a good idea.
The white cane, as it is known today, got its current appearance about hundred years
ago, although canes of various forms have presumably been used for centuries. Visually
impaired individuals rely extensively on touch, and a cane is a natural extension of the
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4 Introduction

arm. It is easy to learn, easy to use, and if it breaks you immediately know it. These
characteristics have made sure that the cane has stood the test of time. Despite it being
close to perfect at what it does, notifying the user of close-by obstacles, the white cane is
also very limited. Because of its short range, it does not aid significantly in navigation.

Technological solutions for non-sighted navigation have been developed and produced,
but have not been widely adopted. The aim of the ongoing work is to develop a navigation
aid that adheres to the simplicity and intuitiveness of the white cane. The prototype
system described in this thesis is referred to as the Virtual White Cane (VWC), and uses
haptics to mimic the interaction of a white cane, but at a greater distance. The focus
thus far has been on obstacle avoidance by haptics; the other primary sense, hearing, has
not been utilised as of yet.

The main contributions of this thesis are in the field of user interaction, more specif-
ically on the problem of how to convey spatial information non-visually, primarily to
visually impaired individuals. Some guidelines for this are established in paper A, while
papers B and C describe the Virtual White Cane and a conducted field trial, respectively.

1.1.1 Navigation

Navigating independently in unfamiliar environments is a challenge for visually impaired
individuals. The inability to go to new places independently decreases participation in
society and has a negative impact on the personal quality of life. The degree to which
this affects a certain individual is a very personal matter though. Some are adventurous
and quite successful in overcoming most challenges, while others might not even wish to
try. The point is that people who are visually impaired are at a disadvantage to begin
with.

The emphasis on unfamiliar environments is intentional, as it is possible to learn how
to negotiate well-known environments with confidence and security. Even so, the world
is a dynamic place, and some day the familiar environment might have changed in such
a way as to make it unfamiliar. As an example, this happens in areas that have a lot of
snow during the winters.

Navigation is difficult without sight as the bulk of cues necessary for the task are
visual in nature. This is especially true outdoors, where useful landmarks include specific
buildings and street signs. Inside buildings there are a lot of landmarks that are available
without sight, such as the structure of the building (walls, corridors, floors), changes in
floor material and environmental sounds. Even so, if the building is unfamiliar, any signs
and maps that may be found inside are usually not accessible without sight.

There are two parts to the navigation problem: firstly, the current position needs
to be known; secondly, the way to go. There are various ways to identify the current
position, but we can think of them as fingerprinting. A location is identified by some
unique feature, such as a specific building nearby. Without sight, it is usually difficult
to tell a building from any other. The next problem, knowing where to go, can then
be described as knowing how to move through a series of locations to reach the final
location. This requires relating locations to one another in space. Vision is excellent at
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doing this because of its long range. It is often possible to stand at a certain location and
glance back to see where the previous location was. This is not possible without sight,
at least not directly. The range of touch is too limited, while sound, although having a
much greater range, does not often provide unique enough fingerprints of locations. The
solution to this problem is to use one’s own movements to relate locations to one another
in space. Unfortunately, human beings are not very good at determining their position
solely based on their own movements [2]. Without vision to correct for this inaccuracy,
visually impaired individuals must instead have many identifiable locations close to each
other. Consider the task of getting from a certain building to another (visible) building.
With sight there is usually no need to use any intermittent steps between those. On the
contrary, the same route without sight will likely consist of multiple landmarks (typically
intersections and turns) that are related by straight lines. Additionally, a means to avoid
obstacles along the way is necessary.

The problem of obstacle avoidance is closely related to the navigation problem. Vision
solves both by being able to look at distant landmarks as well as close-by obstacles. The
white cane, on the other hand, is an obstacle avoidance device working at close proximity
to the user. An obstacle avoidance device which possesses a great reach could address
this issue, as well as aid in navigation. The Virtual White Cane presented in this thesis
provides an extended reach, limited only by the specifications of the range sensor.

1.2 A Note on Terminology

The primary purpose of this section is to define the terms used to describe visual impair-
ments. There are, unfortunately, many similar terms used to describe various degrees of
visual impairment. Also, these terms sometimes change for various reasons. For instance,
the term handicapped is obsolete today; unless of course it is referring to the leveling of
a sports game.

Nowadays, the proper term to use is visual impairment (or vision impairment). An
impairment is referring to the problem (in this case loss of vision) whereas the term
disability refers to a functional disadvantage caused by an impairment. There are differing
(and sometimes strong) opinions on whether one should use “visually impaired person”
or “person with a visual impairment”. Throughout this text, both variants are used,
with no intended difference in meaning.

There are also many ways to refer to degrees of impairment. For this thesis, the
important distinction to make is whether an individual has enough vision to significantly
aid in navigation tasks. If not stated otherwise, the terms blind and visually impaired
are both used to refer to a degree of impairment where the remaining vision does not
help in avoiding obstacles and navigating.



6 Introduction



Chapter 2

Related Work

2.1 Non-Visual Spatial Perception

To better understand what constitutes good interaction design of navigation aids, one
should look at how space is perceived and understood. For this text, the interest lies in
how this is accomplished by non-visual means. Section 2 of Paper A elaborates on this
topic, but there are some points that are useful to be aware of when reading this thesis,
hence a summary is provided below.

The question of how space is perceived and understood by non-visual means has been
of interest to scientists and philosophers alike. The article A Review of Haptic Spatial
Abilities in the Blind by Morash et al. [3] focuses on haptic perception, but also contains
a broader introduction. The views on blind peoples’ spatial ability have ranged from the
idea that space is inherently a visual phenomenon incomprehensible without vision, to
the more positive attitude that space can be understood equally well with other senses.
Today, the idea that blind people cannot comprehend space is unreasonable, although
the exact nature of non-visual spatial perception is still an open question. The sense of
touch can provide details, while hearing provides a rough large-scale view and a sense
of location. These two senses combine to replicate the functionality lost by the lack of
vision, but exactly how this works is not a trivial question.

The articles presented in section 2 of paper A conclude that the spatial ability of non-
sighted individuals are on par with that of the sighted. Regardless, it is important to
remember that the way in which sighted and non-sighted individuals acquire and utilise
spatial knowledge is different. Vision has a long range and a wide field of view, which
provides the ability to have a mental “top-down” sructure, whereas a haptic explorer must
build this structure “bottom up”, by identifying objects and the relationships between
them. Sight provides rapid assessment of nearby objects, which often is enough to traverse
the environment. In contrast, touch does not provide this ability. Even though these
methods are different, one should not necessarily be labelled as inferior to the other.
Indeed, an experiment in which the means of gathering spatial data were neutral (based
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8 Related Work

on descriptions), blindness was not a factor that hampered the spatial understanding in
itself. While the average performance for the blind participants were lower than that of
the sighted, those blind individuals who were more independent scored equally well as
the sighted group. This stresses the importance that blind individuals get motivated to
be more independent and get the mobility training they need.

2.2 Navigation Aids

There are many technological navigation aids available today, and more are forthcoming.
The three papers included in this thesis elaborate on some specific products. These can
be broadly classified into two groups: devices that use positioning (typically GPS) such as
the Trekker Breeze [4] and devices that sense the environment such as the UltraCane [5].
Furthermore, they either use auditory (speech or non-speech) cues, or haptics (typically
in the form of vibration feedback). As for the devices themselves, they range from
very small solutions that accomplish very specific things, for example alerting the user
of obstacles at head-height [6], to more elaborate constructions in the form of haptic
vests [7]. There are also navigation apps for smartphones that are accessible, or even
specifically tailored to visually impaired users such as Ariadne GPS [8]. These apps use
synthetic speech to provide route guidance, and often offers features that are useful to
visually impaired users specifically. Examples of such features include a “Where am I?”
function that describes the current location in terms of nearby points of interest, and a
retrace feature that lets users retrace their steps if they have gone off route.

Despite the availability of these solutions, the adoption of this kind of technology has
been weak. The reasons for this could be many, and there appears to be no scientific
investigations into this specific issue. Paper A expands on this, with arguments from a
user-interaction standpoint. There is no trivial sensory translation from the wide-reaching
and highly spatial visual domain, and it is thus not clear how such information best be
conveyed. With vision you can look at a scene and quickly get the knowledge you need to
navigate it. Imagine trying to describe this scene to someone who are to walk through it.
If you know which way they are going to take and if the scene is simple, a few direction
instructions might suffice, but if the scene is complex and you want to let the walking
person decide where to go, you would have to describe the scene in much more detail.
This would be time-consuming, and you would be uncertain if your description would
be properly understood. There is another practical issue with speech and other sounds,
namely how to get the information to the user. Headphones are the typical solution, but
they tend to affect that environmental sounds to varying degrees; environmental sounds
are useful, and should not be blocked or distorted.

Another option is to use the sense of touch. Haptics in the form of vibration signals
have been utilised extensively before, and is an effective way to convey simple alerts.
Tactile maps have also been successfully used to train visually impaired individuals [9].
Recently though, more advanced haptic hardware in the form of haptic interfaces (also
known as haptic displays) have become available. The term display is an apt description,
as these interfaces display a scene through touch, just as a screen displays a scene through
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vision. The Virtual White Cane uses such an interface to enable users to feel around in
their environment at a distance of several metres.
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Chapter 3

The Virtual White Cane

This section describes the Virtual White Cane prototype that uses haptic feedback,
and employs a laser rangefinder to scan the environment. Haptic feedback was chosen
because the resulting interaction resembles the way a white cane is used. This is good as
it should minimise needed training and increase the feeling of security. A laser rangefinder
was chosen because of its excellent range accuracy and wide field of view.

3.1 Hardware

The system comprises three main components: a laptop, a Novint Falcon haptic inter-
face [10], and a SICK LMS111 laser rangefinder [11]. The laptop gathers range informa-
tion from the rangefinder and builds a three-dimensional model which is then transmitted
to the haptic interface for display, as well as displayed graphically on the computer screen.
Figure 3.2 shows the transformation from scanned data to model.

The Novint Falcon (depicted in figure 3.1) is a haptic interface geared towards the
gaming audience. As such, it is an evolution from force-feedback joysticks that can
vibrate to signal certain events in a game. A haptic interface, on the other hand, can
simulate touching objects. This is accomplished by the user moving the handle (hereafter
referred as the grip) of the device around in a limited volume known as the workspace
(in the case of the Falcon this is about 1 dm3). The haptic interface contains electric
motors which work to counteract the user’s movements, and can thus simulate the feeling
of bumping into a wall at a certain position in the workspace volume. The reason for
using a haptic interface is that it can provide an interaction that is very similar to that
of the white cane. The Novint Falcon was chosen specifically as it had sufficiently good
specifications for the prototype, and was easily available at a low cost.

The SICK LMS111 is a laser rangefinder manufactured for industrial use. Using time-
of-flight technology (measuring flight times of reflected pulses) it is able to determine an
object’s position at a range of up to 20 metres and with an error of a few centimetres.
The unit uses a rotating mirror to obtain a field of view of 270◦. Unfortunately, this field
of view is limited to a single plane (in our case chosen to be parallel to the floor), and

11



12 The Virtual White Cane

Figure 3.1: The Novint Falcon haptic display.

is thus not a fully three-dimensional scan. This has not been an issue for the current
prototype, as in a controlled indoor environment there is no need to be able to feel at
different heights to navigate as walls are vertical.

3.2 Software

There are many software libraries for haptics available. Our primary requirement was
that it must be able to handle a rapidly changing dynamic model, which is not the case for
all available libraries. We ended up choosing H3D API, developed by SenseGraphics [12],
as it came with a lot of functionality we needed out of the box. H3D is also open-source,
and can easily be extended with Python scripts or C++ libraries.

The biggest challenge related to haptics was to overcome a phenomenon known as
haptic fall-through. Haptic interfaces such as the Falcon act as both input and output
devices at the same time. While the device has to at all times figure out, based on grip
position, what kind of force to apply, the motions and forces the user exerts on the grip
can be used to affect the displayed objects. At any instant in time, a situation may
arise where the user pushes the grip, and the system determines that the grip is now
behind the surface that was being felt, thus not sending any force to the grip. To work
around this issue, haptic rendering settings were carefully chosen, as explained in the
next section.

3.2.1 Haptic Rendering

Rendering is the process of going from a model of what is to be displayed, to the actual
output. In the case of visual displays, the job of the rendering algorithm is to decide



3.2. Software 13

(a) (b)

(c)

Figure 3.2: A simple environment (a) is scanned to produce data, plotted in (b). These data
are used to produce the model depicted in (c).

which pixels to turn on. There are multiple ways of doing this, as is the case for haptics.
Broadly, haptic rendering approaches can be classified as either volume or surface meth-
ods. Volume rendering is used for volumetric source data such as medical scans, whereas
surface methods are used to render surface models. For the Virtual White Cane, the
surfaces of obstacles and walls are the important aspects, thus we chose a surface-based
method.

At any given time, the haptic rendering algorithm has to decide which force vector, if
any, to send to the haptic interface. The most straightforward solution to this problem is
often referred to as the god-object renderer. Consider an infinitely small object (the god-
object) that is present in a virtual scene, and let the position of this object be the same
as that of the haptic grip. Now, as the haptic grip is moved, the software gets notified
about this movement, and can update the position of the god-object accordingly. This
happens continually, until the god-object hits a surface. If the haptic grip is moved
into the surface, the god-object stays on the surface, and the position difference between
it and the grip is calculated. The resulting distance is used in a formula analogous to
Hooke’s law for springs to calculate a force. This force is applied in order to return the
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grip’s position to that of the god-object.
The god-object renderer described above is efficient and easy to implement, but suffers

from some problems. If the model being touched has tiny holes in it, the god-object, being
a single point, would fall through the surface. Even if there are no holes in the model, the
problem of haptic fall-through is not uncommon. To address this, one can extend the god-
object idea to an actual object, having physical dimensions. The Ruspini renderer [13]
is such an approach, where the object is a sphere of variable size. The Ruspini renderer
solves most of the fall-through problems, but is not as easy to implement nor as processor-
efficient as the god-object renderer.

For a more in-depth explanation of haptic rendering, see the article Haptic Rendering:
Introductory Concepts by Salisbury et al. [14].

3.3 Field Trial

When the prototype was working satisfactorily, we wanted to get feedback from potential
users on the feasibility of this kind of interaction, as well as input for future development
of the system. To get this feedback, we performed a field trial which is fully described
in paper C. This field trial was different from typical ones in that we wanted to get
immediate feedback from people who had never used the system before. The hypothesis
was that white cane users should be able to figure out this system easily, and the best
way to test this hypothesis was to have white cane users try the system. We had six
white cane users use the Virtual White Cane to navigate a predetermined route, and
interviewed them about their conceptions afterwards. The trial procedures were also
video-recorded for later observation.

Based on how quickly the six participants familiarised themselves with the system,
we concluded that spatial information can feasibly be conveyed using a haptic interface.
The participants had no difficulties understanding how the system worked, and expressed
no worries about trying it out. Later, during the interviews, they confirmed that they
thought their regular white cane experience helped them use the Virtual White Cane.
Despite this ease of use, actual range perception was very difficult. The participants
had trouble gauging the position of objects they felt, which led to difficulties negotiating
doorways and keeping straight in corridors. There are many possible reasons for this, but
it is important to remember that the participants did not receive any training in using
the system. The mental translation from the small model to the physical surroundings
needs practice, but it may be possible to ease this learning process by figuring out optimal
model settings.



Chapter 4

Conclusions

It should no longer be questionable that visually impaired individuals have a working
spatial model. The fact that there are studies showing that vision loss per se is not a
necessary condition for impaired spatial perception highlights the importance of mobility
training. Even though spatial understanding may not be a problem, navigating without
vision is definitely not an easy task, leading to greater dependence on others.

Assistive technology can play an important role in this, as it is possible to use sensors
to gather the information that the impaired vision does not. The main issue then is how
this information should be presented. This is a problem as there is no trivial sensory
translation from vision, but sounds and touch have distinct advantages that can be
combined. There are already many navigation aids available, but the adoption by the
visually impaired community has not been great. The reasons for this are not clear,
although there are likely many factors that contribute, including socio-economical and
cultural ones. Focusing on technology, practical problems come in the form of providing
a solution that is easy to use and carry around, and has sufficiently good battery life.
This is getting easier as sensors and processors are getting smaller and more energy
efficient, but the problem of how to best present spatial information non-visually does
not automatically go away.

The Virtual White Cane prototype presented in papers B and C was created as a
solution that mimics the intuitive interaction of the white cane. Haptics (except vibration
feedback) has not been widely utilised, partly because haptics hardware has not been
easily available. The field trial with six potential users confirmed that this system would
be easy to use for someone who is a white cane user. This fact was both observed during
the trials and established in the interviews that followed. The participants stated they
understood how the system worked and that their white cane experience helped. Their
positive attitude towards the idea also strengthens the belief that an intuitive interaction
makes users feel more secure. Despite the positive attitude and the apparent ease with
which the participants used the system, they found it very difficult to locate obstacles.
This meant the participants needed frequent assistance during the trial, which was not
a problem as no quantitative data were gathered.
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16 Conclusions

There are many potential reasons why the participants found it difficult to locate
obstacles. It is important in this regard to remember that none of the participants
received any prior training. The ability to move one hand a few centimetres and feel
an object several metres away is not a common experience, meaning some training is
needed. This process would likely be helped by figuring out what users perceive to be
optimal model settings.

To improve the state of navigation aids, there are many aspects that need to be studied
further, across many different fields of research. More groundwork on non-visual spatial
perception is needed to allow for better interaction design decisions. Technology then has
to figure out how to implement these design ideas in a practical way. Implementations
need to be evaluated by users, which is especially important when most researchers are
not potential users themselves. Finally, there are social, economical and cultural issues
that need to be addressed so that users would want to use the system, and are given the
possibility to do so.
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Presentation of Spatial Information in Navigation

Aids for the Visually Impaired

Daniel Innala Ahlmark and Kalevi Hyyppä

Abstract

Individuals with a visual impairment generally have diminished independent navigation
skills. This can lead to fewer excursions, which in turn has a negative impact on the
quality of life. Assistive technology has expanded the abilities of visually impaired in-
dividuals, but navigation is an area where the white cane still functions as the primary
aid despite the fact that many new navigation aids have emerged, most notably GPS-
based solutions. The purpose of this article is to present some guidelines on how the
different available means of information presentation can be used when conveying spa-
tial information non-visually, primarily to visually impaired individuals. To accomplish
this, existing commercial and non-commercial navigation aids are examined from a user
interaction perspective. This, together with some background information on non-visual
spatial perception, lead to some design suggestions.

1 Introduction

Assistive technology has made it possible for people with a visual impairment to navi-
gate the web, but negotiating unfamiliar physical environments independently is often a
major challenge. Much of the information that provides a sense of location (e.g. signs,
maps, buildings and other landmarks) are visual in nature, and thus are not available
to many visually impaired individuals. Often, a white cane is used to avoid obstacles,
and to aid in finding and following the kinds of landmarks that are useful to the visually
impaired. Examples of these include kerbs, lampposts, walls, and changes in ground
material. Additionally, environmental sounds provide a sense of context, and the taps
from the cane can be useful as the short sound pulses emitted enable limited acoustic
echolocation. The cane is easy to use and trust due to its simplicity, but it is only able
to convey information about obstacles at close proximity. This restricted reach does not
significantly aid navigation, as that task is more dependent on knowledge about things
farther away, such as doors in a hallway or buildings and roads.

Many technological navigation aids—also known as electronic travel aids (ETAs)—
have been developed and produced, but they have not been widely adopted by the visually
impaired community. In order for a product to succeed, the benefit it provides must
outweigh the effort and risks involved in using it. The latter factor is of critical importance
in a system whose job it is to guide the user reliably through a world filled with potentially
dangerous hazards.
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A major challenge faced when designing a navigation aid is how to present spatial
information by non-visual means. Positioning systems and range sensors can provide
the needed information, but care must be taken in presenting it to the user. Firstly,
there is no easy sensory translation from the highly-spatial visual sense, and secondly,
the interaction should be as intuitive as possible. This not only minimises training times
and risks, but also increases comfort and security.

The purpose of this article is to review the literature on navigation aids, focusing on
the issues of user interaction. The goal is to further the understanding of the qualities
navigation aids should possess, and possibly shed light on the reasons for the weak adop-
tion of past and present solutions. To accomplish this, several solutions are presented
and discussed based on the interaction modes. There are many solutions not mentioned
herein; solutions that employ similar means of interaction to the ones presented were ex-
cluded. To aid in the discussion, some background information on how space is perceived
non-visually is also presented. The focus for this article is on the technological aspects,
but for technology adoption the socio-economical and cultural aspects are equally im-
portant. While the visually impaired are the main target users, non-visual navigation
and obstacle avoidance solutions can be of use to sighted individuals, for instance to
firefighters operating in smoke-filled buildings.

Section 2 contains some background information on non-visual spatial perception.
This, together with section 3 which examines some commercial and prototype navigation
aids serve as background to the discussion in section 4. Lastly, section 5 concludes the
paper with some guidelines on how different modes of interaction should be utilised.

2 Non-visual Spatial Perception

The interaction design of a navigation aid should be based on how individuals with
a visual impairment perceive and understand the space around them. A reasonable
question to ask is whether spatial ability is diminished in people with severe vision loss.
It is not illogical to assume that the lack of eyesight would have a negative impact on
spatial ability, as neither sounds nor touch can mimic the reach and accuracy of vision. It
is therefore noteworthy that a recent review by Morash et al. [1] on this subject concluded
that, on the contrary, the spatial ability of visually impaired individuals is not inferior to
that of sighted persons, although it works differently. Another recent study by Schmidt
et al. [2], concluded that the mental imagery created from spatial descriptions can convey
an equally well-working spatial model for visually impaired individuals. A particularly
interesting insight this study provides is that while many blind participants performed
worse at the task, those whose performance were equal to that of sighted persons were
more independent, and were thus more used to encountering spatial challenges. This
suggests that sight loss per se does not hamper spatial ability; that in fact this ability
can be trained to the level of sighted individuals.

Even though spatial understanding does not seem to pose a problem, a fundamental
issue is how to effectively convey such understanding using other senses than sight. The
review by Morash et al. [1] concentrates on haptic (touch) spatial perception, presenting
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several historical arguments on the inferiority of this modality. It has been argued that
a prominent problem with haptic spatial perception is the fact that it is an inherently
sequential process. When exploring a room by touch, one has to focus on each object in
turn. The conclusion was that touch cannot accurately convey the spatial relationships
among objects, compared to vision where a single glance encompasses a larger scene with
multiple objects. The problems with this argument, as noted in the review, are evident
if considering the vastly different “fields of view” provided by touch and vision. When
a braille letter (composed of multiple raised dots) is read, it is not a sequential process.
There is no need to consciously feel each dot and then elaborately map out the relative
positions of those in the mind. Touch is only sequential when considering objects that are
too large for its “field of view”, just as vision is sequential when the scene is too large for
a single glance to contain. In fact, at the higher level of unconscious sensory processing,
vision has been shown to be sequential even for a single scene. When looking at a scene,
the eyes focus on each object in turn, albeit very rapidly and unconsciously [3]. With
vision, the scene is constructed in a “top down” manner, whereas a haptic explorer must
build the scene “bottom up” by relating each object to others as they are discovered. It
is possible that sounds help in doing this, as the soundscape changes from point to point
in a given location.

Besides touch, spatial audio is used extensively by visually impaired individuals. The
sounds from the environment help with getting the big picture, and can also aid in
localisation [4]. Even smells that are specific to a particular place can add a small piece
to the spatial puzzle. Audio is perhaps the closest substitute to vision in that it provides
both an understanding of what is making the sound, and where it is emanating from.
Unfortunately, the localisation aspect is not that accurate, and a navigation system
employing spatial sounds to represent obstacles has to overcome the challenge of user
fatigue. Multiple sound sources making noise all the time can be both distracting and
tiring. Also, the real environmental sounds should not be blocked out or distorted [5].

The way visually impaired people perceive and understand the space around them
should be taken into account when designing navigation aids. The next section describes
some commercial and non-commercial navigation aids that utilise haptics and/or audio.

3 Navigation Aids

Electronic travel aids come in numerous shapes and sizes ranging from small wearable
and hand-held devices designed to accomplish a very specific thing, to complex multi-
sensor and multi-interface devices. For the purpose of this article, the devices presented
below are grouped based on how they communicate with the user. An important dis-
tinction to keep in mind is that some devices use positioning (such as GPS) while others
are obstacle avoidance devices sensing the environment. These two kinds of devices com-
plement each other perfectly, as obstacle avoidance devices do not give directions, and
positioning devices (typically based on GPS) rely on stored map data that can provide
travel directions, but need to be kept up to date. Further, the GPS system does not work
indoors.
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3.1 Haptic Feedback

Haptics, being the primary way to explore ones surroundings non-visually, has been dif-
ficult to incorporate into navigation aids. The typical manifestation of haptics is in
the form of vibration feedback, which is primarily used to convey simple alerts. Exam-
ples of navigation aids utilising this kind of feedback include the UltraCane [6] and the
Miniguide [7]. These two devices work on the same principle, but the UltraCane is an
extension of a regular white cane, whereas the Miniguide is a complementary unit. Both
employ ultrasound to measure the distance to obstacles, and both present this informa-
tion through vibrating in bursts. The time between these bursts increases as the distance
to the measured obstacle increases. This kind of feedback has also been used for route
guidance. Ertan et al. [8] used a grid of 4-by-4 vibration motors embedded in a vest to
signal directions. This was accomplished by turning the motors on and off in specific
patterns to signal a given direction.

Vibration feedback is limited when it comes to presenting more detailed information.
Another option for haptic feedback is to use a haptic interface. These interfaces, also
known as haptic displays, have been used primarily for surgical simulations, but are
more and more used for virtual reality applications and gaming. At Lule̊a University
of Technology, we built a prototype navigation aid called the Virtual White Cane [9]
which used a haptic interface primarily intended for gaming applications. The system,
which due to its bulky nature was mounted on a wheelchair, used a laser rangefinder to
obtain range data in a horizontal plane in front of and slightly to the sides of the user. A
three-dimensional model was constructed from these data, and the haptic interface was
used to explore this model by touch. An early field trial of this system was performed,
where potential users were tasked with navigating a specific corridor environment. Based
on observations and interviews, we concluded that, despite practical issues, this kind of
interaction resembling a white cane was indeed feasible and easy to learn.

3.2 Auditory Feedback

The most widely used method of conveying complex information non-visually is through
audio. Of these, devices based on GPS are the most common ones. Most GPS apps and
devices designed for sighted users present information by displaying a map on a screen,
and can provide eyes-free access by announcing turn-by-turn directions with synthetic
or recorded phrases of speech. Devices specifically tailored to the visually impaired usu-
ally rely solely on speech synthesis as output, and buttons and/or speech recognition as
input. Efforts have been made to improve the usefulness of this mode of interaction.
For example, the Trekker Breeze [10] offers a “Where am I?” function that describes the
current position based on close-by landmarks. Additionally, a retrace feature is provided,
allowing someone who has gone astray to retrace their steps back to the intended route.
These days much of this functionality can be provided through apps, as evidenced by
Ariadne GPS for the iPhone [11] and Loadstone GPS for S60 Nokia handsets [12]. An
alternative to speech for route guidance can be found in the System for Wearable Navi-
gation (SWAN) [13]. The SWAN system uses stereo headphones equipped with a device
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that keeps track of the orientation of the head. Based on the relation between the next
waypoint and the direction the user is facing, virtual auditory “beacons” are positioned
in stereo space.

For obstacle avoidance, Jameson and Manduchi [14] developed a wearable device that
alerts the user of obstacles at head-height. An acoustic warning signal is emitted when
an obstacle is sensed (by ultrasound) to be inside a predetermined range. While simple
auditory cues are often used, together or alternatively with vibration feedback. There
are exceptions, such as The vOICe for Android [15], which converts images it continually
captures from the camera into short snippets of sound.

4 Discussion

Some of the solutions mentioned in the previous section are commercially available, the
least expensive being the smartphone apps (provided the user already has a smartphone).
Despite this, the adoption of this kind of assistive technology has not been great. Com-
pare this to the smartphones themselves, that are used by many non-sighted individuals.
Even touch-screen devices can be and are used by the blind, thanks to screen reader
software.

The reason for the weak adoption of navigation aids appears not to have been sci-
entifically investigated. More generally, there seems to be a lack of scientifically sound
studies on the impact of assistive technology for the visually impaired. In a 2011 synthe-
sis article by Kelly and Smith [16] on the impact of assistive technology in education, 256
studies were examined, but only a few articles were deemed to follow proper evidence-
based research practices. Going even further in the generalisation, one can find a lot
written about technology acceptance in a general sense. Models such as the Technology
Acceptance Model (TAM) [17] are well-established, but it is not clear how these apply
to persons with disabilities.

Despite the lack of studies on adoption in this specific case, some things can be said
based on how individuals with a visual impairment perceive space, and the solutions they
presently employ. It should no longer be questionable that non-sighted people have a
working world model. It is, however, important to note that this model is constructed
differently than that of a sighted individual. It is important to keep this in mind when
planning user interaction. For example, consider the “where am I?” function mentioned
in the previous section. This function can be more or less useful depending on how the
surrounding points of interest are presented. A non-sighted individual would be more
likely to benefit from a presentation that reads like a step-by-step trip, as this favours
the “bottom up” way of learning about ones surroundings.

Some things can be learnt by comparing the technological solutions to a sighted human
being who knows a specific route. This person is able to give the same instructions
as a GPS device, but can adapt the verbosity of these instructions based on current
needs and preferences. Additionally, this person can actively see what is going on in
the environment, and can assist if, for example, the planned route is blocked or if some
unexpected obstacle has to be negotiated. All of this is possible with vision alone, but
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is difficult to replicate with the other senses. Ideally, a navigation aid should have the
ability to adapt its instructions in the same way a human guide can.

Most of the available solutions use speech output. This interaction works well on a
high level, providing general directions and address information. There are, however,
fundamental limitations that speech interfaces possess. Interpreting speech is a slow
process that requires much mental effort [18], and accurately describing an environment
in detail is difficult to do with a sensible amount of speech [19]. Non-speech auditory
cues have the advantage that they can convey complex information much faster, but they
still require much mental effort to process in addition to more training. Headphones are
typically used to receive this kind of feedback, but they generate their own problems
as they (at least partially) block out sounds from the environment that are useful to a
visually impaired person. Strothotte et al. [5] noted that many potential users of their
system (MoBIC) expressed worries about using headphones for precisely this reason.
Complex auditory representations such as used in The vOICe for Android [15] require
much training and long-time use is questionable.

Haptic feedback is a promising option as humans have evolved to instinctively know
how to avoid obstacles by touch. While the typical vibration feedback widely employed
today does not easily convey complex information, it works well in conveying alerts of
various kinds. Tactile displays of various kinds are being developed [20, 21] that could
be very useful for navigation purposes. For instance, nearby walls could be displayed in
real-time on a tactile display. This would be very similar to looking at a close-up map on
a smartphone or GPS device. The usefulness of tactile maps on paper has been studied,
with mostly positive outcomes [22]. Even so, the efficiency of real-time tactile maps is
not guaranteed.

Interaction issues aside, there are many practical problems that need to be solved
to minimize the effort involved in using the technology. In these regards, much can be
learnt from the white cane. The cane is very natural to use; it behaves like an extended
arm. It is easy to know the benefits and limitations of the cane, and it is obvious if
the cane suddenly stops working, i.e. it breaks. This can be compared to a navigation
aid, where although it might provide more information than the cane, it requires more
training to use efficiently. Additionally, there is an issue of security. It is not easy to
tell if the information given by the system is accurate or even true. Devices that aim to
replace the white cane face a much tougher challenge than those wishing to complement
the cane.

When conducting scientific evaluations, care should be taken when drawing conclu-
sions based on sighted (usually blindfolded) individuals’ experiences. While such studies
are certainly useful, one should be careful when applying these to non-sighted persons.
For example, studies have shown that visually impaired individuals perform better at
exploring objects by touch [23] and are better at using spatial audio [24]. As a result,
one should expect conclusions based on sighted participants’ performances to be worse
than that of visually impaired persons. Care must also be taken when comparing the
experience provided by a certain navigation aid to that of a sighted person’s unaided
experience. This comparison is of limited value as it rests on the assumption that one
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should try to mimic the experience of sight, rather than what is provided by sight. This
assumption is valid if the user in question has the experience of sighted navigation to
draw upon, but does not hold for people who have been blind since birth. The benefits
and issues of navigation aids need to be understood from a non-visual perspective. One
should not try to impose a visual world model on someone who already has a perfectly
working, albeit different, spatial model.

5 Conclusions

The purpose of this article was to look into the means present solutions employ to present
spatial information non-visually. The goal was to suggest some design guidelines based
on the present solutions and on how non-visual spatial perception works. A secondary
goal was to shed light on the reasons for the weak adoption of navigation aids.

While technology adoption has been studied in general, there is a research gap to be
filled when it comes to navigation aids for the visually impaired. Though the previous
discussion mentioned several issues regarding information presentation, it is not clear if
or how these contribute to the weak adoption. Further, there are a multitude of non-
technological aspects that affect adoption as well. Looking back only a couple of decades,
a central technological issue was how to make a system employing sensors practically
feasible. Components were bulky and needed to be powered by large batteries. Today,
this is less of an issue, as sensors are getting so small they can be woven into clothes.
Even though spatial information can now easily be collected and processed in real-time,
the problem of how to convey this information non-visually remains. Many solutions have
been tried, with mixed results, but there is no clear guidelines on how this interaction
should be done. There are guidelines on how different kinds of information should be
displayed in a graphical user interface on a computer screen. Similarly, there should
be guidelines on how to convey different types of spatial information non-visually. The
primary means of doing this are through audio and touch. Audio technology is quite
mature today, whereas solutions based on haptics still have a lot of room for improvement.
As audio and touch both have their unique advantages, it is likely they both will play an
important role in future navigation aids, but it is not clear yet what kind of feedback is
best suited to one modality or the other. A further issue for investigation is how to code
the information such that it is easily understood and efficient to use.

Design choices should stem from an understanding of how visually impaired individ-
uals perceive and understand the space around them. From a visual point of view, it
is easy to make assumptions that are invalid from the perspective of non-visual spatial
understanding. It is encouraging to see studies conclude that lack of vision per se does
not affect spatial ability negatively. This stresses the importance of training visually
impaired individuals to navigate independently.

Below are some important points summarised from the previous discussion:

• Use speech with caution. Speech can convey complex information but requires
much concentration and is time-consuming. It should therefore not be used in
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critical situations that require quick actions.

• Headphones block environmental sounds. If using audio, headphones should
be used with caution as they block useful sounds from the environment. A way
around this is using bone-conduction headphones which do not cover the ear.

• Non-speech audio is effective, but requires training. Complex pieces of
information can be rapidly delivered through non-speech audio, at the cost of more
needed training.

• Be careful with continuous audio. Continuous auditory feedback can be both
distracting and annoying.

• Consider vibrations for alerts. Vibration feedback is a viable alternative to
non-speech audio as alert signals. More complex information can be conveyed at
the cost of more needed training.

• Real-time tactile maps will be possible. Tactile displays have the potential to
provide real-time tactile maps, but using such maps effectively likely requires much
training for individuals who are not used to this kind of spatial view.

• Strive for an intuitive interaction. Regardless of the means used to present
spatial information, one should strive for an intuitive interaction. This not only
minimises needed training, but also the risks involved in using the system. For
obstacle avoidance, one should try to exploit the natural ways humans have evolved
to avoid obstacles.

• Systems should adapt. Ideally, systems should have the ability to adapt their
instructions based on preferences and situational needs. The difference in prefer-
ences is likely large, as there are many types and degrees of visual impairment, and
thus users will have very different navigation experiences.

• Be careful when drawing conclusions from sighted individuals’ experi-
ences. When conducting evaluations with sighted participants, one must be careful
when drawing general conclusions. Non-sighted individuals have more experience
of using other senses besides vision for spatial tasks. Additionally, one must not
forget that the prior navigation experiences of non-sighted compared to sighted in-
dividuals can categorically differ. In other words, assumptions made from a sighted
point of view do not necessarily hold for non-sighted individuals. For these reasons
it is important to conduct evaluations with the target users, or when not possible
to do so, carefully limit the applicability of conclusions drawn based on sighted
(including blindfolded) individuals’ experiences.
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Abstract

In its current form, the white cane has been used by visually impaired people for almost
a century. It is one of the most basic yet useful navigation aids, mainly because of its
simplicity and intuitive usage. For people who have a motion impairment in addition to
a visual one, requiring a wheelchair or a walker, the white cane is impractical, leading to
human assistance being a necessity. This paper presents the prototype of a virtual white
cane using a laser rangefinder to scan the environment and a haptic interface to present
this information to the user. Using the virtual white cane, the user is able to ”poke” at
obstacles several meters ahead and without physical contact with the obstacle. By using
a haptic interface, the interaction is very similar to how a regular white cane is used.
This paper also presents the results from an initial field trial conducted with six people
with a visual impairment.

1 Introduction

During the last few decades, people with a visual impairment have benefited greatly
from the technological development. Assistive technologies have made it possible for
children with a visual impairment to do schoolwork along with their sighted classmates,
and later pick a career from a list that–largely due to assistive technologies–is expanding.
Technological innovations specifically designed for people with a visual impairment also
aid in daily tasks, boosting confidence and independence.

While recent development has made it possible for a person with a visual impairment
to navigate the web with ease, navigating the physical world is still a major challenge.
The white cane is still the obvious aid to use. It is easy to operate and trust because it
behaves like an extended arm. The cane also provides auditory information that helps
with identifying the touched material as well as acoustic echolocation. For someone who,
in addition to a visual impairment, is in need of a wheelchair or a walker, the cane is
impractical to use and therefore navigating independently of another person might be
an impossible task. The system presented in this paper, henceforth referred to as ’the
virtual white cane’, is an attempt to address this problem using haptic technology and
a laser rangefinder. This system makes it possible to detect obstacles without physically
hitting them, and the length of the virtual cane can be varied based on user preference
and situational needs. Figure 1 shows the system in use.
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Figure 1: The virtual white cane. This figure depicts the system currently set up on the MICA
wheelchair.

Haptic technology (the technology of the sense of touch) opens up new possibilities of
human-machine interaction. Haptics can be used to enhance the experience of a virtual
world when coupled with other modalities such as sight and sound [1], as well as for
many stand-alone applications such as surgical simulations [2]. Haptic technology also
paves way for innovative applications in the field of assistive technology. People with
a visual impairment use the sense of touch extensively; reading braille and navigating
with a white cane are two diverse scenarios where feedback through touch is the common
element. Using a haptic interface, a person with a visual impairment can experience
three-dimensional models without the need to have a physical model built. For the
virtual white cane, a haptic interface was a natural choice as the interaction resembles
the way a regular white cane is used. This should result in a system that is intuitive to
use for someone who has previous experience using a traditional white cane.

The next section discusses previous work concerning haptics and obstacle avoidance
systems for people with a visually impairment. Section 3 is devoted to the hardware and
software architecture of the system. Section 4 presents results from an initial field trial,
and section 5 concludes the paper and gives some pointers to future work.
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2 Related Work

The idea of presenting visual information to people with a visual impairment through a
haptic interface is an appealing one. This idea has been applied to a number of different
scenarios during recent years. Fritz et al. [3] used haptic interaction to present scientific
data, while Moustakas et al. [4] applied the idea to maps.

Models that are changing in time pose additional challenges. The problem of ren-
dering dynamic objects haptically was investigated by e.g. Diego Ruspini and Oussama
Khatib [5], who built a system capable of rendering dynamic models, albeit with many
restrictions. When presenting dynamic information (such as in our case a model of the
immediate environment) through a haptic interface, care must be taken to minimize a
phenomenon referred to as haptic fall-through, where it is sometimes possible to end up
behind (fall through) a solid surface (see section 3.3 for more details). Minimizing this
is of critical importance in applications where the user does not see the screen, as it
would be difficult to realize that the haptic probe is behind a surface. Gunnar Jansson
at Uppsala University in Sweden has studied basic issues concerning visually impaired
peoples’ use of haptic displays [6]. He notes that being able to look at a visual display
while operating the haptic device increases the performance with said device significantly.
The difficulty lies in the fact that there is only one point of contact between the virtual
model and the user.

When it comes to sensing the environment numerous possibilities exist. Ultrasound
has been used in devices such as the UltraCane [7], and Yan and Manduchi [8] used a
laser rangefinder in a triangulation approach by surface tracking. Depth-measuring (3D)
cameras are appealing, but presently have a narrow field of view, relatively low accuracy,
and a limited range compared to laser rangefinders. These cameras undergo constant
improvements and will likely be a viable alternative in a few years. Indeed, consumer-
grade devices such as the Microsoft Kinect has been employed as range-sensors for mobile
robots (see e.g. [9]). The Kinect is relatively cheap, but suffers from the same problems
as other 3D cameras at present [10].

Spatial information as used in navigation and obstacle avoidance systems can be con-
veyed in a number of ways. This is a primary issue when designing a system specifically
for the visually impaired, perhaps evidencing the fact that not many systems are widely
adopted despite many having been developed. Speech has often been used, and while it
is a viable option in many cases, it is difficult to present spatial information accurately
through speech [11]. Additionally, interpreting speech is time-consuming and requires a
lot of mental effort [12]. Using non-speech auditory signals can speed up the process,
but care must be taken in how this audio is presented to the user, as headphones make
it more difficult to perceive useful sounds from the environment [13].

3 The Virtual White Cane

Published studies on the subject of obstacle avoidance utilizing force feedback [14, 15]
indicate that adding force feedback to steering controls leads to fewer collisions and a
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better user experience. The virtual white cane presented in this paper provides haptic
feedback decoupled from the steering process, so that a person with a visual impair-
ment can ”poke” at the environment like when using a white cane. Some important
considerations when designing such a system are:

• Reliability. A system behaving unexpectedly immediately decreases the trust of
said system and might even cause an accident. To become adopted, the benefit
and reliability must outweigh the risk and effort associated with using the system.
If some problem should arise, the user should immediately be alerted; an error
message displayed on a computer monitor is not sufficient.

• Ease of use. The system should be intuitive to use. This factor is especially valuable
in an obstacle avoidance system because human beings know how to avoid obstacles
intuitively. Minimized training and better adoption of the technology should follow
from an intuitive design.

• The system should respond as quickly as possible to changes in the environment.
This feature has been the focus for our current prototype. Providing immediate
haptic feedback through a haptic interface turned out to be a challenge (see section
3.3).

3.1 Hardware

The virtual white cane consists of a haptic display (Novint Falcon [16]), a laser rangefinder
(SICK LMS111 [17]), and a laptop (MSI GT663R [18] with an Intel Core i7-740QM
running at 1.73 GHz, 8GB RAM and an NVIDIA GeForce GTX 460M graphics card).
These components, depicted in figure 2, are currently mounted on the electric wheelchair
MICA (Mobile Internet Connected Assistant), which has been used for numerous research
projects at Lule̊a University of Technology over the years [19, 20, 21]. MICA is steered
using a joystick in one hand, and the Falcon is used to feel the environment with the
other.

The laser rangefinder is mounted so that it scans a horizontal plane of 270 degrees
in front of the wheelchair. The distance information is transmitted to the laptop over
an ethernet connection at 50 Hz and contains 541 angle-distance pairs (θ, r), yielding an
angular resolution of half a degree. The LMS111 can measure distances up to 20 meters
with an error within three centimeters. This information is used by the software to build a
three-dimensional representation of the environment. This representation assumes that
for each angle θ, the range r will be the same regardless of height. This assumption
works fairly well in a corridor environment where most potential obstacles that could be
missed are stacked against the walls. This representation is then displayed graphically
as well as transmitted to the haptic device, enabling the user to touch the environment
continuously.
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Figure 2: The Novint Falcon, joystick and SICK LMS111.

3.2 Software Architecture

The software is built on the open-source H3DAPI platform which is developed by Sense-
Graphics AB [22]. H3D is a scenegraph-API based on the X3D 3D-graphics standard,
enabling rapid construction of haptics-enabled 3D scenes. At the core of such an API
is the scenegraph: a tree-like data structure where each node can be defining anything
from global properties and scene lighting to properties of geometric objects as well as
the objects themselves. To render a scene described by a scenegraph, the program tra-
verses this graph, rendering each node as it is encountered. This concept makes it easy
to perform a common action on multiple nodes by letting them be child nodes of a node
containing the action. For example, in order to move a group of geometric objects a
certain distance, it is sufficient to let the geometric nodes be children of a transform
node defining the translation.

H3DAPI provides the possibility of extension through custom-written program mod-
ules (which are scenegraph nodes). These nodes can either be defined in scripts (using
the Python language), or compiled into dynamically linked libraries from C++ source
code. Our current implementation uses a customized node defined in a Python script
that repeatedly gets new data from the laser rangefinder and renders it.

Scenegraph View

The X3D scenegraph, depicted in figure 3, contains configuration information comprised
of haptic rendering settings (see section 3.3) as well as properties of static objects. Since
the bottom of the Novint Falcon’s workspace is not flat, a ”floor” is drawn at a height
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Figure 3: The X3D scenegraph. This diagram shows the nodes of the scene and the relationship
among them. The transform (data) node is passed as a reference to the Python script (described
below). Note that nodes containing configuration information or lighting settings are omitted.

where maximum horizontal motion of the Falcon’s handle is possible without any bumps.
This makes using the system more intuitive since this artificial floor behaves like the real
floor, and the user can focus on finding obstacles without getting distracted by the shape
of the haptic workspace. At program start up, this floor is drawn at a low (outside
the haptic workspace) height, and is then moved slowly upwards to the designated floor
coordinate in a couple of seconds. This movement is done to make sure the haptic proxy
(the rendered sphere representing the position of the haptic device) does not end up
underneath the floor when the program starts.

The scenegraph also contains a Python script node. This script handles all dynamics
of the program by overriding the node’s traverseSG method. This method executes once
every scenegraph loop, making it possible to use it for obtaining, filtering and rendering
new range data.

Python Script

The Python script fetches data from the laser rangefinder continually, then builds and
renders the model of this data graphically and haptically. It renders the data by creating
an indexed triangle set node and attaching it to the transform (data) node it gets from
the scenegraph.

The model can be thought of as a set of tall, connected rectangles where each rectangle
is positioned and angled based on two adjacent laser measurements. Below is a simplified
version of the algorithm buildModel, which outputs a set of vertices representing the
model. From this list of points, the wall segments are built as shown in figure 4. For
rendering purposes, each tall rectangle is divided into two triangles. The coordinate
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Figure 4: The ith wall segment, internally composed of two triangles.

system is defined as follows: Sitting in the wheelchair, the positive x-axis is to the right,
y-axis is up and the z-axis points backwards.

Algorithm 1 buildModel

Require: a = an array of n laser data points where the index represents angles from 0
to n

2
degrees, h = the height of the walls

Ensure: v = a set of size 2n of n vertices representing triangles to be rendered
for i = 0 to n− 1 do
r ← a[i]
θ ← π

180
i
2

convert (r, θ) to cartesian coordinates (x, z)
v[i] ← vector(x, 0, z)
v[n+ i] ← vector(x, h, z)

end for

In our current implementation, laser data is passed through three filters before the
model is built. These filters—a spatial low-pass filter, a spatial median filter and a time-
domain median filter—serve two purposes: Firstly, the laser data is subject to some
noise which is noticeable visually and haptically. Secondly, the filters are used to prevent
too sudden changes to the model in order to minimize haptic fall-through (see the next
section for an explanation of this).



42 Paper B

3.3 Dynamic Haptic Feedback

The biggest challenge so far has been to provide satisfactory continual haptic feedback.
The haptic display of dynamically changing nontrivial models is an area of haptic ren-
dering that could see much improvement. The most prominent issue is the fall-through
phenomenon where the haptic proxy goes through a moving object. When an object is
deforming or moving rapidly, time instances occur where the haptic probe is moved to a
position where there is no triangle to intercept it at the current instant in time, thus no
force is sent to the haptic device. This issue is critical in an obstacle avoidance system
such as the virtual white cane where the user does not see the screen, thus having a
harder time detecting fall-through.

To minimize the occurrence of fall-through, three actions have been taken:

• Haptic renderer has been chosen with this issue in mind. The renderer chosen for
the virtual white cane was created by Diego Ruspini [23]. This renderer treats the
proxy as a sphere rather than a single point (usually referred to as a god-object),
which made a big difference when it came to fall-through. The proxy radius had a
large influence on this problem; a large proxy can cope better with larger changes
in the model since it is less likely that a change is bigger than the proxy radius.
On the other hand, the larger the proxy is, the less haptic resolution is possible.

• Any large coordinate changes are linearly interpolated over time. This means that
sudden changes are smoothed out, preventing a change that would be bigger than
the proxy. As a trade-off, any rapid and large changes in the model will be unnec-
essarily delayed.

• Three different filters (spatial low-pass and median, time-domain median) are ap-
plied to the data to remove spuriouses and reduce fast changes. These filters delays
all changes in the model slightly, and has some impact on the application’s frame
rate.

Having these restrictions in place avoids most fall-through problems, but does so at
the cost of haptic resolution and a slow-reacting model, which has been acceptable in the
early tests.

4 Field Trial

In order to assess the feasibility of haptics as a means of presenting information about
nearby obstacles to people with a visual impairment, a field trial with six participants
(ages 52—83) was conducted. All participants were blind (one since birth) and were
white cane users. Since none of the participants were used to a wheelchair, the system
was mounted on a table on wheels (see figure 5). A crutch handle with support for the
arm was attached to the left side of the table (from the user’s perspective) so that it could
be steered with the left hand and arm, while the right hand used the haptic interface.
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Figure 5: The virtual white cane as mounted on a movable table. The left hand is used to steer
the table while the right hand probes the environment through the haptic interface.

The trial took place in a corridor environment at the Lule̊a University of Technology
campus. The trial consisted of an acquaintance phase of a few minutes where the par-
ticipants learnt how to use the system, and a second phase where they were to traverse
a couple of corridors, trying to stay clear of the walls and avoiding doors and other ob-
stacles along the way. The second phases were video-recorded, and the participants were
interviewed afterwards.

All users grasped the idea of how to use the system very quickly. When interviewed,
they stated that they thought their previous white cane experience helped them use this
system. This supports the notion that the virtual white cane is intuitive to use and easy
to understand for someone who is familiar with the white cane. While the participants
understood how to use the system, they had difficulties accurately determining the dis-
tances and angles to obstacles they touched. This made it tricky to perform maneuvers
that require high precision such as passing through doorways. It is worth noting that the
participants quickly adopted their own technique of using the system. Most notably, a
pattern emerged where a user would trace back and forth along one wall, then sweep (at
a close distance) to the other wall, and repeated this procedure starting from this wall.

None of the users expressed discomfort or insecurity, but comments were made re-
garding the clumsiness of the prototype and that it required both physical and mental
effort to use. An upcoming article (see [24]; title may change) will present a more detailed
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report on the field trial.

5 Conclusions

Figure 6 shows a screenshot of the application in use. The field trial demonstrated the
feasibility of haptic interaction for obstacle avoidance, but many areas of improvement
were also identified. The difficulty in determining the precise location of obstacles could
be due to the fact that none of the users had practiced this earlier. Since a small
movement of the haptic grip translates to a larger motion in the physical world, a scale
factor between the real world and the model has to be learned. This is further complicated
by the placement of the laser rangefinder and haptic device relative to the user. As the
model is viewed through the perspective of the laser rangefinder, and perceived through
a directionless grip held with the right hand, a translation has to be learned in addition
to the scale factor in order to properly match the model with the real world. A practice
phase specifically made for learning this correspondence might be in order, however, the
point of the performed field trial was to provide as little training as possible.

The way the model is built and the restrictions placed on it in order to minimize haptic
fall-through have several drawbacks. Since the obstacle model is built as a coherent,
deformable surface, a moving object such as a person walking slowly from side to side
in front of the laser rangefinder will cause large, rapid changes in the model. As the
person moves, rectangles representing obstacles farther back are rapidly shifted forward
to represent the person, and vice versa. This means that even some slow motions are
unnecessarily delayed in the model as its rate of deformation is restricted. Since the
haptic proxy is a large sphere, the spatial resolution that can be perceived is also limited.

5.1 Future Work

The virtual white cane is still in its early development stage. Below are some pointers to
future work:

• Data acquisition. Some other sensor(s) should be used in order to gather real
three-dimensional measurements. 3D time-of-flight cameras look promising but are
currently too limited in field of view and signal to noise ratio for this application.

• Haptic feedback. The most prominent problem with the current system regarding
haptics is haptic fall-through. The current approach of interpolating changes avoids
most fall-through problems but severely degrades the user experience in several
ways. One solution is to use a two-dimensional tactile display instead of a haptic
interface such as the Falcon. Such displays have been explored in many forms over
the years [25, 26, 27]. One big advantage of such displays is that multiple fingers
can be used to feel the model at once. Also, fall-through would not be an issue. On
the flip side, the inability of such displays to display three-dimensional information
and their current state of development makes haptic interfaces such as the Falcon
a better choice under present circumstances.
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Figure 6: The virtual white cane in use. This is a screenshot of the application depicting a
corner of an office, with a door being slightly open. The user’s ”cane tip”, represented by the
white sphere, is exploring this door.

• Data model and performance. At present the model is built as a single deformable
object. Performance is likely suffering because of this. Different strategies to rep-
resent the data should be investigated. This issue becomes critical once three-
dimensional information is available due in part to the greater amount of informa-
tion itself but also because of the filtering that needs to be performed.

• Ease of use. A user study focusing on model settings (scale and translation primar-
ily) may lead to some average settings that work best for most users, thus reducing
training times further for a large subset of users.

• Other interfaces. It might be beneficial to add additional interaction means (e.g.
auditory cues) to the system. These could be used to alert the user that they are
about to collide with an obstacle. Such a feature becomes more useful when a full
three-dimensional model of the surroundings is available. Additionally, auditory
feedback has been shown to have an effect on haptic perception [28].
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[21] S. Rönnbäck, “On methods for assistive mobile robots,” Ph.D. dissertation, Lule̊a
University of Technology, Lule̊a, Sweden, 2006.

[22] SenseGraphics AB, “Open source haptics - H3D.org,” http://www.h3dapi.org/, ac-
cessed 2014-02-24.

[23] D. C. Ruspini, K. Kolarov, and O. Khatib, “The haptic display of complex graphical
environments,” in Proc. 24th Annu. Conf. Computer Graphics and Interactive Tech-
niques. New York, NY, USA: ACM Press/Addison-Wesley Publishing Co., 1997,
pp. 345–352.

[24] D. Innala Ahlmark, M. Prellwitz, J. Röding, L. Nyberg, and K. Hyyppä, “A haptic
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Abstract

Introduction: Independent navigation is a challenge for individuals with a visual im-
pairment. This limits daily activities and has a negative impact on the quality of life.
This article presents an early field trial of the prototype Virtual White Cane, a solution
employing haptic feedback to mimic the familiar interaction of a white cane, but working
at greater distances. The aim is to describe conceptions of the Virtual White Cane’s
feasibility.
Methods: Six visually impaired white cane users participated in the study. The partici-
pants were tasked with traversing a predetermined route in a corridor environment using
the Virtual White Cane. To see whether white cane experience translated to using the
Virtual White Cane, the participants received no prior training. The procedures were
video-recorded, and the participants were interviewed about their conceptions of using
the system. The interviews were analyzed using content analysis, where inductively gen-
erated codes that emerged from the data were clustered together and formulated into
categories.
Results: The participants quickly figured out how to use the system, and soon adopted
their own usage pattern. Despite this, locating objects was very difficult. The interviews
highlighted the desire to be able to feel at a distance, with several scenarios presented
to illustrate current problems. The participants noted that their previous white cane
experience helped, but that it nevertheless would take a lot of practice to master using
this system. The potential for the device to increase security in unfamiliar environments
was mentioned. Practical problems with the prototype were also discussed, notably the
lack of auditory feedback.
Discussion: The ease with which the participants familiarized themselves with the sys-
tem shows an intuitive learning process. The participants saw potential in the system,
but had difficulties judging the position of obstacles.

1 Introduction

Vision provides the ability to identify danger and obstacles at a distance, and also aids in
the identification and location of objects in the environment. Vision also grants essential
information used for postural control, motion control and handling things in the environ-
ment [1]. According to the World Health Organization there are 285 million people with
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a visual impairment (VI) in the world [2]. The International Classification of Diseases
(ICD) defines four vision categories: normal vision, moderate visual impairment, severe
visual impairment, and blindness. Throughout this article, the term ’visual impairment’
is used in accordance with the ICD, that is, it implies all categories except normal vision.

Studies [3, 4] have shown that mobility is compromised for persons with VI and that
this in turn affects many daily activities, such as shopping and going for walks. Problems
with obstacles like bicycle stands, awnings and bricks in the pavement can cause limited
outdoor activities. Not being able to go to a variety of places independently and the
fear of unfamiliar environments can also limit activities. There are also studies [5, 6]
that have shown that mobility problems affect the quality of life of persons with VI in a
negative way as a result of activity limitations.

For persons with VI, the primary aid is the white cane, which provides a direct
experience of obstacles at close proximity. This aid can provide the user with a lot of
valuable information about their environment. During the last couple of decades, persons
with VI have benefited from the development of technological devices. Many of these
have the potential to support a better quality of life for individuals with VI and enhance
their ability to participate fully in daily activities and to live independently [7].

While recent development has made it possible for a person with visual impairment to
navigate the web and use other computer-based solutions, navigating the physical world
is still a challenge. Many technological solutions (often referred to as electronic travel
aids, ETAs) have been proposed and some produced, albeit most of them possess severe
limitations. Most devices either help with avoiding obstacles or assist in navigation.
Obstacle avoidance systems range from small wearable devices that can warn the user
of obstacles at head-height [8], to elaborate extensions of the white cane such as the
UltraCane [9] which makes it possible to perceive obstacles at a distance of a few meters in
front of the cane. For navigation, examples include Trekker Breeze [10], and smartphone
apps [11] that rely on GPS technology. These use synthetic speech and other auditory cues
to guide the user to a preset destination. Such systems are best used as a complementary
solution, mainly due to the inherent unreliability of GPS technology and its inability to
provide location information indoors. Also worth noting is that any system that relies on
stored map data has the fundamental issue of keeping up with changes in the environment.

Despite the availability of various solutions, they have not been widely adopted.
Perhaps this is because they are not easy to use and the effort of using them outweighs
the benefit they provide. Most of them involve a great deal of effort and are not intuitive
for persons with VI [12, 13]. Therefore there is a need to focus on solutions that are
usable and that enable the user to make appropriate and timely decisions [14]. A better
understanding of needs and abilities of persons with VI must be gained to build effective
aids [15].

The majority of current solutions use speech interfaces to interact with users with
VI. For navigation, there are several major drawbacks with this. Informing the user of
nearby obstacles with sufficient detail is difficult and takes a lot of time [16] compared
to the quick and intuitive reaction attained when hitting an obstacle with a white cane.
An alternative way to present spatial information non-visually is to use tactile maps, the
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usefulness of which has been demonstrated in several studies [17].

Due to the mentioned problems with speech as an interface for spatial information,
we chose a haptic interface as the means of communicating nearby obstacles. The present
system, referred to as the Virtual White Cane (VWC), consists of a laser rangefinder,
a haptic interface, and a laptop. The laser rangefinder obtains distances to nearby
objects. This information is then made into a three-dimensional model, which in turn is
transmitted to a Novint Falcon [18] haptic interface for presentation. This way a user can
feel obstacles several meters in front of them, much in the same fashion as they would
with a regular white cane. Additionally, as the VWC is much longer than a regular
cane it can act as a crude but constantly updating tactile map. The laptop that runs
the software also displays a graphical representation of the model and shows the current
position of the virtual cane tip (the grip of the haptic interface) as a white sphere.

Early field trials in the development of the VWC are done in order to explore its
potential. The goal is to make the VWC intuitive for persons that are users of the white
cane today. In order to reach this goal, input for further development from potential
users is essential. Thus, the aim of this study is to describe conceptions of the virtual
white cane’s feasibility.

2 Methods

This study was an initial field trial of the Virtual White Cane, carried out by persons
with VI. Participants made a one-shot trial during a standardized procedure in two parts:
one initial, acquaintance part and one problem solving part. Both of these procedures
were video-recorded, and the participants were interviewed about their conceptions of
using the VWC. Finally, all gathered data were analyzed qualitatively.

Table 1: Descriptions of the six participants.

Gender Age Visual Impairment Mobility aids

Male 79 Blind for 15 years White cane
Male 83 Blind for 7 years White cane
Male 59 Severe visual impairment (can see some

light with the left eye)
White cane

Male 59 Blind since birth White cane/Guide
dog

Female 68 Severe visual impairment (can see some
light)

White cane

Male 52 Severe visual impairment (can see some
light)

White cane
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2.1 Participants

Six persons with VI (described in table 1) participated in the study. They all had at least
five years of experience using the white cane. The criteria for the participants were that
they were able to move around without assistance and could communicate their experi-
ences verbally. The participants were recruited with help from the regional ombudsman
for persons with visual impairments in northern Sweden. A letter with information about
the study was sent to all the members who fulfilled the criteria. Six persons called about
more information regarding the study and after receiving this, consented to participate.
Information about where the field trial would take place and a time for conducting the
trial and follow-up interview was agreed upon. Ethical approval for this study was given
by the Regional Ethical Review Board, Ume̊a, Sweden (Dnr 2010-139-31).

Figure 1: The Virtual White Cane mounted on a movable table. The corridor that was used
for the first part of the trial is visible in the background.

2.2 VWC test set-up

The VWC components were mounted on a table on wheels as depicted in figure 1. A
crutch handle was attached to the left side of the table (from the perspective of the user)
so that it was possible to steer it with the left hand and arm. The haptic interface was
fastened to the surface of the table and was operated by the right hand, with the arm
resting on a foam pad which was glued to the edge of the table. The laser rangefinder
was attached to the front of the table so that it scanned at a height of about 80 cm.
Finally, the laptop was placed on top of the table which made it easy to observe—both
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during the trial and on the recorded videos—the model of the surroundings and what
the users were touching. The tip of the virtual white cane was represented by a white
sphere clearly visible on the screen.

2.3 Field trial

The field trial was set upon premises located at the university campus. Before starting
the field trial, each participant received information about the VWC and instructions
regarding how to use the VWC from one of the researchers (KH). Two or three of the
other researchers assisted in the trials. The field trials were recorded on video shot
obliquely from behind, so that the participants’ performances while navigating as well as
their way of using the VWC were visible on the videos. One researcher was at all times
close-by in order to help avoid any accidents.

The first acquaintance part of the field trial was performed in a corridor environment
(visible in figure 1) with obstacles stacked against the walls. The task was to walk a
37 m long and 2.4 m wide corridor, passing through two 1.8 m wide doorways, to turn
around at an open space at the end of the corridor and then walk back again. Along the
corridor, a few objects (chairs, sofas, and a waste bin) were placed along the walls. After
accomplishing this, the participants began the second, problem solving part in which
they walked through a 1.8 m wide doorway, into a 3.2 m wide corridor, turned right after
1.5 m and passed through a narrow (0.9 m) doorway, thereby entering a classroom (5 m
by 5.5 m) cleared of furniture except for a small table half-way along the right wall upon
which a soda can was placed. The task was to find the table and the soda can, pick up
the can, and then turn around and walk back to the starting point. This was done with
few instructions or just minor assistance from the researchers. This problem solving part
was accomplished on average in 10 minutes (range 6 to 14 minutes).

2.4 Interviews

The interviews with each participant took place directly after the field trial. A semi-
structured interview guide was used with nine questions regarding the participants’ con-
ceptions of the VWC’s feasibility. The focus of the interviews were on the participants’
conceptions of using the VWC in relation to the use of the regular white cane, and on
what they thought needed to be done to improve the usability of the system. Each
interview took approximately 45 minutes and was recorded and transcribed verbatim.

2.5 Data analysis

Video recordings of each participant’s trial were observed as for how the participants
acquainted themselves with the VWC, how they used the VWC to navigate, and how they
succeeded in clearing obstacles and doorways and finding the soda can. The participants’
performance while using the VWC was displayed on the computer screen which was
constantly visible on the recorded video. Patterns of behavior, expressing similarities and
differences regarding observed performance, were identified and described qualitatively.
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To analyze the interviews, content analysis inspired by Graneheim and Lundman [19]
was used. Content analysis is according to Graneheim and Lundman [19] concerned
with the underlying meaning in the conversation in order to provide knowledge and
understanding of the phenomenon under study. The transcripts of the interviews were
read through several times while bearing in mind the research question: conceptions of
the VWC’s feasibility. First, the text was divided into meaning units, which in content
analysis are defined as sentences or paragraphs that contain some understanding that
the investigator needs. A new meaning unit starts when there is a change in content
or meaning in the text. The meaning units were then condensed in order to make the
text shorter but retain its core message. The condensed meaning units were assigned
inductively generated codes that emerged from the data. These meaning units were then
clustered together through a process of comparison. The text and the codes were read
again and some new codes with our interpretations of the underlying meaning were made.
These codes were then sorted into different categories. After that, three different main
categories were formulated.

3 Results

During the acquaintance part of the trial, all participants had an initial phase in which
they obviously acquainted themselves with the equipment and how to use it to feel the
area in front of them. In this phase, lasting from one to seven minutes, they all needed
verbal cues or physical help in order not to collide with the walls or other obstacles. In
this phase they also developed their own pattern of probing the area, which they then
continued to use during the rest of the trial.

Three patterns emerged regarding how the participants performed after the initial
phase: Two participants used a passive pattern, making few and scarce probing attempts
with the VWC. They mostly felt along one of the walls, interrupted by sporadic sideway
movements towards the other wall. These two participants had difficulties navigating
in the corridor and needed frequent verbal cues and physical assistance. One of these
participants chose not to perform the problem solving part, and the other was not able
to get any effective help from the VWC, relying completely on guidance and physical
assistance, except for a few sporadic moments.

Three of the participants had an active pattern in which they obviously navigated by
actively using the VWC after the initial phase. They employed a horizontal U-shaped
pattern, one with a rather low, and the other two with a rather high frequency. Two
used one wall as a reference surface, feeling sideways towards the other wall in regular
intervals and more often when approaching a door, while the third constantly moved
the grip, alternately feeling the walls on each side. During the problem solving part,
these participants navigated well between the walls and managed door openings with the
exception that one participant lost the spatial orientation when negotiating one of the
doorways and walked against the wall. As they felt the surrounding area mostly from
side to side half a meter or so ahead, they sometimes needed verbal cues in order to find
a doorway to their side or when they were very close to an obstacle or the table with
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the can. They all needed verbal guidance to maneuver close to the table and to reach
for the can. One participant showed a very active and efficient pattern, moving the grip
frequently and rapidly from side to side, but also forwards and backwards, in a flexible
way using different frequencies, directions and amplitudes depending on the situation.
This participant was able to identify small obstacles like a sewer pipe or a chair which
were just beside the actual course. During the problem solving phase, this participant
cleared the walls and most doorways without any problems and needed verbal guidance
only in order to find the way towards the narrow doorway after the 90 degree turn. Still,
this participant had the same problems as the others with obstacles in the very near
vicinity at the left or right side, and therefore needed verbal assistance when coming
close to the table and reaching for the can.

3.1 Findings from the interviews

The content analysis resulted in three categories: to be able to feel at a distance; not
without a lot of practice; the need to feel secure in unfamiliar environments. These
categories are presented in the text that follows and illustrated with quotations from the
interviewed participants.

To be able to feel at a distance

In this category the participants described their conception of how it “felt” to use the
VWC and what it was like to have the ability to feel objects and obstacle from a greater
distance than what they were used to.

The walls and corners were obvious to detect with the VWC; the ability to “in time”
feel what was coming up like a door or a corner gave the participants a chance to get
a broader perspective of the environment around them. This was according to the par-
ticipants better than having to actually hit something with the regular cane to know it
existed. “To feel an obstacle well ahead of time, so that you know something is coming
is an advantage.”

With the VWC, range perception was difficult. The participants commented that
the VWC was too long and that it was difficult for them to judge if obstacles were 2–3
meters away or 10–20 meters away. To be able to feel at a greater distance than what
the ordinary cane could was met with mixed feelings. One of the risks with the VWC as
a “longer cane” was that it could be easier to lose ones orientation. Another was that
the VWC required a lot of concentration that in turn might mean using too much mental
resources. One participant described the problem with the range perception this way:
“If it is 20 meters, something has to tell you that, because it is difficult to know how far
away something at 20 meters is”.

In order to make the VWC more usable, the participants discussed what distance
the VWC should reach; to feel 20 meters ahead was considered too far. According to
the participants, 4–5 meters would be a better choice. The need to be able to vary the
distance the VWC could reach and to receive some sort of auditory feedback was one
way to make the VWC more usable.
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Not without a lot of practice

The participants’ conceptions of the VWC was that it would take a lot of practice to
learn. Nevertheless, being used to receiving information about ones surroundings through
ones hand, and being used to swiping with the regular cane should make the use of the
VWC easier. The need to become more familiar with the VWC was important according
to the participants. This would increase the feeling of security: “[...] it is not until
you get used to it [the VWC] one might start trusting it more”. The participants also
discussed that with practice one would not need to concentrate as much as when trying
it out for the first time. “It was a lot of work. Lots of concentration. It went better and
better gradually. What can I say, one would have to practice.”

The fear of not being able to walk in a straight line and losing focus when not
navigating against a wall was discussed as well as how the VWC would work outdoors.
How the VWC would work in an unfamiliar environment was the challenge and something
some of the participants wanted to try while others felt that they needed only their regular
cane. Using the VWC had some aspects in common with the regular cane. For instance,
the participants remarked that they used the same technique as with the regular cane
and that it felt better than they had expected. They also described the test of the VWC
as an interesting and fun experience. Nevertheless, the regular cane was easier to move
to the sides and the feedback from the VWC was harder to interpret.

The need to feel secure in unfamiliar environments

In this category the participants described both some positive and negative aspects of
the VWC. The VWC could lead to increased security if practical problems are solved. In
order to feel secure with the VWC, one would need to trust its technical features. When
able to perceive more distant objects, security could increase by being able to orient
oneself when lost. Being aware of obstacles earlier in time could also increase the feeling
of security. The fact that you could not accidentally hit peoples’ legs with the VWC, for
instance in a large crowd, was another positive aspect with the device.

Another aspect of security the participants described was the ability to locate things
in a room upon entering it. This was something that the participants thought could be
very useful in new surroundings. In unfamiliar environments, the need to train in each
specific location is a must regardless of cane. “For example to find a place when you enter
an unfamiliar environment: when you visit someone or in a waiting room and places like
that, to find a chair to sit on.”

To be able to read unfamiliar surroundings better could result in greater independence
that in turn could result in trying to venture out more and expand ones regularly visited
territory. One participant described it this way:

“One can learn more about ones surroundings. One can be more impulsive. Now I
can go there by myself. You will be able to go to the pharmacy in your area. If you have
to have assistance you will have to apply for it ahead of time and agree on what time,
and then you have to arrange your life accordingly. But if I wish to do it right now, that
can never be arranged.”
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The lack of auditory feedback when hitting something was yet another problem the
participants conceived. Not being able to feel the tactile surface and lose all the infor-
mation that auditory feedback gives with the regular cane made the VWC less usable.
“With the regular cane I can feel a pot hole and I can feel where the stairs start.”

4 Discussion

This initial field trial of the VWC showed that most of the participants, in spite of being
introduced to the prototype for the first time, quickly understood how to use the VWC
to feel the area in front of them. The participants’ conceptions were in general positive;
they appreciated the ability to feel at a distance, while perceiving the actual range was
difficult. The absence of any auditory cues was also expressed.

The literature lacks of reports on trials of similar systems. Sharma et al.[20] described
a trial in which people with normal vision used a powered wheelchair to navigate an
obstacle course. They did this while blindfolded, using a safety system based on infrared
and ultrasound sensors that detected obstacles at a 3 m range. In comparison with the
use of a standard white cane, the use of this automatic safety system reduced the number
and severity of collisions, and was subjectively rated higher. This demonstrates, as do
our results, that systems that can provide users with essential navigation information
covering distances beyond the reach of a cane might be valuable to support safe mobility.

Worth noting is the fact that all persons who tested the VWC quickly adopted their
own usage technique. This implies an intuitive process in learning which can be explained
by the fact that the participants were experienced cane users. However, the U-shaped
pattern that emerged in the participants´ use of VWC could also be seen as a limited
use of the system, not utilizing the full potential of scanning the total area in front of
them. This could be a result of using a regular white cane that often is used to identify
walls and curbs for spatial orientation. In this respect it must be emphasized that the
participants used the VWC for the first time, and it is possible that a prolonged use
would have made the participants aware of this opportunity.

While the participants quickly became familiar with how to use the system, they
all had difficulties with range perception. That is, they found it difficult to determine
how far away and at what angle an obstacle was positioned. This meant that when per-
forming high-precision maneuvers such as passing through a narrow doorway, positioning
themselves at a proper angle was troublesome. Again, the fact that none of the users
had prior training with the system is important in this respect; it might be that they
simply had not had enough experience to precisely judge the scaling between the small
movements of the haptic grip and distances in the physical world. Another important
factor to consider is the position of the laser rangefinder and haptic interface relative to
the user. In our case, the laser rangefinder was positioned about half a meter directly in
front of the user, while the haptic interface was closer, but more to the right of the user.
This means that in addition to having to learn the scaling between the physical world
and the haptic representation, an additional sideways translation is required in order to
properly match the physical world with the virtual model.
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Further investigations into optimal scale settings and sensor placement should be
performed to facilitate an intuitive translation between the physical and the virtual.
Also, the laser rangefinder is limited as it only scans a single plane. Multiple laser
rangefinders or a distance-measuring 3D camera would be viable alternatives, although
at present the 3D cameras are not as accurate and lack the wide field of view that laser
rangefinders possess. A further challenge is reducing the size of the system. There are
small sensors and small devices with sufficient computing power, but having a haptic
interface is a limitation in this respect as it needs to be rigidly attached to some stable
surface. There are, however, applications where this is less of a problem, such as for users
of a wheelchair or a walker to which the haptic interface can be attached.

Based on the participants’ descriptions of using the VWC and its feasibility it seems
like it can provide a combination of a direct experience of an environment as well as
a sort of tactile map due to its possibility to feel at a distance. Studies by Espinosa
et al. [17, 21] have shown that being able to combine these two approaches constitutes
a useful way to orientate in unfamiliar environments. A longing to explore unfamiliar
environments was expressed by the participants in this study, and was something they
saw the VWC could aid in. Assistive technologies have the potential to enhance quality
of life via improved autonomy, safety and by decreasing social isolation [12].

This study must be seen as a first field trial of the VWC and has, as such, a certain
number of limitations. A very early prototype was tried, which of course has effects
on the usability for the participants. Nevertheless, we believed that such an early trial
would bring us important knowledge for further development. The reason for not offering
the participants the opportunity of a longer familiarization with the system was that we
wanted to get an impression of how intuitive the system was to learn to use. The fact
that this was a very early stage trial also motivated us to choose a qualitative and open
approach in describing both user experience and actual performance when using the
prototype.

Regarding the trustworthiness of the findings from the interviews, one limitation is the
sample size. A larger number of participants might have widened the range of experiences,
however, all six of the participants did describe similar conceptions of the VWC. To
strengthen the trustworthiness, the analysis of the transcribed data was discussed among
the authors and representative quotations were chosen to increase the credibility of the
results [22].

We also would like to emphasize that the participants represented potential users, and
were not people with normal vision being blindfolded. This is important as we wanted to
get the experiences from people who do not rely on visual information for navigation and
who were used to another haptic instrument: the regular white cane. In this respect, we
are aware of the findings of Patla [23], who demonstrated that among individuals with
normal vision that was partially or completely restricted, information provided by haptic
systems have to match the quantity and immediacy provided by the visual system in
order to support a well-controlled motor performance. How haptic information affects
motor control in persons not used to rely on visual information needs to be studied
specifically.
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In conclusion, this early field trial indicated an expected usability of the VWC from
an end-user perspective. We would like to emphasize the participants’ appreciation of
the ability to feel the environment at ranges beyond regular cane range and the swift
acquaintance phase, which may be due to the white cane-like interaction. The trial
also gave important perspectives from the users on issues for further development of the
system.
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