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Abstract
Graphical content is increasingly pervasive in digital interfaces and documents yet
it remains accessible to visually impaired persons almost exclusively on media with
limited flexibility such as embossed paper. Textual content is more accessible but
nevertheless limited by the cost and functionality of refreshable Braille displays and
voice synthesis. This thesis explores the use of a novel tactile stimulation approach
that relies on lateral skin deformation for the computerized display of virtual Braille
and tactile graphics.
Tactile synthesis by lateral skin deformation is initially explored in the context of
Braille. The feasibility of producing virtual Braille by laterotactile stimulation is first
demonstrated by creating the illusion of brushing against a line of Braille dots through
the synchronization of a travelling wave of skin deformation with the displacement
of a tactile array of eight actuators. This principle is then extended to complete 6dot Braille cells by distributing lines of virtual dots onto the rows of actuators of a
general-purpose STReSS2 tactile array. Reading the resulting virtual Braille is shown to
generally be feasible but demanding, suggesting that a specialized laterotactile Braille
display should be devised or that dots be rendered for contrast rather than realism.
Tactile rendering by lateral skin deformation is then further explored with the gradual development of a virtual tactile graphics framework that emulates conventional
features such as raised lines and areal textures through a coherent set of patterns that
includes grating textures, stroked and dotted shapes, bitmap-based masks, and composite patterns. Dynamic rendering is also exploited to produce novel effects such as
tactile flow, reactive textures dependent on the exploration behaviour, and interactive
content with alternate views. The usability of the framework is informally evaluated
with visually impaired volunteers and early tactile patterns studied through formal experiments. The tactile patterns are presented on the Tactograph, a haptic interface
redesigned specifically for the display of tactile graphics that combines a STReSS2 display with an instrumented planar carrier.
This thesis demonstrates the potential of lateral skin deformation for the display of
Braille and tactile graphics, and explores in the process the ways in which this novel
approach to tactile stimulation can be applied to produce meaningful tactile sensations.
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Sommaire
Le graphisme gagne en présence dans les interfaces et documents numériques mais
est accessible aux personnes non-voyantes quasi-exclusivement sur media à flexibilité
limitée tel que le papier embossé. Le texte est plus accessible mais néanmoins limité par le coût et les fonctionnalités des afficheurs Braille et de la synthèse vocale.
Cette thèse explore l’utilisation d’une nouvelle approche pour la stimulation tactile
opérant par déformation latérale de la peau pour l’affichage informatisé de Braille et
de graphiques tactiles virtuels.
La synthèse tactile par déformation latérale de la peau est initialement explorée
dans le contexte du Braille. La faisabilité de produire du Braille virtuel par stimulation latérotactile est d’abord démontrée en créant une illusion de frottement contre
une ligne de points par la synchronisation d’une onde progressive de déformation de
la peau avec le déplacement d’une plage tactile à 8 actionneurs. Ce principe est ensuite étendu au Braille à 6 points par la distribution de lignes de points virtuels sur les
rangées d’actionneurs d’un afficheur tactile STReSS2 . La lecture de ce Braille virtuel
est généralement faisable mais exigeante, suggérant qu’un afficheur Braille latérotactile soit conçu ou que le rendu des points vise le contraste plutôt que le réalisme.
Le rendu tactile par déformation latérale de la peau est ensuite exploré plus à fond
avec le développement graduel d’un système de graphique tactile virtuel qui émule
des éléments conventionnels tels que les traits surélevés et les surfaces texturées à
travers un ensemble cohérent de motifs incluant des textures à rayure, des formes
tracées ou pointillées, des masques par image, et des motifs composites. Le rendu
dynamique est ensuite exploité pour produire de nouveaux effets tel que le flot tactile,
les textures réactives répondant au comportement d’exploration, et le contenu interactif avec vues alternatives. L’ergonomie du système est évaluée informellement avec
des volontaires non-voyants et les premiers motifs tactiles étudiés à travers des expériences formelles. Les motifs tactiles sont présentés sur le Tactograph, une interface
haptique reconçue spécifiquement pour l’affichage de graphiques tactiles qui combine
un afficheur STReSS2 à un charriot planaire instrumenté.
Cette thèse démontre le potentiel de la déformation latérale de la peau pour l’affichage
de Braille et de graphiques tactiles, et explore ainsi comment cette approche à la stimulation tactile peut être appliquée à la production de sensations tactiles signifiantes.
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Chapter 1
Introduction
A visual impairment forces a person to develop a strong ability to make functional use
of other often-neglected senses. The sense of touch can, as a result, be developed to
interpret sophisticated tactile patterns such as Braille and gather a surprising amount of
information through subtle tactile cues such as the friction of a white cane against the
ground. This attention and appreciation for the sense of touch makes visually impaired
persons natural users of haptic technologies and invaluable allies in the development of
experimental interfaces that aim to communicate information through this underused
sense. In this thesis, tactile sensations synthesized using programmable tangential
strain patterns are developed in the context of Braille and tactile graphics in an effort
to improve both the accessibility of textual and graphical content for visually impaired
persons, and the understanding of this approach to computerized tactile stimulation.

Accessibility
Braille has played a significant role in the empowerment of visually impaired persons
by defining a tactile code that can not only be read but also written, and hence enabling
literacy. Refreshable Braille displays, and more recently voice synthesis hardware and
software, have for many years maintained the accessibility of written information as it
migrated gradually to digital media. These solutions nevertheless present drawbacks.
Refreshable Braille displays are limited to a single line by space and cost constraints
yet generally more expensive that the personal computer they are used with. Voice
synthesis, on the other hand, reduces control over the reading rate and provides an al-
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together different communication medium that hides individual characters and hence a
crucial aspect of the written language. There is therefore much room for improvement
and innovation in the delivery of textual information to visually impaired readers.
The use of these technologies with screen readers has nevertheless provided an
acceptable solution for access to computer interfaces and digital media until recently.
The increasingly pervasive use of visual content, however, threatens to severely limit
the usability of digital interfaces and hence exclude the visually impaired community
from some of the most exciting innovations. Graphical information is no longer restricted to isolated pictures and diagrams, and instead often provides the bulk of the
content in applications such interactive mapping systems or a coherent structure for
textual content in documents such as web pages. Providing access to this graphical
information is complicated by technological as well as physiological issues. Although
the means of production have improved in recent years, tactile graphics are still created through a cumbersome process that results in static, physical media and are hence
much less flexible and immediately accessible than their visual counterparts. The conversion of visual graphics into a tactile form furthermore requires a simplification of
the content and reduction of the information density to accommodate the lower acuity
of the sense of touch, often resulting in a set of complementary tactile graphics for a
single visual equivalent. These issues could be alleviated by providing interactive access to dynamic graphical content through refreshable tactile graphics interfaces. The
development of such interfaces, however, remains an open research topic.

Haptic Interfaces
The design of haptic interfaces has been an active research topic in recent years, with
much effort focusing on the display of virtual or refreshable tactile patterns with direct
or indirect applications for visually impaired persons. Alternative technologies for the
display of Braille have been investigated but none has been able to dislodge the expensive but effective piezoelectric refreshable Braille cell. Technologies for the refreshable display of tactile graphics have on the other hand remained, with few exceptions,
experimental and have yet to be used widely by the visually impaired community.
Force-feedback interfaces with a single point of contact have notably been used to
display virtual surfaces and hence show maps, diagrams and other tactile graphics.
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A wide variety of skin stimulation methods have similarly been used to create tactile
transducers that produce a programmable distributed stimuli on the skin. A typical approach consists of approximating the local height of a 3 D surface with a programmable
matrix of actuated pins. Despite much progress, a variety of technical and practical issues have prevented these novel tactile interfaces from gaining wide acceptance in the
visually impaired community as viable alternatives to more established methods such
as embossed paper and thermoformed plastic.
This thesis focuses on a novel approach to skin stimulation that synthesizes artificial tactile sensations by creating tangential strain patterns on the fingerpad skin. Referred to as laterotactile stimulation, this approach triggers the impression of brushing
against tactile features through the controlled activation of a dense array of laterallyactuated contactors held against the fingerpad skin. This concept of tactile rendering
by lateral skin deformation is explored and elaborated in the context of Braille and
tactile graphics by giving rise to virtual tactile patterns as fingerpad-sized laterotactile
arrays are physically displaced over a line or plane.

Problem Statement
The programmable display of dynamic tactile patterns by lateral skin deformation
presents an opportunity to improve the accessibility of textual and graphical content
for visually impaired persons. This approach to tactile stimulation, however, presents
significant challenges due to the limited knowledge of the relation between lateral skin
deformation and tactile perception. A laterotactile array does not artificially reproduce
the physical properties of a tactile object, but rather creates the illusion of brushing
against it through a perceptual and physiological process that has yet to be fully understood. The production of meaningful and useful tactile sensations through the controlled activation of a laterotactile display’s actuators, a process referred to as tactile
rendering, is therefore an open research problem and the primary topic addressed in
this thesis.
The research presented in this thesis aims to demonstrate the feasibility of producing by lateral skin deformation virtual tactile patterns that are suitable for use in
the context of two applications for persons with visual impairments — Braille and
tactile graphics — and in the process gain a better understanding of this novel tactile
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stimulation method. This entails the empirical development and evaluation of rendering algorithms producing sensations that either resemble those experienced with
conventional tactile media, or allow the communication of equivalent information.
The content of a Braille character can, for example, be presented either realistically
or through higher-contrast, abstract patterns that reproduce the cell’s spatial layout.
Efforts are also made to identify optimal rendering parameters and to exploit novel affordances introduced by the dynamic properties of laterotactile Braille and graphics. A
re-evaluation and adaptation of conventions designed for other media having different
strengths and weaknesses is also required.
These objectives are addressed through the iterative development, evaluation, and
refinement of laterotactile rendering algorithms. The relevant application domains are
first studied to determine best practices and identify potential improvements in the user
experience. Rendering algorithms are then empirically developed based on experience
and intuition, and a wide range of parameters made available for fast alteration. The
resulting rendered patterns are then informally evaluated with a small number of reference users, and the feedback provided used to perform an initial tuning of the rendering
algorithms and narrow down the parameter space for further investigation. The resulting tactile rendering algorithms are finally formally evaluated based on performance
at a critical task, such as the identification of Braille characters, and the effect of a
small number of parameters of particular interest estimated. This process is repeated
to iteratively refine the tactile rendering algorithms and gain a better understanding of
their practical usability.

Thesis Overview
This thesis investigates the synthesis of tactile sensations by lateral skin deformation
and its applications for the accessibility of textual and graphical content by visually
impaired persons. The core of the thesis can be divided in two main parts. Chapters 3
and 4 first describe the design, refinement and evaluation of novel techniques for the
display of virtual Braille by laterotactile stimulation. This work is then extended in
Chapters 5 to 9 to the display of virtual tactile graphics, introducing a dedicated haptic
interface and a flexible framework for the rendering of static and dynamic tactile patterns. Chapters 3 to 6 reproduce the content of published manuscripts documenting the
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progression of the concept of laterotactile rendering in these two domains. The next
three chapters present unpublished work describing the latest developments and accumulated knowledge on laterotactile rendering and its applications for virtual tactile
graphics. Each chapter is described in more details below.
Chapter 2 provides an extensive review of the literature on visual impairment
and assistive technologies for visually impaired persons, with special emphasis on the
applications of haptic and tactile feedback. The chapter includes in-depth coverage of
conventional and experimental approaches to Braille and tactile graphics.
Chapter 3 reports on the design and evaluation of tactile rendering algorithms for
the display of lines of virtual Braille dots by lateral skin deformation. This work was
realized using a specially-designed electromechanical tactile display prototype with
fewer but stronger actuators than its predecessors, allowing the feasibility of producing Braille-like sensations by tangential deformation to be demonstrated for the first
time. Travelling waves of local skin strain were tuned to approximate the sensation of
brushing against lines of Braille dots and reading shown to be possible but demanding.
Chapter 4 reports on the design and evaluation of extended rendering algorithms
for the display of complete 6-dot Braille. This work was realized with the STReSS2 , a
newly available general-purpose tactile display with a 10 × 6 array of laterally-moving
skin contactors [289]. Rendering 6-dot Braille cells was accomplished by distributing
lines of virtual dots onto the rows of the tactile array and optionally increasing contrast
with a textured pattern in place of dots. Reading was shown to be possible in most
cases but difficult and slow, suggesting that a specialized Braille display be devised or
realism be abandoned in favour of high-contrast symbolic patterns.
Chapter 5 shifts focus to the display of virtual tactile graphics through a haptic
memory game that requires tactile rather than visual patterns to be matched. Performed
with an interface named Tactograph that combines a STReSS2 tactile array with an instrumented planar carrier, this early work re-purposes rendering approaches designed
for Braille and introduces concepts such as grating textures, dot patterns and vibration rendering that form the basis of a virtual tactile graphics framework refined and
evaluated in later chapters.
Chapter 6 presents a more detailed description and evaluation of an improved
virtual tactile graphics framework that supports arbitrarily-oriented grating textures,
radially-rendered dots, vibrating patterns and bitmap-based masks. The results of ex-
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periments performed with both sighted and visually impaired subjects demonstrate
the feasibility of displaying identifiable shapes and textures by tangential skin deformation, and provide insight into practical considerations such as the minimal spatial
wavelength difference necessary to distinguish adjacent grating textures.
Chapter 7 reports on the design and implementation of an improved haptic interface designed specifically for the display of virtual tactile graphics that addresses many
limitations of its predecessor. This redesigned Tactograph includes improvements such
as a larger virtual canvas and additional sensors for the measurement of the orientation
of the tactile array and the pressure applied with the reading finger.
Chapter 8 presents a comprehensive framework for the rendering of virtual tactile
graphics by lateral skin deformation that extends previously-described rendering approaches, introduces novel ones, and re-frames the whole as a coherent set of tactile
patterns. The concept of a grating texture is, for example, extended to include axial and radial gratings, and gaps optionally inserted between grating ridges for better
definition. Major additions to the framework include a set of compositing operators
allowing complex tactile patterns and textures to be created, as well as vector graphics
drawing capabilities introduced through the concept of a tactile stroke.
Chapter 9 finally describes extensions to the virtual tactile graphics framework
that take advantage of the opportunities afforded by dynamic tactile rendering. Tactile
flow is first introduced in the rendering of textures, stroked shapes and dotted shapes
through the motion of tactile features. Reactive rendering is then investigated through
the alteration of textures in response to changes in exploration behaviour. Interactive graphics are finally briefly explored in the form of alternative views of a canvas’
content.
Chapter 10 concludes the thesis with a summary of the main findings and discussion of future directions in which this research could be taken.
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Summary of Contributions
This thesis makes the following contributions:
1. The design, implementation, and experimental evaluation of laterotactile rendering patterns simulating the sensation of brushing against lines of Braille dots
and complete 6-dot Braille cells through travelling waves of lateral skin deformations.
2. The design and implementation of a haptic interface designed specifically for
the display of virtual tactile graphics by lateral skin deformation that combines
a STReSS2 tactile display with a specially-designed instrumented planar carrier.
3. The design, implementation, and experimental evaluation of a comprehensive
framework for the rendering of virtual tactile graphics by lateral skin deformation that emulates tactile features found in conventional tactile graphics and provides basic vector drawing capabilities through a set of tactile features comprising:
• textures rendered with vibrations, gratings, or tiled patterns;
• raster images used as masks;
• textured strokes and stroked shapes;
• raised dots and dotted shapes;
• composite patterns formed by superposition of simpler textures or patterns.
4. The design, implementation, and preliminary evaluation of dynamic effects in
the rendering of virtual tactile graphics by lateral skin deformation, such as:
• the rendering of tactile flow along textures, stroked shapes, and dotted
shapes;
• the reactive rendering of textures as a function of the exploration behaviour;
• the interactive selection of alternate tactile graphics views.

8

Chapter 2
Assistive Technologies for Visually
Impaired Persons
2.1 Introduction
Blind and visually impaired persons have long been believed to be well positioned to
reap the benefits of haptics research. While sighted persons are often not keenly aware
of the importance of their non-visual senses, blind persons depend on them and are thus
in a unique position to appreciate and make functional use of haptic interfaces. The
efforts necessary to design aids that meet the needs and requirements of persons with
visual impairments, however, should not be underestimated. This chapter therefore
aims to provide background information pertinent to the development and the design
of assistive devices for visually impaired users that leverage haptic technologies.
The chapter begins with a brief introduction to human haptics and haptic technologies, followed by an overview of the literature on blindness intended to help designers
better understand the needs of the blind community. The literature on assistive technologies for visually impaired persons is then surveyed, covering a wide range of topics including graphics, Braille and mobility aids, with special emphasis on the use of
haptic interfaces. The chapter finally closes with general recommendations for the design of assistive devices and a speculative discussion about the future of technological
aids and applications of haptics for visually impaired persons.
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2.2 Haptics
The term haptics is generally used to refer both to the study of the human somatosensory system, and to the development of technologies that artificially stimulate it. The
somatosensory system comprises the senses of discriminative touch, pain and temperature, as well as proprioception, the sense of the position and movement of the limbs
and body [242]. The perception of limb movement is also often referred to as kinaesthesia.
The sense of touch is mediated by four types of mechanoreceptors embedded in the
glabrous skin. Four types of mechanoreceptive afferents have similarly been identified
by microneurography and tentatively matched to mechanoreceptors [81]. The afferents vary based on their rate of adaptation to stimuli, either slowly adapting (SA) or
rapidly adapting (RA), as well as the size of their receptive field, small (I) or large (II).
The slowly adapting receptors, Merkel receptors (SA I) and Ruffini cylinders (SA II),
are respectively most sensitive to pressure (0.3-3 Hz) and stretching of the skin (15400 Hz) [81]. The rapidly adapting receptors, Meissner corpuscles (RA I) and Pacinian
corpuscles (PC or RA II), are on the other hand most responsive to taps on the skin (340 Hz) and vibrations (10-500 Hz) [81]. The neurophysiology of touch is however
much less developed than that of vision or audition, with recent studies, for example, shedding doubt on the very existence of Ruffini cylinders in the human glabrous
skin [200].
Haptic technologies generally fall within the broad categories of force-feedback
interfaces, which stimulate primarily kinaesthesia, and tactile interfaces, which stimulate the cutaneous senses. Force-feedback interfaces typically monitor the position of
a manipulandom, often a pen or thimble, and produce forces that simulate the interaction between a tool and physical objects. The most common interface of this type is the
PHANTOM (SensAble Technologies Inc., Massachusetts), which applies forces with 3
or 6 degrees of freedom (DOF) through an actuated arm. Many other force-feedback
interfaces, both experimental and commercial, have also been proposed, including actuated gloves such as the CyberGrasp (Immersion Corp., California) and haptic mice
such as the WingMan force-feedback mouse (Logitech International S.A., Switzerland). The most common tactile interfaces are simple vibrotactile stimulators, as used
in mobile phones and computer mice such as the Logitech iFeel mouse. Another type
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of tactile interface, less common but of relevance to this thesis, is a device called a
tactile display that applies distributed tactile stimuli to the skin, most often at the fingertip. Tactile displays often consist of large arrays of raised pins such as the Dot View
DV-2 (KGS Corp., Japan), or smaller movable arrays such as the VTPlayer (VirTouch,
Israel), a mouse with two 4 × 4 matrices of actuated pins. The work presented in this
thesis relies on tactile displays of the latter category but operating by lateral skin deformation, a novel approach to skin stimulation that shows promise for the display of
virtual tactile patterns.

2.3 Blindness and Visual Impairment
2.3.1 Definition, Prevalence and Causes
Vision loss affects a wide variety of persons and takes diverse forms depending on
the cause of the impairment and its impact on the visual acuity and visual field [294,
100]. The degree of impairment can range from a slight blurring of the vision to
a complete loss of light perception, with every gradation in between. The field of
view may similarly be narrowed or limited by “blind spots.” The age of onset of
blindness also varies and may be significant since it can affect a person’s perception,
representation of space and attitude towards blindness.
The relevant terminology differs depending on countries and contexts. The term
vision loss generally refers to any difficulty in seeing that cannot be addressed with
corrective lenses [11]. More restrictive terms such as low vision and blindness (or legal
blindness) are defined in the United States as a visual acuity worse than 6/12 or 6/60
respectively [167]. A visual acuity of 6/60, for example, indicates that letters read only
at 6 m could be read at 60 m by a person with perfect sight [11]. A visual field of 20° or
less is also considered sufficient for blindness. The term visually impaired is often used
to collectively refer to persons with either low vision or blindness. Similar terminology
is used with different definitions by the World Health Organization, complicating the
compilation of statistics [167]. The terms congenital and adventitious, or early and
late, are also occasionally used to describe whether a vision loss has occurred at birth
or later in life. Although defined strictly for legal and statistical purposes, many of
these terms are also often used more loosely in the literature and in everyday parlance.
The prevalence of blindness and low vision in Canada has been estimated at 0.24%
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and 0.71% respectively (or approximately 78 000 and 234 000 persons) [167]. The
American Foundation for the Blind (AFB) reports that the number of Americans with
significant vision loss reaches more than 20 million [11]. Of these, 1.3 million were
reported to be legally blind in a 1994 survey, 80% of them having some residual vision [11, 154]. A more recent report indicates that there are approximately 57,696
legally blind children in the U.S. [11]. Another study estimates that 937,000 Americans older than 40 years are blind, and an additional 2.3 million have low vision [272].
The prevalence of visual impairment significantly increases with age [272, 11, 191,
154]. Vision loss among seniors and persons aged from 45 to 64 years reaches approximately 6.2 and 9.0 millions respectively in the U.S. [11]. The prevalence of visual
impairments is therefore expected to increase with the aging of the population in developed countries [272, 11, 154, 100]. Worldwide, an estimated 37 million persons
are believed to be blind and 124 million more to have low vision, 90% of them in
developing countries and 75% due to causes that are preventable or curable [269].
Only a minority of visual impairments appear at birth [90] and a significant proportion of persons with vision loss also have other impairments [191]. The leading causes of visual impairment in Canada are estimated to be cataracts, age-related
macular degeneration and visual pathway and other retinal diseases [167]. Cataracts,
glaucoma and macular degeneration are similarly identified as leading causes worldwide [225]. Of particular interest is diabetic retinopathy which not only impairs vision
but also touch, and may therefore affect the usability of haptic interfaces. According
to the American Diabetes Association, “diabetes is responsible for 8% of legal blindness, making it the leading cause of new cases of blindness in adults 20-74 years of
age” [10].
2.3.2 Neurology and Psychology
Deprivation of visual input to the brain during a critical period of development is
known to cause permanent damage to the visual cortex [100]. Experiments have, for
example, shown that animals deprived of vision during this developmental period do
not respond to visual stimuli once their sight is restored. Similar clinical observations
have been made when restoring sight to congenitally blind persons, for example, by
removal of cataracts.
Brain imaging techniques have been used to study in more details the functional re-
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organization occurring in the brain as an adaptation to blindness. Studies with Braille
readers have, for example, shown that the cortical representation of the dominant reading finger is disproportionately large [60, 80]. Similarly, studies have shown that the
visual areas of the brain can be activated by tactile or auditive stimulation in blind
persons [76, 74, 80]. The significance of these results is the subject of debate. It is
not clear, for example, that an increase in cortical representation of a finger translates
into an increase in tactile acuity. Studies have shown however that deactivation of the
primary visual cortex (V1) causes a drop in Braille reading performance for early blind
persons [74], and interferes with verbal processing in blind persons [9].
This debate finds echoes at the perceptual level with the theory of sensory compensation, according to which a blind person’s unimpaired senses are heightened to compensate for the loss of sight. While many textbooks on blindness take a conservative
stance against the theory [294, 100], there is mounting evidence from recent studies
for limited sensory compensation [19]. It has, for example, been suggested that blindness, particularly when occurring early, enhances auditory perceptual and cognitive
functions [262]. The tactile acuity of an average blind person has also been shown to
be the same as that of a sighted person of the same gender but 23 years younger [80].
Other studies, however, report mixed evidence concerning tactile perception of pattern and form [294] and that some sound localization skills may be impaired by early
blindness [311].
Despite the controversy, it is generally agreed that visually impaired persons are
more proficient at attending to non-visual stimulus and make better functional use of
non-visual senses [294, 100]. It seems, for example, that “the blind have, through
need, learned to attend better to auditory stimuli and therefore can make more use of
the available auditory information than sighted people” [294, p. 67]. A good example is the obstacle sense that allows blind persons to feel the presence of obstacles.
Researchers have shown that the obstacle sense is mediated by audition and can be
learned by blindfolded sighted subjects. The use of efficient strategies and exploratory
techniques has similarly been shown to be responsible for the better performance of visually impaired persons at judging the curvature of a long object such as a ruler [100].
The mental images of visually impaired persons have also raised much interest.
Defined as a “mental experience which occurs in the absence of stimulation, but which
resembles the experience that occurs when a stimulus is actually present” [100, p. 83],
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a mental image tends to be strongly visual for a sighted person, even when arising from
touching an object [100]. Mental images are also experienced by early blind persons
but seem to be of a different nature, allowing, for example, the perception of “both
the front and back of a palpated object at the same time” [100, p. 86]. The extent
to which vision is necessary to mediate the perception of space is also the subject of
much debate [273, 125].

2.4 Technological Aids
Visually impaired persons have at their disposal a variety of simple yet effective specialty items that facilitate the performance of tasks of daily living. This includes special watches and alarm clocks, magnetic Braille labels, tactile tags for clothing colors,
and even adapted mobile phones. Other aids such the long cane and the guide dog
are also widely used to improve the mobility and independence of visually impaired
persons. This section surveys a wide range of assistive technologies, many of which
have not reached the prominence of these simple aids but have nevertheless proved
quite useful. Assistive devices aimed at mobility and orientation are first described.
The accessibility of text and graphics, the main topic of this thesis, are then covered in
details, followed by non-visual human-computer interaction. Vision substitution systems and advances in sight recovery are finally discussed. Special attention is given to
applications of haptic technologies throughout the survey.
2.4.1 Orientation and Mobility
The ability to navigate safely and efficiently in an unknown environment is essential
for the independence, well-being and participation in society of visually impaired individuals. The skills required for independent travel are classified as orientation and
mobility, with the former term referring to the ability to situate oneself in an environment and find a route to a destination, and the latter referring to the ability to negotiate
obstacles and find a clear path. Despite much effort to develop more sophisticated aids,
orientation and mobility needs remain most commonly addressed with the long cane
or guide dog.
Invented in the 1940s, the long cane is the most widely used mobility aid with
a recent estimate of 109,000 American users [11, 100]. The cane allows the detec-
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tion of obstacles and drop-offs but does not warn of overhanging objects such as tree
branches. Its short range of approximately one meter forces users to be prepared to
stop or correct course quickly and therefore limits walking speed [100]. The cane is
also easily identified, warning bystanders to clear the way but also marginalizing its
users [33]. Despite these shortcomings, the long cane is an invaluable instrument that
provides rich information through both audio and tactile feedback. Used by making
arcs, the cane taps against the ground and informs its user not only of obstacles but also
of the texture, material and slope of the ground. The sound emitted by the contact also
serves for obstacle detection by echolocation [33, 100]. A wide variety of long canes is
available, including telescopic or folding canes that can conveniently be hidden away
when not in use [8].
The guide dog is also a popular mobility aid with approximately 7,000 American
users [11]. Guide dogs have been shown to improve a visually impaired person’s mobility and to bring benefits such as independence, confidence, companionship and socialization [298]. Guide dogs, however, must be cared for by their owners and trained
by professionals at significant expense, reducing their availability.
Much effort has gone into the development of sophisticated electronic travel aids
that leverage technology to address the limitations of the long cane and guide dog.
Most wisely aim to supplement rather than replace these effective aids [28], and none
has yet to gain widespread acceptance in the blindness community despite many commercialization attempts [231]. The remainder of this section provides a brief overview
of aids addressing mobility and orientation needs. Readers are referred to [109, 231,
33, 47, 191, 100, 90, 12] for more extensive surveys.
Mobility
Typically used in conjunction with a long cane or guide dog, mobility aids assist visually impaired travelers in finding a safe, clear path by providing advance warning
of obstacles that may otherwise go undetected. Most mobility aids aim to extend the
range of detection and protect against over-hanging obstacles.
Vision substitution systems, covered in more details in Section 2.4.5, provide visual
information through sophisticated audio or tactile feedback and can therefore serve
as mobility aids. The SonicGuide, for example, converts readings from ultrasound
sensors embedded in a pair of glasses into a stereo audio signal encoding the dis-
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tance, size, texture and direction of obstacles through variations in pitch, amplitude,
timbre and stereo delay [3, 124]. Although the richness of the information provided
can be extremely useful, its interpretation requires much effort and is possible only
after extensive training [56]. Most mobility aids therefore choose to process the environmental data gathered with their sensors and present simplified information to the
user [231, 109]. This approach has the benefits of requiring less training, reducing the
cognitive load of device operation and lowering costs.

(a)

(b)

Fig. 2.1 Examples of electronic mobility aids: (a) the MiniGuide and (b)
the UltraCane. (Pictures used with permission from GDP Research and
Brian Hoyle respectively.)

A recent survey has identified and classified 146 electronic travel aids and found
twelve of them to be available commercially as obstacle detectors [231]. These aids
rely on infrared, ultrasonic or laser technologies to sense the environment. Although
most support audio feedback, many also provide tactile feedback as a primary or secondary output. The MiniGuide (Figure 2.1a), for example, is held like a flashlight and
indicates the distance of objects detected by an ultrasound beam with a vibrotactile
or audio signal of variable frequency [97]. The UltraCane (Figure 2.1b), on the other
hand, has the appearance of a normal long cane but indicates the presence and distance
of obstacles through two vibrating buttons on its handle [209]. Other aids are carried
around the neck, head mounted or attached to a white cane [231].
Many more experimental mobility aids have been proposed in the literature. The
Teletact2, for example, conveys the distance to obstacles through vibrators located
under four fingers [109]. Many have similarly attempted to convey obstacle directions
or guidance cues through arrays of vibrotactile stimulators disposed on the torso or
around the waist [253, 38]. Others have opted instead for the use of mobile robots
as replacements for guide dogs. The GuideCane, for example, is a small robot that
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determines a safe path by ultrasound and guides the user pushing it by simple rotation
of its wheels [253]. A similar approach has also been used with additional guidance
information and obstacle warnings provided by an electrotactile display [264].
Orientation
Although obstacle detection and avoidance are important, commonly-used travel aids
such as the long cane and the guide dog perform those tasks satisfactorily for many
blind individuals. Orientation in an unknown environment and navigation towards a
destination, on the other hand, are problematic issues that are not properly addressed
by these aids [47].
The orientation needs of visually impaired persons can be handled by disposing
accessible navigation signs in the environment. Although fairly simple technically,
this solution generally requires retrofitting buildings and street signs to incorporate
active or passive beacons. The Talking Signs system (Tactile Signs, Inc, Louisiana),
for example, relies on infrared transmitters that broadcast verbal messages to handheld
receptors (Figure 2.2a). Although installed in some cities, these systems have yet to
become widespread and are unlikely to become so unless co-opted by society at large
for other purposes [18].

(a)

(b)

Fig. 2.2 Examples of orientation aids: (a) Talking Signs receiver, and (b)
Humanware Trekker with GPS receiver. (Pictures used with permission
from Talking Signs, Inc. and HumanWare respectively.)

A more promising approach is to rely on advances in location-aware computing,
which are now becoming commonplace in cars, mobile phones and even cameras.
A recent survey has, for example, identified eight commercially-available electronic
mobility aids that provide navigation assistance to visually impaired travelers using
position information obtained from Global Positioning System (GPS) receivers (Fig-
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ure 2.2b) [231]. These aids provide information about a person’s location, nearby
points of interest, and routes to destinations through speech and non-speech audio as
well as, in some cases, refreshable Braille. More experimental aids have also attempted
to provide navigational cues through vibrators disposed on belts or vests [233, 63, 96].
These aids greatly benefit from their reliance on sophisticated but affordable technologies developed for larger markets.
Unfortunately, GPS receivers are known to be unreliable in dense urban areas with
high-rise buildings and generally unusable indoors [109]. These issues could potentially be partially addressed using other triangulation sources, such as wireless networks or mobile phone towers, as well as dead-reckoning with inertial sensors. Computer vision could also be relied upon to identify known environmental markers. The
detection of crosswalks was, for example, shown to be possible using nothing more
than a mobile phone equipped with a camera [246]. An orientation aid should ultimately be capable of providing rich semantic information about a person’s environment including not only street names but also door labels and more subtle cues such
as the presence of light in a room [109].
2.4.2 Reading and Writing
Invented in 1829, Braille is a tactile code that replaces printed characters with simplified patterns of raised dots adapted to the tactile sensitivity of the fingertip [65]. Each
Braille cell is formed of a 2 × 3 matrix of dots that encodes a character or group of
characters. The success of Braille over competing tactile codes owes not only to the
efficiency with which it is read, but also to the possibility of writing it with simple
tools, a necessity for the development of literacy [261]. Braille proficiency has notably
been associated with higher employment rates and educational levels, self-sufficiently,
independence, self-esteem and feelings of competence [236, 241]. Contrary to general
belief however, Braille literacy is low and declining [154, 100, 236, 241, 261]. This
may be explained by the effort necessary to learn Braille and the stigma associated
with this symbol of blindness [241], and more recently by the availability of alternative media. An estimated 5,626 legally blind children nevertheless use Braille as their
primary reading medium in the United States [11].
Although considerable variations can be observed between individuals, Braille is
generally read slower than print [65]. A recent study, for example, reports average
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reading rates of 124 words per minute (wpm) for Braille and 251 wpm for print, noting
however that the fastest Braille readers can match or even exceed the speed of sighted
readers [151]. Although all fingers often contribute, Braille is generally read mainly
with one or both index fingers [65]. Both hands are nevertheless often used. The
slower readers use their second hand for nonreading functions such as finding the
next line whereas the fastest readers use both index fingers cooperatively to avoid
regressions and reduce wasted intervals while switching lines. Braille is moreover
read by brushing against it rather than by resting on it [254, 52].
Braille is generally produced on paper with specialized printers, resulting in highlyreadable but bulky documents that deteriorate with use (Figure 2.3a). Digitized content can alternatively be read on refreshable Braille displays which typically present
a line of forty or eighty electromechanical Braille cells (Figure 2.3b). Each Braille
cell consists of a 2 × 4 matrix of dots actuated by cantilevered piezoelectric bending
motors [274]. Commercially available for many decades, refreshable Braille displays
have proved effective but expensive due to the large number of actuators required to
activate every dot. Although desirable, full-page Braille displays are economically
unviable with this actuation technology.

(a)

(b)

Fig. 2.3 (a) Paper Braille and (b) refreshable Braille display. (Pictures
used with permission from Mario Sánchez Bueno and Pulse Data International Ltd. respectively)

Numerous efforts have therefore been made to improve upon the piezoelectric
Braille display. A majority of these attempted to actuate dots or dimples using alternative technologies such as solenoids [51], piezoelectric linear motors [40, 281], relays [259], bimetallic strips [46], flappers [302], shape memory alloys [87], ultrasonic
motors [142] and electrorheological fluids [2]. The batch fabrication and miniaturization of Braille cells has also been investigated with microelectromechanical systems
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such as microheating elements [150, 138], microvalves [300, 303], and polymeric actuators [122]. While promising, these technologies have yet to prove sufficiently practical and economical to replace the piezoelectric Braille cell.
The display of moving Braille to passive fingers has also attracted attention for
its potential to significantly reduce the complexity of displays [198, 85, 29]. Braille
pins moving at the edge or rim of a rotating wheel can, for example, be set in the
correct state by a small number of actuators as they enter a reading window [192, 228].
Conversely, attempts have been made to create the illusion of a large Braille line using
small moving tactile arrays [68, 66, 221]. Ramstein, for example, mounted a pair of
Braille cells on a planar carrier and displayed a sequence of characters as they were
displaced along a virtual line, resulting in less realistic but readable Braille [221].
Braille-like patterns have also been produced using electrotactile [218], thermal [29]
and vibrotactile [41] stimulation. Although they present advantages, the acceptability
of these approaches to visually impaired readers has yet to be demonstrated.
Written information can also be accessed by pre-recorded or synthesized speech.
Digital talking books and the Digital Accessible Information SYstem standard (DAISY),
for example, allow efficient navigation through indexed audio content. Much cheaper
than refreshable Braille displays and requiring no knowledge of Braille, voice synthesis is also popular for access to digital media and more generally to computer interfaces. Although normal speech can be fairly slow, it can be compressed to reach rates
up to 275 wpm without affecting comprehension or retention significantly [294].
Numerous efforts have also been made to provide equal access to the vast quantities of material available only in print. The Kurzweil Reading Machine was the first
to combine an optical scanner, optical character recognition software, and a speech
synthesizer [100]. These components are now widely available commercially and allow blind readers some access to printed material. Such a system, however, is not
portable and may not be capable of recognizing degraded text or handwriting. Using a
different approach, the Optacon directly maps images from a camera to a vibrotactile
equivalent (Figure 2.4a). Tactile sensations are experienced through a miniature tactile
display consisting of an array of 24 × 6 vibrating pins [31]. As the camera slides over
a printed character, a corresponding tactile sensation moves across the fingertip. With
considerable training, a typical reading speed of 30 to 60 wpm can be achieved [79].
The device can also be used, to a lesser extent, to explore printed graphics. A similar
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device, the Top-Braille (Vision SAS, France), has recently been marketed for a similar
purpose using a single Braille cell or synthesized speech as a communication medium
(Figure 2.4b).

(a)

(b)

Fig. 2.4 Example of print reading aids: (a) Optacon II, and (b) Top-Braille
(used with permission from Vision SAS).

2.4.3 Graphics
Conventional Tactile Graphics
Visual representations of information are used extensively by the sighted but are much
less accessible than textual content for visually impaired persons. Graphical content
can nevertheless be adapted for tactile consumption and produced on static media such
as embossed paper, thermoformed plastic or a collage of mixed materials [59, 235].
Tactile graphics are used in a variety of contexts but are most critical in the classroom where scientific and technical topics are often taught using graphs, bar charts
(Figure 2.5a), geographical maps (Figure 2.5b) and other visual representations [59,
36, 99, 98, 6, 247]. Tactile maps can also provide sufficient information for visually
impaired persons to orient themselves and navigate autonomously in an unknown environment [59, 91].
Producing effective tactile graphics, however, presents significant challenges. Visual material must be simplified to take into account the lower resolution of the sense
of touch [100, 91] and carefully adapted to avoid visual conventions such as perspective which may be understood only with extensive training [100]. The density
of information found in tactile graphics such as maps is generally much lower than
for their visual counterparts, forcing producers to eliminate details or spread them
across multiple sheets [201, 110, 59]. Tactile graphics are generally produced by
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(a)

(b)

Fig. 2.5 Examples of tactile graphics: (a) bar chart and (b) map. (Pictures
used with permission from GH, LLC, www.gh-accessibility.com.)

trained experts through a time-consuming process. Promising attempts have nevertheless been made to partially or fully automate this process using image processing
techniques [144, 296].
Detailed guidelines for the design of effective tactile graphics have been proposed
by numerous practitioners [59, 34]. It is generally recommended, for example, to leave
a clear separation between tactile elements and to use contrasting tactile textures. Maps
are built with point symbols representing items of interest such as cities, line symbols
delimiting contours and defining paths, and areal symbols replacing colors with tactile
textures [59, 34, 268, 278, 111]. Tactile patterns evoking recurring elements such as
water or mountains are often sought although no fixed convention exists.
Graphics can also be drawn by visually impaired persons by, for example, raising
lines on microcapsule paper using a heat pen. Erasing, however, is not allowed by most
drawing media and feeling graphics as they are being drawn is generally difficult [91].
Many researchers have nevertheless observed the way in which blind persons draw in
order to gain insight on their representation of space. Although some features appear
to be universal, the drawings of a blind person are in many ways different from those
of a sighted person [91]. It has, for example, been noted that many visual conventions
such as perspective are not respected, and that objects are sometimes folded out or
flattened and their hidden parts represented [137]. These observations may be relevant
to the production of adapted tactile graphics.
Refreshable Tactile Graphics
Numerous attempts have been made to address the limitations of conventional tactile
graphics using technological solutions. Tactile content can, for example, be produced
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with high-density dot embossers [288] or 3 D printers [174]. Tactile graphics can also
be augmented with location-based speech or non-speech audio when combined with a
tablet or other pointing device, thereby reducing the need for Braille labels and therefore clutter [297, 13, 108, 212, 165, 181, 202]. Much research has also considered
the display of virtual or refreshable graphical content using haptic interfaces such as
force-feedback devices and tactile displays (Figure 2.6).

(a)

(b)

Fig. 2.6 Examples of haptic interfaces: (a) Phantom Omni and (b) VTPlayer (used with permission from Christophe Jacquet).

Force-feedback interfaces such as the PHANTOM simulate interaction forces between a probe and a 3 D environment and can therefore be used to display virtual scenes
to visually impaired persons [207, 89, 48, 170, 245, 276, 103, 168]. Objects of significant complexity have been found to be identifiable [169]. This approach has notably
been used for the design of haptic games and interaction techniques that facilitate the
non-visual exploration of a virtual environment [255]. Detailed 3 D maps have also
been displayed by force-feedback using information captured by cameras [186]. Virtual environments can alternatively produce 3 D surfaces similar to conventional tactile
graphics using either sophisticated interfaces or consumer-grade ones such as haptic
mice. This approach has notably been used to produce maps [240, 201, 145, 82, 186],
3 D data set visualizations [69], and electric circuits [216]. The display of multimodal
graphics such as bar charts has also been extensively studied using line drawings produced as virtual grooves [307]. A sophisticated system allowing graphics to be drawn
by blind users using positive or negative relief has similarly been designed [128, 224].
The display of audio-tactile maps with consumer-grade devices has also been explored
with bumps and vibrations representing elements such as political boundaries and
cities [201]. Graphs have similarly been presented using vibrotactile stimulus provided by a modified pen tablet [64]. A mixture of 3 D objects and 2 D surfaces with
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grooves and textures is often used in practice, and has notably been applied to the
development of haptic games and educational applications [207, 237, 267].
Attempts have also been made to display tactile graphics using tactile displays that
produce distributed tactile stimuli on the skin. Although a wide variety of skin stimulation methods and actuation technologies have been experimented with [287, 282],
many arrays employ a technology similar to that used for the refreshable display of
Braille. Large pin arrays have therefore been used for drawing as well as displaying
animations, complex patterns, games, mathematical graphics, and web pages [249,
131, 130, 295, 4, 234]. Experimental displays with controllable elevation have similarly been used to display Chinese ideograms, familiar objects, maps and scientific
illustrations [252, 123]. Other displays have often been evaluated based on their ability to convey simple geometric patterns or letters [265, 23, 171, 250] and may have
potential for the display of more complex graphics.
Virtual graphics can also be produced with fingerpad-sized arrays by altering the
tactile stimuli as the device or a separate pointing device is displaced. The VTPlayer, a
mouse-like interface with two 4 × 4 pin arrays, has, for example, been used to display
virtual patterns either directly [115] or by combination with a PHANTOM’s probe [287,
286]. Many small arrays have similarly been evaluated based on their performance for
the display of virtual shapes, letters or textures [172, 173, 195, 309, 141]. Although
mainly used as a reading aid in practice, the Optacon has also been evaluated for the
exploration of large tactile patterns [31, 95, 135]. Most small tactile arrays, however,
have been mainly evaluated for the passive display of tactile patterns. Many displays
have been used to display simple geometric patterns [139, 143, 140, 14, 117, 116, 279]
as well as bars or gratings [187, 120]. The VTPlayer has also been used to display static
and dynamic directional icons which were used as guidance cues for the exploration
of shapes and electric circuits [215, 193]. Many of these tactile displays nevertheless
present potential for the display of more complex virtual tactile graphics.
2.4.4 Human-Computer Interaction
While early computer interfaces such as command-line prompts could easily be communicated sequentially through voice synthesis or Braille, the visual content of graphical user interfaces and relative pointing devices such as the mouse are largely inaccessible to visually impaired computer users. Computers are nevertheless accessible
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through screen reader software that transparently reinterprets graphical user interfaces
and communicates their content by refreshable Braille or voice synthesis. The user
experience is however much less satisfying than for the sighted due to the sequential
nature of the presentation and loss of spatial information.
Attempts have been made to address these issues using audio and haptic feedback. O’Modhrain and her colleagues, for example, designed a planar haptic device
to reintroduce tactile and kinaesthetic interaction in the sound studio, a traditionally
accessible environment from which blind sound engineers found themselves excluded
with the introduction of computers [78]. Visual widgets were mapped to tactile sensations so as to provide non-visual access to the Microsoft Windows desktop [197].
The edge of a window was, for example, represented as a groove and a check box as
an attracting spring or repelling block. Gravity was introduced in direct manipulations
so that the weight of objects could be felt. The PC-Access project similarly improved
the accessibility of the desktop using spatial information provided by haptic stimuli,
including boxes for the size of objects and gutters for boundaries [222]. Distance information was provided by dynamic forces, such as rubber bands, when moving icons
or resizing windows.
Researchers have also attempted to provide specialized computer interfaces better
adapted to the needs of blind users. A chat room client was, for example, designed to
provide control over the reading of incoming communications, a simple improvement
that can have a significant impact on usability [88]. A touch tablet covered with a
tactile overlay was similarly designed to provide a user interface for navigating through
hypermedia applications [212]. An accessible text editor was also designed using voice
recognition, speech synthesis and a Braille terminal [20]. Sjöström has experimented
with haptic computer interfaces and designed a number of tools, such as radial menus,
that facilitate interactions [255]. He has also designed haptic games involving the
exploration of virtual environments with a PHANTOM such as the Memory House, in
which pairs of buttons must be matched, and Submarines, a boardgame in which the
state of squares is represented by intuitive tactile sensations such as waves. Although
custom interfaces and applications are likely to be more usable than the reinterpretation
of a GUI, they are less flexible, require more work for their implementation and may
not be accepted by the users who often wish not only access to the computer, but also
access to the interface of the sighted.
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The accessibility of the Internet finally deserves special attention since this resource offers a wealth of previously inaccessible information. Despite the publication
of web accessibility guidelines, many web sites are difficult, frustrating and inefficient
to browse with a screen reader [75, 299]. Irritants include the lack of alternate text for
images, the repetition of headers on every page, as well as the difficulty of obtaining
an overall view of a page and extracting relevant information. The use of contextual
voices and keyword extraction have been proposed as partial solutions for these problems [308]. The virtual or refreshable display of graphical content on haptic devices
such as tactile displays could also improve the accessibility of webpages [234].
2.4.5 Vision Substitution
Vision substitution systems convert information acquired from cameras or other spatial
sensors to rich audio or tactile signals with the intent of developing in blind persons
perceptual abilities similar to those allowed by vision.
One of the most extensive studies on vision substitution, the Tactile-Video Substitution System (TVSS), has experimented since 1963 with the conversion of video images into electrotactile or vibrotactile patterns applied to the abdomen, back or thigh
with arrays of 100 to 1,032 points, and more recently with electrical stimulation of
the tongue [15]. Although extensive training was required, it was shown that subjects could “learn to make perceptual judgments using visual means of analysis, such
as perspective, parallax, looming and zooming, and depth judgments” [15, p. 287].
Moreover, sensations were eventually exteriorized and no longer felt as being applied
to the skin [153]. Subjects would even duck as if to avoid an incoming object when
the tactile image was suddenly magnified [47]. Despite these results, the concept was
found to be of limited practical value since complex, outdoor scenes were impossible
to interpret [47]. The necessary concentration was moreover too great for prolonged
use or to concurrently perform other tasks [47].
The question of user expectations is also interesting. Despite the name, a vision
substitution system does not allow a blind person to experience or recover sight, often
leading to disappointment [153]. The new perceptions also do not carry subjective or
emotional value. Similar observations have been made about the recovery of sight by
congenitally blind persons (see Section 2.4.6). Bach-y-Rita, Tyler and Kaczmarek [15,
p. 293] nevertheless note that “a blind infant using a vision substitution system smiles
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when he recognizes a toy and reaches for it.”
Many other vision substitution systems have been designed, including the SonicGuide, introduced in Section 2.4.1 as a travel aid, and a similar device called the
vOICe which creates a 3D audio signal as a video image is swept [180]. Another example attempts to create a bas-relief representation of a stereo image using a wire-based
haptic interface [53]. Haptic feedback has also been used to design sensory substitution systems for deaf persons, for example, to communicate the emotional content of
a film’s soundtrack [121].
2.4.6 Sight Recovery
Medical interventions are sometimes able to restore sight to a blind person. As briefly
mentioned in Section 2.3.2, the results are highly dependent on the age of onset of
blindness. For example, while the functional sight of late blind persons can be restored
almost completely when removing cataracts, early blind persons show “some improvement of their vision with the passage of time, and the gaining of visual experience, but
in most cases they never [develop] anything approaching normal vision” [100, p. 40].
Despite having apparently good vision, patients are incapable of recognizing shapes
or faces, or making much functional use of their vision. About a third even revert to
blindness, preferring dark rooms and walking with their eyes shut [1].
Much research has also gone into creating electronic devices that can be implanted
in the brain or on the retina of blind patients to trigger visual sensations from external
stimulus, such as images recorded from a camera embedded in a glass eye. Electrical
stimulation of the visual cortex has been shown to produce the perception of light spots
or phosphenes [54, 100] and low-resolution implants have been successfully tested.
Given greater resolution, these implants may eventually provide sufficient usable vision to travel independently or to recognize faces and objects. Like cataract surgery,
visual prostheses may not restore functional sight to all blind patients, and particularly
to those who lost their sight early. See [35] for more information on this topic.
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2.5 Discussion
2.5.1 Assistive Technologies Market
Developers of assistive technologies should not be unduly encouraged by the statistics
of Section 2.3.1. The potential market for assistive devices is far from reaching the
37 million blind people in the world, most of which live in the third world and cannot
afford them. The remaining blind community varies in buying capability (depending on the level of governmental or insurance support) and in receptiveness to new
technologies. The American Foundation for the Blind estimates, for example, that approximately 5.7 million Americans with vision loss have an annual family income of
less than $20,000 and reports that as little as 19% of legally blind adult Americans
may be employed [11]. There are also significant differences in ability to use assistive
devices [56]. It was noted, for example, that the one third of visually impaired persons
less than 65 years old accounts for two thirds of long cane usage [231]. The situation
may be worse for complex devices such as electronic travel aids [109]. Users who succeed at learning and making effective use of complex aids may well be the exception
rather than the norm.
Although technology is pervasive in the life of many blind people, most of the more
advanced aids have met with limited commercial success. Despite much research on
the topic [28], it was estimated, for example, that only 3,000 to 3,500 electronic travel
aids had been sold by 1985 [191]. This may be due to the satisfactory mobility afforded
by simpler aids such as the long cane and guide dog [191]. It is also conceivable that
many prefer caregiver assistance when available [232]. While there is clearly a demand, the blind population is not desperate for assistive devices and will not embrace
them at all costs. The design of assistive technologies must therefore be approached
with the same attention to detail as any other consumer product and the needs of users
considered at every step of their development.
Considering the efforts required to learn the use of some assistive devices, it is
also important to consider whether the blind community trusts the claims made by
researchers and manufacturers of assistive devices. The marketing of devices often
exaggerates their benefits, raising expectations and leading ultimately to disappointment. The mainstream media is also quick to accept and disseminate these optimistic
claims. In such a context, it is easy to understand why the blind community is wary of
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embracing new technologies, and is sometimes even cynical. Baldwin [17] writes, for
example, that “[t]here is great scepticism in the blind community, and well meaning
inventors have not always been welcomed with open arms.” Similarly, Lauer [147]
writes: “High hopes and exaggerated claims in the 1970s had left a backlash of people
who were disappointed at the long training needed to use the Optacon, the difficulty of
learning to use it, and the price. The blind public grew disillusioned and all but forgot
how useful the instrument had become to several thousand of them.”
A related issue is the instability of manufacturers and product lines [56]. Many
devices have been discontinued by their manufacturers because they were not commercially viable. This causes significant problems for those who have invested time,
money and efforts into mastering these aids, sometimes becoming dependent on them.
When the Optacon was pulled from the market in 1996, many of its devoted users
were, for example, extremely disappointed and now fear being deprived of their aid if
it breaks down [260]. Considering the history of assistive device commercialization,
it is hard to convince a potential buyer that the latest device will be supported and
serviced years from now.
Although the market for assistive devices is not as forgiving as some might hope,
there remain many areas where current aids are inadequate and technological solutions
are much needed. This is particularly the case for employment and education where
visually impaired persons must have efficient access to computers and graphics in order
to compete with their sighted colleagues. There may therefore be a significant market
for devices such as tactile arrays that allow the display of virtual or refreshable tactile
graphics and enable immediate access and interaction with graphical content. Many
other areas are well supported by existing aids but nevertheless leave much room for
improvement. The accessibility of Braille could, for example, be greatly improved
with a reduction of the cost of refreshable Braille technologies.
2.5.2 Recommendations
Many recommendations and guidelines have been put forward to help designers better
meet the requirements of the blind community. This is particularly true of portable
devices, such as electronic travel aids. A portable device “must be comfortable, ergonomically sound and convenient to use and to ‘park’ when not in use” [56]. It must
similarly be autonomous, light, robust, visible but discrete, inexpensive, and remov-
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able [152]. A travel aid should ideally not interfere with the normal use of the senses,
such as require the user to wear gloves or earphones, although some users contend that
this may be acceptable if the aid provides more appropriate information [56]. These
requirements may not have the same importance for non-portable assistive devices but
are nevertheless often desirable.
Designers must also appreciate the importance of social factors. As with any other
consumer product, there is an emotional component attached to the purchase and use
of an assistive device. The goal of greater mobility, for example, may conflict with
that of integration into society if an aesthetically unpleasant aid must be worn. Most
blind persons will not accept to use devices that marginalize them, even if they prove
very useful. This is understandable considering that sighted persons often involuntarily
change their attitude when interacting with blind persons [100].
Finally, collaboration between the blindness, rehabilitation and research communities is crucial for assistive devices of practical use. Designers of innovative devices
must be ready, however, to face a natural opposition to changes that go against conventional wisdom. Even Braille, a now well-established aid, was not readily accepted
when first introduced [65]. Moreover, it must be remembered that no blind person can
speak for the entire community as opinions and needs vary between individuals. One
also should not assume that a blind person, like any other consumer, is aware precisely
and completely of all his needs and of the best way to meet them. Soliciting feedback
from a representative sample of the blind community is nevertheless essential to ensure
that a novel aid meets their needs.
2.5.3 Trends and Future Developments
The current trends in technology allow us to speculate on the future of technological
aids for visually impaired persons [16, 77, 18]. Long the holy grail in rehabilitation
research, neural and retinal implants could soon provide much higher resolution and
therefore a limited degree of functional vision. It must be remembered however that
these medical procedures may not restore vision for some people, particularly if the
loss of sight has occurred early, due the brain’s adaptation to blindness (Section 2.3.2).
Advances in pervasive and ubiquitous computing will also likely benefit the blind
community. Smart homes could facilitate the control of appliances and provide information in an intuitive manner, possibly through natural language. Similarly, Radio
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Frequency Identification (RFID) tagging could allow items to be identified and located
by their radio signature. Computers are also becoming increasingly portable, now being even embedded in clothing. This computational power can be harnessed for many
purposes such as navigational assistance. Systems using GPS and other positioning
methods are therefore likely to proliferate and grow in usefulness as geo-tagged information becomes increasingly available. These advances in assistive aids will greatly
benefit from their reliance on generic technologies.
While the trends described so far benefit the blind community, others could leave
them behind. The most serious issue is the increasing use of graphical user interfaces and visual metaphors in computing. This is particularly problematic since many
traditionally accessible appliances and commodity items are now switching to programmable, visual interfaces such as touchscreens. Promising efforts are currently
under way to address these issues. The Alternative Interface Access Protocol, for
example, could allow users to interact with any compliant system using a universal
remote console of their choosing [310]. An adapted remote console would discover
the system’s functionalities and provide a non-visual user interface. The introduction
of haptic feedback in touchscreens, discussed next, could also restore a certain degree
of accessibility to such interfaces.
2.5.4 Applications of Haptics
As discussed in Section 2.4, many assistive devices rely on the haptic sense to provide information to the user. Haptic interfaces notably take the form of simple vibrotactile stimulators (MiniGuide), multiple vibrating buttons (UltraCane) and complex
two-dimensional arrays of tactile stimulators (e.g., TVSS, Optacon). Many research
projects also used force-feedback devices such as the PHANTOM or less expensive
consumer-grade mice, joysticks and trackballs. The use of haptics seems to have been
well received by the blind community even though few of the aids mentioned have
been widely adopted. In this context, it is interesting to look at the opportunities still
available for haptic research with a potential benefit for visually impaired persons.
Practical aids for visually impaired persons must often be portable. This imposes
strict design constraints such as limitations on power consumption and size. Meeting these requirements with haptic interfaces is a significant challenge that has until
recently limited commercial offerings of portable devices to simple vibratory tactile
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feedback. There is however a growing interest in the use of more sophisticated haptic feedback in portable devices such as mobile phones. Higher-performance actuators
have, for example, been used to provide rich vibrotactile feedback both in experimental
devices [196] and commercial ones, such as TouchSense-enabled phones (Immersion
Corp., California). Actuators have notably been used to provide tactile feedback while
using touchscreens, reintroducing much-needed physical interaction in this otherwise
purely visual medium [217, 178]. Such innovations may have a significant impact on
the usability of consumer devices for visually impaired persons, and on the availability
of haptic technologies suitable for assistive devices. An actuated touchscreen was, for
example, recently used to communicate a Braille character as a series of pulses produced either as a spatial or temporal representation of a cell’s dots [223]. Such creative
ways to provide feedback to visually impaired persons are likely to gain in importance
as haptic feedback becomes ubiquitous in consumer products [219].
Haptic interfaces also present many advantages over more common audio interfaces. The sense of touch is, for example, largely unused while traveling and can
be tapped without interfering with normal activities and environmental cues. Haptic
stimuli can also be delivered privately to a user without disturbing other people. More
importantly, haptic feedback is generally more appropriate for the communication of
complex spatial information. Screen readers, for example, are unable to efficiently
present the spatial organization of a webpage or computer desktop using voice synthesis or other sequential information presentations such as refreshable Braille. The
display of this information using a combination of virtual or refreshable tactile graphics and speech and non-speech audio feedback could therefore greatly improve the
accessibility of computer interfaces and digital documents. A virtual tactile graphics
interface would moreover have a significant impact on the education and employability of visually impaired persons by offering them a tactile interface with a flexibility
approaching that of visual displays. As shown in Section 2.4.3 however, graphics interfaces based on force-feedback or tactile display technologies have shown promise
but have yet to produce a sufficiently practical solution.
More generally, most advances in haptic interfaces have potential applications for
the design of assistive devices. The recent interest in low-cost, low-power haptic mechanisms could, for example, allow the interface of existing aids such as digital book
readers to be augmented with haptic feedback. Haptic knobs are now available com-
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mercially at moderate cost [83] and could be used to improve the control of media
playback [257]. Some practical considerations must nevertheless go in the design of
the finished haptic interface intended for visually impaired users. One must, for example, be aware that haptic sensations can be altered by the removal of supporting visuals
from multimodal interfaces [112]. A blind user must also be able to easily find the
manipulandum of a device. It has also been noted that usability evaluation methods
may need to be adapted for use with visually impaired persons, particularly when audio feedback [39] or children [220] are involved. With these considerations in mind,
much haptic research can be applied to the design of aids for visually impaired users.

2.6 Conclusion
The design of aids for visually impaired persons is in many ways similar to any other
user-centered design effort. Getting feedback from members of the target user group
at different stages of the design process is essential. This is particularly critical for
sighted designers who may be unaware of subtle differences between visually impaired
and sighted users. Blind persons, for example, are better at attending to non-visual
stimulus and at making functional use of their unimpaired senses. Moreover, blindness
may alter a person’s perception of space and mental representation of objects. Blind
persons also form a heterogeneous community with needs and abilities that depend, in
part, on the degree of visual impairment and the age of onset of blindness. A significant
proportion of blind persons are also elderly or suffer from other impairments. This may
affect their receptiveness to new technologies and their ability to make use of complex
aids. These facts should be taken into account when evaluating potential applications
for novel technologies or making design decisions.
A wide range of technological aids have been designed over the years, many leveraging haptic technologies. The limited commercial success of most advanced aids
may be due to the satisfying lifestyle already afforded by the long cane, the guide dog,
Braille and simple aids such as talking clocks. While no aid is desperately needed,
there is nevertheless room for improvements in many areas. The long cane, for example, does not warn of overhanging objects and is of little use for orientation. Interacting with computers is also critical but remains ineffective and frustrating. The growing
use of graphical user interfaces, particularly in traditionally accessible domains, is also
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problematic. Graphical content is more generally important for education and employment but is greatly limited by its production on static tactile media. Haptic interfaces
for the display of virtual or refreshable tactile graphics are needed but unfortunately
not yet sufficiently mature or practical to gain wide acceptance. Many of these challenges underscore the need for more effective non-visual interfaces.
This context offers interesting opportunities for applications of haptics research.
Many problems encountered when using haptics with blind persons are not fundamentally different from those encountered with other user groups. This allows many
advances in haptics to be readily applied to interfaces for blind persons. Adoption of
haptics, however, is currently hampered by the limited performance of technologies
suitable for mobile use, a common requirement for practical assistive devices. Haptics
also has yet to reach the level of practicality of many audio or visual technologies that
it aims to provide an alternative for, such as speakers and touchpads. Further research
will finally be necessary to design more sophisticated interfaces such as tactile arrays
suitable for the display of tactile graphics or other complex haptic patterns.
Work remains to be done to fulfill the promises of haptics for blind users. This
includes not only designing novel haptic interfaces, but also finding more effective
ways to use existing technologies. Current trends, however, suggest that advances in
haptics will have a role to play in the improvement of the quality of life of persons
with a visual impairment.
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Vincent Lévesque, Jérôme Pasquero, Vincent Hayward, and Maryse
Legault. Display Of Virtual Braille Dots By Lateral Skin Deformation:
Feasibility Study. ACM Transactions on Applied Perception. 2(2):132–
149, 2005.

This chapter introduces the concept of tactile rendering by lateral skin deformation
through the display of virtual Braille dots, and hence presents the first applicationoriented research on laterotactile stimulation. A linear tactile array with 12 laterallymoving contactors, less sophisticated but stronger than its predecessors [92, 205], was
designed specifically to investigate the feasibility of simulating the sensation of brushing against a line of Braille dots by lateral skin deformation. Tactile stimulation in
the form of travelling waves was empirically designed to approximate the sensation,
marking the beginning of laterotactile rendering and informing the design of subsequent tactile patterns both for Braille (Chapter 4) and tactile graphics (Chapters 5, 6, 8
and 9). The results of an experiment with Braille readers were sufficiently promising
to warrant the extension of this work to the rendering of 6-dot Braille, presented in the
next chapter.

Contributions of Authors
This chapter is the result of a close collaboration between Vincent Lévesque and
Jérôme Pasquero, with both authors contributing equally to the work. The chapter
was written by these authors and edited by Vincent Hayward. The work presented
herein was similarly performed by V. Lévesque and J. Pasquero under the supervision
of V. Hayward. While both first authors participated in all aspects of the work, the
design and implementation of the tactile rendering algorithms can be attributed mainly
to V. Lévesque, and that of the tactile display hardware to J. Pasquero. Maryse Legault
contributed her expertise on Braille and design for the visually impaired, and served
as a reference user for the design of the tactile rendering algorithms.
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Display of Virtual Braille Dots by Lateral Skin
Deformation: Feasibility Study
Abstract
When a progressive wave of localized deformations occurs tangentially on the fingerpad skin, one typically experiences the illusion of a small object sliding on it. This
effect was investigated because of its potential application to the display of Braille.
A device was constructed that could produce such deformation patterns along a line.
Blind subjects’ ability to read truncated Braille characters (‘◦◦’, ‘◦•’, ‘•◦’, and ‘••’)
using the device was experimentally tested and compared to their performance with a
conventional Braille medium. While subjects could identify two-character strings with
a high rate of success, several factors need to be addressed before a display based on
this principle can become practical.
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3.1 Introduction
3.1.1 Braille Displays
Louis Braille’s reading and writing system has given the blind access to the written
word since the early 19th century. Braille characters replace the sighted’s written letters with tactile equivalents. In the Braille alphabet, each character consists of an array
of two columns and three rows of raised, or absent dots. Traditionally embossed on
paper, Braille has more recently also been provided by refreshable Braille displays that
generally add a fourth row of dots. Refreshable Braille displays were initially the only
type of computer interface available for the blind. Despite the growing popularity of
more affordable speech synthesis hardware and software, refreshable Braille remains
a primary or secondary access medium for many blind computer users.
Commercially available refreshable Braille displays have changed little in the past
25 years. Today’s displays do not differ substantially from what is described by [274].
Typical systems use cantilevered bimorph piezoactuators (reeds) supporting vertical
pins at their free end. Upon activation, a reed bends, lifting the pin upward. Braille
characters are displayed by assembling six or eight of these mechanisms inside a package called a cell (see Figure 3.1(a)). A basic system includes 40 or 80 cells to display
a line of text (Figure 3.1(b)), plus switches to navigate in a page (Figure 3.1(c)) [263].

(a)

(b)

(c)

Fig. 3.1 Conventional Braille display: (a) cell actuation mechanism, (b)
array of cells, and (c) picture of a commercially available Braille display
(used with permission from Pulse Data International Ltd).

While the elements of these cells are simple and inexpensive, the cost is driven by
the necessity to replicate the cell 40 or 80 times, or more if one contemplates the display of a full page. Typical Braille displays cost much more than a personal computer.
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3.1.2 Alternative Technologies
In recent years many alternative designs have been proposed, all sharing the principle
of raising individual pins, or dome shapes, out of a surface [29, 227, 303]. In 2004
alone, no less than six U.S. patents related to Braille cells have been granted, and
many others are pending (e.g., [210, 301, 25]). While most of the research focuses on
reducing the cost of actuation, very little work is concerned with new approaches to
the display of Braille.
Of note is a system proposed by Tang and Beebe [265] who sandwiched discrete
electrodes in a dielectric. The application of high voltage to these electrodes causes the
skin to adhere locally to a glassy surface, thereby creating small tactile objects. Patterns resembling Braille characters could presumably be displayed with this method,
however it appears to suffer from sensitivity to environmental factors such as humidity
or skin condition.
Several investigators proposed the idea of a single display moving with the scanning finger rather than the finger scanning over an array of cells. Fricke [66] mounted
a single Braille cell on a rail and activated its pins with waveforms resembling “pink
noise” in an attempt to imitate the effect of friction of the skin with a pin. Ramstein [221] designed an experiment with a Braille cell used in conjunction with a planar “Pantograph” haptic device in an attempt to dissociate character localization from
character recognition. The haptic device was programmed to indicate the location of
the characters in a page, while the cell was used to read individual characters. Comparative tests were performed in different conditions with one or two hands. Again,
the goal was to create an “array of Braille characters” with a single cell and reasonable
reading performance could be achieved.
3.1.3 Overview
This paper reports on a feasibility study conducted to evaluate the potential of a new
approach to the refreshable display of Braille. When the skin of the fingertip is locally
deformed in the manner of a progressive wave, one typically experiences the illusion of
objects sliding on the skin, even if the deformation contains no normal deflection [92].
An electromechanical transducer was designed to create such skin deformation patterns with a view to investigate the feasibility of displaying Braille dots. The novelty
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of this approach lies in that it creates a progressive wave of lateral skin deformation,
instead of a wave of normal indentation (e.g., [277]) or localized vibration (e.g., [31]).
Our approach also relies on scanning motion, which is often mentioned as necessary
to “refresh” the skin receptors and combat adaptation [66].
The transducer that we constructed was similar in principle to the ‘STR E SS’ display [205], but had only one line of actuated contactors. This configuration allowed us
to significantly increase the forces and displacements produced by the contactors. The
Braille dots created by this device were “virtual” in that we attempted to recreate only
the essential aspects of the skin deformation occurring when brushing against raised
dots without actual physical dots.
The resulting system and the particular strain pattern — collectively termed “VBD”
for virtual braille display — were empirically designed with the assistance of the fourth
author, a blind accessibility specialist, who also participated in the study in the capacity
of “reference subject.”
An experiment was conducted to tune the pattern’s parameters to create a sensation as similar as possible to that experienced when brushing against physical Braille
dots. The legibility of strings of truncated Braille characters — those comprising a
single row of dots — was evaluated with five Braille readers on the VBD, and on a conventional Braille medium (embossed vinyl). The subjects’ success rate and reading
patterns were recorded and analyzed.
The study shows that reading with the VBD is possible with a high legibility rate
given some personalization of the strain pattern. Reading is, however, more demanding and error-prone than on conventional media. More importantly, the study helped
identify the strengths and weaknesses of the current prototype, and indicates how the
device could be improved to yield a workable system.

3.2 Virtual Braille Display
3.2.1 Device
The VBD device consisted of a tactile display mounted on a laterally-moving frictionless slider (see Figure 3.2) and interfacing control electronics.
Reading virtual Braille was done by applying the tip of the index finger against
the tactile display and sliding it laterally, as shown in Figure 3.3. When activated,
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(b)

Fig. 3.2 VBD device: (a) STR E SS-type tactile display, and (b) display
mounted on a slider with rotary encoder.

the tactile display caused lateral deformation to the fingertip skin that could be varied
in response to slider movement. The finger remained in contact with the display and
dragged it along the reading surface. Although this principle could allow reading with
multiple fingers, the width of the display limited the reader to the use of a single finger.

(a)

(b)

(c)

Fig. 3.3 Interaction with the VBD: (a) strain applied during exploration,
(b) illustration and (c) picture of finger contact with the VBD.

Tactile Display
The tactile display was made of a stack of twelve 0.38-mm-thick piezoelectric bender
plates1 , sandwiched at their base between neoprene spacers and clamped between two
rigid endplates using four locating pins and four screws (see Figures 3.4(a) and (b)).
The spacers were cut in a 12-mm-high T-shape so that they rested on the locating pins
and allowed room for electrical connections (see Figure 3.4(b)). Once tightly secured,
the spatial period , or contactor pitch, was approximately 0.7 mm. This assembly
method was selected for the convenience of allowing the design parameters such as
thickness, length, shape and material of the actuators, and spacers to be changed. In
the present study, however, only one configuration was used.
1

Y-poled, 31.8 mm x 12.7 mm, high performance bending motors from Piezo Systems Inc., part
number T215-H4CL-303Y.
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(a)

(b)

(c)

Fig. 3.4 Assembly of the VBD’s tactile display: (a) perspective and (b)
frontal views of stacked assembly, and (c) actuator fabrication process.

The actuators were driven by a bipolar voltage applied between their central electrode and their two electrically-connected external electrodes. Because of the small
space between adjacent plates, the electrodes could not be connected using the methods recommended by the motor supplier. Therefore, the actuators were prepared as
shown in Figure 3.4(c). The external electrodes were joined with adhesive electrically
conductive tape2 running over nonconductive tape on the sides to prevent shorting with
the central electrode. One corner of an external electrode was soldered to a ground
wire. The other corner was turned into a small electrode pad (isolated from the rest by
grinding off the conductive layer) and connected to the central electrode with conductive paint. A wire used for the control voltage was then soldered to this pad. To prevent
2

3M Corporation, EMI copper foil shielding tape 1181.
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contact with the adjacent actuator, the solders were kept significantly thinner than the
spacers (0.5 mm) and were protected with nonconductive tape. Traces of conductive
paint were applied along the length of the electrodes to improve their reliability (not
shown). The actuators were then isolated from the metallic locating pins using nonconductive tape. As illustrated in Figure 3.3(b), the top corners on one side of the
blades were beveled to create a narrow linear array of skin contactors (around 0.2 mm2
in area each). Finally, the tips of the actuators were coated with varnish to isolate them
from the skin.
The display could be used by applying the finger either on the large horizontal
contact surface or against the surface formed of the beveled corners of the contactors.
The latter surface, as shown in Figure 3.3, provided a narrower contact area more
appropriate for the display of dots and was the only one used in this study.

(a)

(b)

Fig. 3.5 Visual estimation of unloaded actuator deflection for (a) full range
and (b) restricted range. Adjacent actuators were held deflected away from
the actuator under study.

The deflection of the actuator tips was estimated with the help of a camera. Two
sample measurements are shown in Figure 3.5. When not loaded by the finger, the
deflection range was estimated to be 0.4 mm. As explained in the next section, the
motion was limited in practice to a restricted range of approximately 0.3 mm. The
deflection when loaded with the fingerpad could not be quantified but appears to be
significantly lower than when unloaded.
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Control System
The position of the linear slider on which the tactile display was mounted was measured by an optical encoder with a nominal resolution of 17 µm. Interfacing electronics
was constructed to permit the refresh of the actuators at 500 Hz according to patterns
programmed on a personal computer. This enabled us to program the deflection of
each actuator with arbitrary functions of space (see Section 3.2.2).
The interfacing electronics, adapted from a previous project, made use of a fieldprogrammable gate array (FPGA) development board3 with a universal serial bus (USB)
1.1 interface. It was programmed to convert control frames coming from the computer,
or “tactile images”, into 12 bender voltages by means of 156-kHz pulse-width modulation (PWM). The same, however, could be accomplished by adopting a variety of
other approaches, including the use of microcontrollers or dedicated logic, interfaced
to the computer via parallel I/O or high-speed serial I/O.
The computer generated a set of 8-bit actuator control values based on the encoder
readout every 2 ms on average. These tactile images were sent to the FPGA by packets
of 5 through the USB channel where a FIFO buffer regulated the flow of tactile images to ensure a constant output rate. The logic-level signals were then amplified to a
±40 V range and low-passed by the circuit shown in Figure 3.6. In order to avoid nonlinearities in the signal amplification at extreme PWM duty cycles, the control values
were restricted to the range 10 (0x0A) to 250 (0xFA).
3.2.2 Skin Deformation Patterns
Trial and error led us to select a pattern solely on the basis of the resemblance of the
sensation it provided compared to that of actual Braille, as felt by the reference subject.
We are however unable to offer a principled explanation as to why this particular pattern creates sensations that resemble Braille dots more than others. The determination
of the actual parameters is described in Section 3.3.
The deflection δi of each actuator i was a function of the slider position xs obtained
from the encoder. The actuators followed the same deflection function δ(x), where x
was the actuator position along the reading surface, as illustrated in Figure 3.7. The
physical configuration of actuators introduced a spatial phase difference of . The first
3

Constellation-10KE™ from Nova Engineering Inc. operating an Altera FLEX 10KE™ chip.
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Electronic circuits: amplification circuit (left) and low-pass filter

Fig. 3.7 Actuator deflection as a function of position. The curve shows the
actuator deflection function with respect to actuator position for a nominal
dot (left) and a textured dot (right). The deflection of actuators is illustrated
at discrete points along the virtual reading surface. Texture was always
applied either to all dots or none.

actuator was given a position corresponding to the slider position.
δi (xs ) = δ(xs + i), i = 0, . . . , 11

(3.1)

What we selected was a pattern4 such that the deflection of each actuator swept
the first half-cycle of a sinusoid, starting from the left position, as it scanned a virtual
dot, as shown in Figure 3.7. A small-amplitude, high-frequency sinusoid could also
be added to the nominal waveform to enhance contrast. These representations were
termed nominal and textured.
These patterns were found to better approximate the sensation of scanning over
4

Movies of the VBD in action can be found online on the Haptic Laboratory’s VBD web page,
http://www.cim.mcgill.ca/∼haptic/vbd.html.
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Braille dots than others that were experimented with, such as triangular or square
waves, full-cycle sinusoids, or textured blanks.
The spatial phase difference between actuators resulted in the representation of
dots as a traveling wave. Figure 3.8 and 3.9 illustrate the movement of actuators as a
virtual dot traverses the length of the display. Moving the slider in one direction across
a region containing a dot resulted in a wave of actuator deflections traveling at the
same speed in the opposite direction on the tactile display, causing the illusion that the
reading finger was scanning over stationary Braille dots. Since the deflection function
was independent of direction, it caused actuator deflections in the direction of finger
movement when reading from left to right, but opposing movement when reading from
right to left. The resulting sensations, however, seemed to be similar.

Fig. 3.8 Traveling wave representation of a Braille dot at four points in
time: (a) finger-dot interaction, (b) depiction of the actuator deflection and
corresponding deflection function, and (c) picture of the actuator deflection.
The dot center is indicated by arrows.

This pattern had two distinct effects on the skin deformation. The first was to
cause a net displacement of a skin region around each contactor. The second was a
pattern of compression and expansion of each small region of skin located between
two contactors. Patterns of expansion and compression can actually be observed when
a finger scans over small shapes [157]. The strain variations ∆i caused by a pair of
actuators is represented in Figure 3.10. The width ω of a virtual dot is shown relative
to the spatial period . If ω < , then there was no overlap between the deflections
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Fig. 3.9 Traveling wave corresponding to a single dot as the slider passes
over it. Top-view of actuator deflections and corresponding finger-dot interactions are shown at four locations. Each of the twelve curves indicates the
deflection pattern followed by an actuator as the slider moves from left to
right.

of adjacent actuators. If ω > , then an overlap existed and there was a continuous
transition from expansion to compression. If ω > 2 expansion and compression
never reached their maximum values. It is not known whether local displacement or
local variations in strain, or both forms of stimulation, caused the illusion of the dot
moving under the finger.
The tactile display could only display a single row of Braille dots. From the Braille
character set, the three characters that have dots in row 1 only, or a total absence of dots,
could be displayed: ‘a’, ‘c’, and ‘ ’, see Figure 3.11. The fourth possible combination,
unused in Braille, was called ‘dot #4’.

3.3 Parameter Tuning
Braille is normally produced according to strict geometrical specifications, but the
manner in which these specifications translated into the VBD’s parameters was not
straightforward. For this reason, a first experiment was carried out to find the parameters that produced virtual Braille of appropriate dimensions. For the purposes of the
feasibility study, only the width and the separation of dots were adjusted. The amplitude of the virtual dot sinusoid was set to the maximum that the system could provide.
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Fig. 3.10 Displacement of two consecutive actuators and corresponding
skin strain patterns as functions of slider position, for width ω of virtual
Braille dots smaller or greater than spatial period .

Fig. 3.11

Braille characters displayed by the VBD.

The amplitude and the wavelength of the texture were set empirically to values equal
to 1/8th those of the virtual dot sinusoid.
3.3.1 Method
With the help of the reference subject, the width of a virtual dot was first adjusted
to match the sensation caused by a single physical Braille dot. Then, the distance
between dots within a virtual character was adjusted. The intercharacter spacing value
was inferred from the value found for intracharacter dot spacing.
The tuning experiment was conducted following a two-alternative forced choice
protocol, using the two-hand method in order to speed up the process and facilitate
comparisons. The subject was asked to touch a reference stimulus produced by a
conventional refreshable Braille display with her left index. She then immediately
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explored two stimuli on the VBD with her right index and selected the one that best
matched the reference stimulus. Dots were always displayed with texture. After a
short experimentation used to determine an appropriate range, the virtual dot width was
varied among six equally spaced values from 0.5 mm to 3.0 mm. The intracharacter
dot spacing of the character ‘c’ (••) was similarly varied from 1.0 mm to 2.5 mm. The
dot width found in the first step was used in the second.
3.3.2 Procedure
Both tuning experiments proceeded in the same manner. The reference subject moved
the VBD toward the left, waited for an audible signal, explored the two different Braille
dots or pairs of Braille dots, and verbally reported the stimulus that best matched the
reference stimulus. Answers were logged by the experimenter. Each of the 30 possible
ordered pairs of nonidentical stimulus was presented to the subject three times, for a
total of 90 trials. The different pairs of stimuli were presented in randomized order.
3.3.3 Results
Figure 3.12 shows the results of the two tuning experiments. The preferred virtual dot
width was found to be 2.0 mm, the most frequently selected parameter during the first
step. The virtual intracharacter separation was also found to be 2.0 mm, between the
two most frequently selected values during the second step.

(a)

(b)

Fig. 3.12 Results of tuning steps: frequency distribution of (a) dot widths,
and (b) intra-character dot spacings.

These parameters corresponded to an intracharacter dot spacing of 4 mm, compared to 2.29 mm for standard English Braille. The standard horizontal character-to-
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character distance of 6 mm was scaled accordingly to a virtual distance of 10.48 mm
as illustrated by Figure 3.13.

Fig. 3.13 Dimensions of virtual and standard English Braille.

3.3.4 Discussion
The preferred virtual dot width of 2.0 mm turned out to be greater than the spatial
period  of 0.7 mm, leading to a strain pattern similar to that shown on the right-hand
side of Figure 3.10. Moreover, since the dot width was more than twice the spatial
period, the peak strain was lower than the maximum achievable. Assuming that loaded
actuator deflections are half those measured without load (Section 3.2.1), this pattern
resulted in strains in the order of ±20%.
Although the tuning experiments allowed us to find reasonable parameters, the
tuning should ideally have been done either with a representative population of Braille
readers or individually for each subject. Moreover, the use of texture on the dot may
have contributed to an overestimation of the virtual dimensions. The two-hand comparison method may also have introduced errors, but constantly switching from a conventional Braille display to the VBD was impractical. Finally, the intercharacter distance
should have been tuned too. These coarse results were found to be sufficient given the
scope and the aim of this study.
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3.4 Virtual Braille Legibility
The next step needed to evaluate the feasibility of the tangential skin deformation
approach for reading Braille was to determine whether blind subjects could read the
subset of characters that could be displayed by the VBD. Here, we hoped to also begin
identifying the strengths and weaknesses of the concept.
3.4.1 Method
Participants
Two females and three males, experienced Braille readers, volunteered for the study.
All subjects were blind from birth. Their ages varied between 22 and 55. The subjects’
primary reading finger was the right-hand index. All subjects except the reference
subject had never experienced the VBD or heard about our efforts.
Task
The reading task was designed to evaluate the legibility of sequences of first-row characters displayed on the VBD. Subjects were asked to read individual four-character
strings using their dominant reading finger. The first and last characters of each string
was always ‘c’ (••). The two middle characters could be any of the 16 combinations
of the characters ‘a’ (•◦), ‘c’ (••), ‘dot #4’ (◦•), and ‘ ’ (◦◦): “•• •◦ ◦• ••”, or
“•• ◦◦ •• ••”, for example. The character ‘c’ (••) was chosen as the string delimiter
to avoid confusion.
Procedure
The subjects were given written Braille instructions and had supervised practice trials
until they felt comfortable with the task. They were presented with strings to read in
block trials. They placed the slider to the left, waited for an audible signal, read the
string, and reported verbally the two middle characters. There was no time limit but
they were strongly encouraged to answer quickly. In case of doubt, they were asked to
give their best guess. Subjects could stop at any time if they no longer felt comfortable
(e.g., loss of tactile sensation, fatigue). They were given the choice of doing the trials
with texture, without texture, or in both conditions. Some subjects were tested in
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both conditions, while others decided to experiment with only one type. A trial block
comprised 80 strings with each of the 16 possible combinations appearing five times
in randomized order.
Data Collection
The experimenter logged the subject’s answer for each trial. The slider trajectory was
automatically recorded by the system. It was analyzed offline to compute the duration
of trials. A trial was considered to begin when the rightmost actuator first arrived at the
leftmost virtual dot, and to end when it crossed this dot again for the last time in the
opposite direction. In other words, the leading and trailing parts of the slider trajectory
for which no actuator was affected by the Braille string were discarded.
3.4.2 Results and Discussion
The main results of this legibility experiment as well as those of a control experiment
with conventional Braille (Section 3.5) are summarized in Table 3.1.
Legibility
Legibility was defined by the proportion of correct identifications of two-character
strings. Results suggest that the effect of adding texture was idiosyncratic (see Table 3.1). A dramatic improvement in performance was seen in one subject, while a

97.5 88.1
95.0
98.8
45.0 86.3
71.3 66.3
78.1 83.9

Control

Textured

Average Trial Duration (s)
Nominal

Control

Textured

80
80
80
80
80
80

Legibility (%)
Nominal

Control

80 160
0 80
80 0
40 80
80 80
56 80

Nominal

Subject
CN
RB
ML
AB
MS
Average

Textured

Number of Trials

100.0 4.8±2.7
4.6±2.2 3.4±0.7
100.0
10.8±7.0 7.4±1.4
100.0 4.6±3.2
2.3±0.6
100.0 18.6±12.2 10.5±6.3 2.4±0.7
100.0 8.0±2.7
9.1±3.0 5.8±1.7
100.0
9.0
8.8
4.3

Table 3.1 Summary of results from legibility experiments. Results from
the first experiment (VBD, Section 3.4) are presented in columns “nominal” and “textured.” Results from the second experiment (conventional
Braille, Section 3.5) are presented in the column “control.” Trial durations
are shown with their standard deviation.
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loss was observed in two other subjects. Retaining the best conditions for each subject, the legibility rates were between 71.3% and 98.8%.
Legibility rates were also plotted over time to assess the effect of fatigue. Without
texture, no significant change with time could be noticed. However, for some subjects,
performance tended to decrease noticeably after about 50 trials when texture was used
(see Figure 3.14 for one of the worst-case examples).

Fig. 3.14 Worst-case example of gradual decrease in performance over
time (subject AB, with texture). Dots indicate individual trial results. The
curve is a moving average over the past 10 trials.

Character Pairs Legibility
Regardless of the string, individual characters having one dot, ‘•◦’ or ‘◦•’, were harder
to read than characters having no or two dots, ‘••’ or ‘◦◦’ (see Table 3.2). The legibility
also varied with the two-character string (see Table 3.3). Except for special cases such
as the pair “◦◦ ◦◦” which was read perfectly, no insight could be gained regarding the
cause of variations in reading difficulty. It is not clear, for example, why the string
“•◦ ◦•” has much lower legibility than “◦• •◦”.
•◦
83.3

◦•
88.9

••
92.2

◦◦
98.1

Table 3.2 Average character legibility (%). The average was computed
across all subjects using individual subject means to compensate for the
unequal number of trials under the different conditions.

Table 3.4 shows the confusion matrix for individual characters. No clear pattern
emerged, except perhaps that ‘••’ and ‘◦◦’ were rarely mistaken for one another. Similarly, Table 3.5 shows the confusion matrix for pairs of characters. Again there was
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•◦ ◦•
66.0
◦◦ •◦
85.0

•◦ ◦◦
74.0
◦• •◦
90.0

◦• ••
76.0
•• ◦◦
92.0

•◦ ••
77.5
◦• ◦◦
92.0

•• •◦
78.0
◦◦ ••
94.0

◦• ◦•
81.0
◦◦ ◦•
95.0

•• ◦•
81.7
•• ••
98.0

•◦ •◦
84.5
◦◦ ◦◦
100.0

Table 3.3 Average two-character string legibility (%). The average was
computed across all subjects using individual subject means to compensate
for the unequal number of trials under the different conditions.

Presented

no clear pattern. However, it does seem that the most frequent errors (n = 3, 4, 5) generally corresponded to the insertion of a single extra dot or to the incorrect localization
of a dot within a character.
Answered
•◦ •• ◦◦ ◦•
•◦ 284 17 23 20
•• 11 315 0
13
1 327 0
◦◦ 7
9
13 298
◦• 22

Table 3.4 Confusion matrix for individual characters. Answers from all
trials were pooled together.

Reading Patterns
Table 3.1 shows the average duration of trials. The reading speed was far from the
expected Braille reading speed of 65 to 185 words per minute [151], but the conditions
are so different that a direct comparison is not possible.
Correlations between reading speed and string legibility were also investigated but
none could be found, even though there could be important duration variations between
trials of a same subject. If it is assumed that the time taken to read a pair of characters
is an indication of the confidence the subject has in her or his answer, the characters
that the subjects thought were hard to read were not necessarily the ones they had
difficulty reading.
The recorded trajectory of the slider was used to investigate the reading pattern
used by the subjects. Three classes of patterns were identified (see Figure 3.15). Subjects often used one or two straight passes over the dots. On other occasions, they
would explore the virtual Braille string with short back-and-forth motions. In all cases
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•• •◦ ·
•• •• ·
•• ◦◦ ·
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◦◦ •• ·
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◦• •◦ ·
◦• •• ·
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Presented

Answered

3
·
·
·
5
·
1 1
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
·
1
·
2
37 ·
1 35

Table 3.5 Confusion matrix for pairs of characters. Answers from all trials
were pooled together.

it appeared that subjects read from left to right since they moved slower in that direction.

(a)

(b)

(c)

Fig. 3.15 Typical reading patterns: (a) one pass, (b) two passes, and (c)
character re-scan. The band between the two curves indicates the span of
the display. Dotted sections were not taken into account when computing
trial durations. Vertical dashed lines indicate the location of the eight Braille
dots.
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Verbal Reports
All subjects reported that reading requires concentration, mostly because the dots were
subtle (possibly due to the limited range of motion of actuators) and differed in perceived shape from physical Braille dots. Adding texture seemed to facilitate the perception of the dots for some subjects, while others found the sensation unpleasant.
Some subjects also complained of loss of tactile sensation over time in both nominal and textured conditions. The occasionally observed decrease in performance over
time seems to confirm that a loss of tactile sensation was occurring with the textured
representation and was likely due to the adaptation of tactile receptors.
Subjects also reported difficulties with locating the stationary Braille dots on the
virtual Braille line. Most subjects mentioned that the display of characters with more
than one row of dots and having meaning would help reading.
Finally, contrary to our expectations, subjects reported that scanning constrained
by a slider was beneficial because it guided their hand movement. They found it to be
an advantage over paper Braille.

3.5 Control Experiment
The reading task performed in the legibility experiment was not representative of typical Braille reading. It was hypothesized that the reading difficulties experienced by
some subjects were inherent to reading a single row of Braille dots. The dots found in
the bottom rows of most Braille characters could facilitate the localization of the dots
within the cell. Without this extra information, locating a dot completely depends on
evaluating the length of the spaces between dots.
A follow-up experiment was designed to test the subjects’ ability to read singlerow Braille characters on a conventional Braille medium: Braille embossed on vinyl
tape.
3.5.1 Method
Participants
The experiment was conducted with the same five participants, one year after the original experiment.
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Materials and Tasks
The reading task was identical to that used in the original experiment. Subjects were
asked to read sequences of four single-row Braille characters starting and ending with
‘••’. The Braille strings were embossed on 1/200 adhesive vinyl tape using a Braille
labeler. The nonexistent ‘dot #4’ character was produced by sanding down the extra
dot on character ‘.’ of the embossing wheel.
The resulting Braille has smaller, sharper dots than paper Braille but is still easily
readable and commonly used. Vinyl was preferred over paper because it afforded
better control on the uniformity of the test plates.
Sixteen Braille labels (one per string) were produced. Each was affixed to a thin,
right-angled metallic plate. The placement of the tape was carefully controlled to
minimize differences between the plates and to allow sufficient space for the finger.
During trials, the plates were held down by a switchable magnetic clamp that allowed
us to change the strings quickly, see Figure 3.16(a). A single flattened dot was printed
on the extreme-left of the tape to serve as a starting point for reading.

(a)

(b)

Fig. 3.16 Control experiment with conventional Braille: (a) apparatus, and
(b) example of image processing. The location of the leftmost Braille dot
is indicated by a solid line. The right edge of the finger is indicated by a
dotted line. A green dot was affixed to the nail but not used for processing.

Procedure
The subjects were read written instructions and had supervised practice trials until
they felt comfortable with the task. They were presented with strings to read in block
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trials. They placed their finger to the left of the plate, waited for an audible signal,
slid their finger over the flattened positioning dot, read the string, reported verbally the
two middle characters, slid their finger back over the tape, and removed it from the
plate. They were instructed to read only with their right-hand index finger and to keep
their other fingers against their palm. There was no time limit but they were strongly
encouraged to answer quickly. In case of doubt, they were asked to give their best
guess. The experimenter logged the result of each trial. A trial block comprised 80
strings with each of the 16 possible combinations appearing five times in randomized
order.
Data Collection
A camera was positioned above the reading surface and was used to record color
movies of the finger movements at a rate of 30 frames per second. The movies were
compressed and stored for later analysis. A single, uncompressed image of the plate
was also taken. The reading patterns and trial durations were analyzed from the movies
captured during the experiment. Simple image-processing operations were applied on
the plate image to extract the position of the leftmost dot of the four-character string.
The absolute difference between the saturation levels of each frame with the background frame was then used to locate the fingertip in the image sequence. In order to
approximate the definition of trial duration used in the original experiment, the trial
was considered to begin as the rightmost part of the index crosses over the leftmost
dot, and to end when it crosses it again in the reverse direction for the last time. The
automated measurements were inspected visually and corrected for 75 of the 400 trials.
The precision was estimated to be within three frames (±0.1 s).
3.5.2 Results and Discussion
Legibility
All five subjects read the 80 strings presented to them with 100% accuracy. It is thus
clear that the reading difficulty experienced by the subjects with the VBD cannot be
explained solely by the inherent difficulty of the task.
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Reading Patterns
Table 3.1 shows the timing measurements. The subjects read faster on vinyl Braille
than on the VBD, more than twice as fast on average. However, one of the slowest
subjects on the VBD (AB) is also one of the fastest on vinyl Braille. The reading
patterns were also inspected visually to assess their naturalness. Some subjects clearly
slowed-down when sliding over dots and frequently returned to previous dots, or to the
beginning of the string. This suggests that the reading strategies used by the subjects
were different from those used in normal Braille reading [239, 24, 182, ch. 3].
Verbal Reports
Most of the subjects mentioned spontaneously that the reading task was easier on embossed plastic than it was on the VBD. Upon questioning, however, some acknowledged that the reading task was more difficult than typical Braille reading due to the
lack of context (meaningless strings) and the absence of cues on the bottom rows.
Subjects were also uncomfortable reading with a single finger, and particularly with
keeping the other fingers in a fist.

3.6 Conclusion and Future Work
This study showed that experienced Braille readers could read sequences of first-row
Braille characters using the VBD with a legibility ranging from passable to excellent.
This is encouraging considering that most subjects had little prior training with the
device and that the character strings were meaningless.
Reading with the VBD was nevertheless difficult. The control experiment showed
that subjects could read faster and with perfect accuracy when the strings were presented on embossed vinyl tape. This observation is confirmed by the subjects’ verbal
comments during both experiments.
Adding texture to the dots was found to increase performance for some subjects but
was rejected by others. Prolonged use also seemed to cause tactile fatigue (numbness
in the reading finger) as reported by subjects for both nominal and textured stimulus.
This phenomenon was sometimes confirmed by an increase in the number of reading
errors over time in the case of textured stimulus.
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While this study was conducted with too few subjects to make it possible to draw
final conclusions, it suggests nevertheless that reading Braille characters with devices
based on the principle of the VBD could be possible. The study also helped identify
the strengths and weaknesses of the current prototype and, more importantly, provides
indications as to how it could be improved.
The strength of the dot sensation must be increased to realistically convey the illusion of a Braille dot. This issue involves the improvement of the actuators used and
of their configuration. Ongoing work concerned with the micromechanical properties
of the skin and the means to deform it at a very small scale is expected to yield an
improvement in the performance of piezoelectric benders for this application [292].
Further experimentation with deflection functions could also lead to better approximations of the sensation of scanning over Braille dots. Designing deflection functions for
maximum strain variations at skin mechanoreceptors may, for example, increase the
strength of the dot sensation. Indeed static mechanical models of the skin designed by
Phillips and Johnson [213] and Van Doren [55] suggest that deformation of receptors,
as opposed to their displacement, is likely to determine sensation. The strain experienced by slowly adapting (SA) receptors may be particularly important to resolve the
spatial details of scanned Braille [214].
The cause of tactile fatigue must also be addressed. It is not clear what causes it
and how it can be avoided. It is likely however that replacing the contact line by a
more uniform contact surface could significantly delay the onset of tactile numbness.
Reading with the VBD requires a scanning movement. While this allowed the VBD
to render adequately the dynamic sensation of sliding over dots, it prevented the user
from stopping over a region as is sometimes done when reading physical Braille. Display without net movement could be possible if the magnitude of the strain produced
by the device was made to depend on the force applied by the subject. This not only
could make the sensation of sliding over a dot more realistic, but also allow the subject
to stop and press against virtual dots.
The results of the tuning experiment and of the legibility experiment conspire to
indicate that perhaps the greatest problem with the current display design is the difficulties experienced by subjects in evaluating the distance between dots. This is suggested by the distortions in perceived Braille dimensions introduced by the VBD when
compared to standard English Braille. This is also consistent with observed reading
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errors and verbal reports of the legibility experiment.
Finally, the VBD should be extended to display complete Braille characters. Packing four rows of actuators capable of displaying forces and displacements similar to
those of the VBD within the height of a Braille cell will be a significant technical challenge.
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Preface to Chapter 4
This chapter appeared in
[160]

Vincent Lévesque, Jérôme Pasquero, Vincent Hayward. Braille Display by Lateral Skin Deformation with the STReSS2 Tactile Transducer.
Proc. World Haptics Conference 2007, pp. 115–120, Tsukuba, Japan,
March 22–24, 2007.

Minor modifications have been made to the content of the published manuscript.
The chapter extends laterotactile rendering of Braille dots to the display of complete
6-dot Braille characters. Lateral skin deformations were produced with the STReSS2 ,
a newly available general-purpose tactile display with a 10 × 6 matrix of laterallymoving contactors [289]. The rendering algorithms presented in the previous chapter
were adapted for 6-dot Braille by producing virtual dots along the rows of the tactile
array, and a texture-only dot representation introduced to compensate for the weaker
forces applied by the actuated contactors. Reading Braille was shown to be possible but
slow and demanding, suggesting that either a specialized Braille display be devised, or
realism be abandoned in favour of high-contrast symbolic patterns. This chapter marks
the end of the effort to display Braille by lateral skin deformation with subsequent
chapters focusing instead on refreshable tactile graphics, a related application where
much of the insight gained about tactile rendering was readily transferred.
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This chapter was written by Vincent Lévesque and revised by Jérôme Pasquero and
Vincent Hayward. The work described herein was primarily performed by V. Lévesque
under the supervision of V. Hayward. J. Pasquero nevertheless made significant contributions to many aspects of the work including the adaptation of the Braille rendering
algorithms and the design, completion and analysis of the user experiments. The supplementary statistical analysis appended to this chapter was realized with the help of
Mounia Ziat.

4 Braille Display by Lateral Skin Deformation with the STReSS2 Tactile Transducer

63

Copyright ©2007 IEEE. Reprinted, with permission, from Vincent Lévesque, Jérôme Pasquero, Vincent Hayward. Braille Display
by Lateral Skin Deformation with the STReSS2 Tactile Transducer. Proc. World Haptics Conference 2007, pp. 115–120,
Tsukuba, Japan, March 22–24, 2007.

Braille Display by Lateral Skin Deformation
with the STReSS2 Tactile Transducer
Abstract
Earlier work with a 1-D tactile transducer demonstrated that lateral skin deformation
is sufficient to produce sensations similar to those felt when brushing a finger against
a line of Braille dots. Here, we extend this work to the display of complete 6-dot
Braille characters using a general purpose 2-D tactile transducer called STReSS2 . The
legibility of the produced Braille was evaluated by asking seven expert Braille readers
to identify meaningless 5-letter strings as well as familiar words. Results indicate that
reading was difficult but possible for most individuals. The superposition of texture to
the sensation of a dot improved performance. The results contain much information to
guide the design of a specialized Braille display operating by lateral skin deformation.
They also suggest that rendering for contrast rather than realism may facilitate Braille
reading when using a weak tactile transducer.
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4.1 Introduction
The technology used to display Braille to visually-impaired computer users has not
changed significantly for decades. Following the approach described in early patents [274],
today’s commercial Braille displays still rely on arrays of electromechanical Braille
cells that control the protrusion of vertical pins with cantilevered piezoelectric bending actuators. This method has proved to be robust and effective, but the need for one
actuator per pin pushes the price of these devices beyond that of a personal computer
and makes multi-line displays economically unviable.
Several attempts have been made to reduce Braille displays to a few cells moving with the scanning finger. Fricke mounted a single cell on a slider and generated
waveforms in an effort to produce sensations of friction on the skin [66]. Ramstein
similarly used Braille cells in conjunction with a force-feedback planar carrier [221].
The success of this approach has been limited due to the difficulty of producing the
sensation of brushing against Braille dots by indentation of the skin. These and other
recent efforts at improving the refreshable display of Braille [29, 192, 228, 303] have
largely focused on reducing the cost of actuation without reconsidering the necessity
of creating dot-like protrusions out of a surface. Other methods of skin stimulation can
be found in the literature on tactile displays [203].
We recently investigated the possibility of displaying Braille by lateral deformation rather than indentation of the skin [161]. This principle, which we name laterotactile, assumes that critical aspects of skin deformation patterns occurring during
tactile exploration can be reproduced with lateral stimulation alone. A single array of
lateral stimulators in fixed contact with the fingerpad may thus produce the sensation
of brushing against tactile features as it deforms the skin in response to exploratory
movements.
The feasibility of this approach was evaluated using a laterotactile display (see
Fig. 4.1a) mounted on an instrumented slider [161]. This Virtual Braille Display (VBD)
prototype reproduced the sensation of brushing against a single line of Braille dots with
an array of twelve piezoelectric bending motors that caused programmable, dynamic
lateral skin deformation patterns along the axis of motion of the slider. When appropriately synchronized with the exploratory movements of the finger, waves traveling
across the tactile display resulted in the perception of static features resembling Braille
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(b)

Fig. 4.1 (a) 1-D tactile display used in [161] and (b) STReSS2 general
purpose 2-D display used in this work.

dots along the virtual surface. Braille readers who participated in the study were able
to identify sequences of four Braille dots with an average rate of success of 90% after
personalization of the sensation.
Efforts to design a general purpose 2-D laterotactile display have since resulted in
the STReSS2 [289], a third generation display with a 10-by-6 matrix of laterally-moving
actuators (see Fig. 4.1b). The device shows promise for a number of application areas
including the refreshable display of tactile graphics [293].
The work presented in this paper extends our earlier work to the display of complete 6-dot Braille characters using the STReSS2 . Although not designed with Braille
in mind, the device’s six rows of actuators make it possible to experiment with the
display of multiple rows of Braille dots. The present study is a step toward the design
of a laterotactile transducer optimized for the display of Braille.

4.2 Virtual Braille Rendering
The Braille rendering system comprised hardware and rendering algorithms which are
described below.
4.2.1 Hardware
The STReSS2 has an array of 10-by-6 independent skin contactors able to apply tangential forces to the skin [289]. It has an active area of 1.2 × 1.1 cm, a spatial resolution
of 1.2 × 1.8 mm, and a contactor area of 0.5 × 1.6 mm. Its actuators are restricted
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to lateral motion, deflecting towards the left or the right up to approximately 0.1 mm
when unloaded. They exhibit a maximum force in the order of 0.15 N when prevented
from moving. At the time of the present experiments, the leftmost column as well as
two actuators near the center were defective. Only half of those were actually used for
Braille rendering (see Section 4.2.2).
The STReSS2 was mounted on a linear slider (see Fig. 4.2) that allowed users to
explore a virtual surface as they moved the display laterally. The low-friction slider
was connected to an optical encoder giving a spatial resolution of 17 µm. Actuator
activation signals were produced with a resolution of 10 bits. The system was controlled by a personal computer running Linux and the Xenomai real-time framework
(http://www.xenomai.org). The deflection of each actuator was updated at 750 Hz
based on encoder readings.

Fig. 4.2 Side view and top view of experimental apparatus comprised of a
STReSS2 tactile display mounted on an instrumented linear slider. Actuator
deflection is illustrated in the upper-left corner of the display.

4.2.2 Skin Deformation Patterns
The realism and the effectiveness of the sensation crucially depend on the specification of actuator activation patterns in response to slider movements, a process that we
term tactile rendering by analogy with graphics rendering. The Braille rendering algorithms described below were inspired by prior experience with the VBD [161] and
tuned according to the feedback of an expert Braille reader received during an informal preliminary experimentation session. The deflection of unloaded actuators is used
here as an approximation of the resulting skin deformation patterns. Actual deformation patterns differ due to the biomechanical properties of the skin [290].
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Dot Rendering
The pattern that occurs for each virtual Braille dot was adapted from earlier work with
the VBD [161]. Consider first a single row of actuators. The free deflection δi of each
actuator i is a function of the position xi of the actuator along the virtual surface. Given
a pitch  and slider position xs , the actuator position is expressed as xi = xs + i. All
actuators thus follow the same deflection function along the virtual surface, but with a
phase difference. This results in tactile features that appear to travel along the fingerpad
as if fixed on the virtual surface.
The deflection profile for a single smooth dot swings the actuators back and forth
as the dot is traversed. This gives a sensation comparable to that of brushing against a
single bump. If the actuators swing back and forth many times, a sensation comparable
to that of sliding over a rippled surface arises instead. The addition of such a texture
to a smooth dot was earlier found to noticeably increase the stimulus strength and to
facilitate reading [161]. Defining deflections of -1.0 and +1.0 as the rightmost and
leftmost actuator positions, the deflection profile of a complete dot is expressed as a
weighed sum of the following two profiles:

cos πp if − 1 ≤ p ≤ 1,
δbump (p) =
−1.0
otherwise;
δtexture (p) =


cos πkp

if − 1 ≤ p ≤ 1,

−1.0

otherwise,

(4.1)

(4.2)

where p = (xi − center)/radius is the relative distance from the dot center and k is
an odd number of cycles in the texture waveform. For a texture level T , the combined
deflection profile is obtained by superposing the waveforms:
δ(p) = (1 − T )δbump (p) + T δtexture (p)

(4.3)

The preliminary experimentations indicated that texture level is an important factor for legibility. Dots without texture (T =0%), with low texture (T =25%) and with
texture alone (T =100%) were thus selected for further experimentation. The preferred
number of textural ripples k was 7. The resulting deflection profiles are illustrated in
Fig. 4.3.
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Fig. 4.3 Actuator deflection as a function of position for dots with different texture levels.

Cell Rendering
Lines of Braille dots were formed by combining dot patterns along the virtual surface.
The preliminary tests showed that a strict adherence to standard Braille dimensions
may not give sufficient separation between dots. Horizontal distances between dots
of 3.7 mm within cells (1.6 × standard), and 7.4 mm between cells (2.0 × standard)
were found to be reasonable. Dot deflection profiles were set to span 2.6 mm. The
horizontal and vertical organizations of dots are illustrated in Fig. 4.4.

(a)

(b)

Fig. 4.4 Dimensions in mm of (a) standard Braille and (b) virtual Braille.
The actuator array is illustrated in the background.

The rendering of Braille cells made use of the multiple rows of actuators available
on the STReSS2 . Since the slider moves only horizontally, the three rows of dots of the
6-dot Braille cell had to be mapped to deflections along the six rows of actuators of the
display. Four possibilities were implemented and evaluated.
The first method maximized the forces applied by mapping each row of dots to
pairs of adjacent actuator rows (Fig. 4.5b). The second method inverted the phase of
deflection profiles within a pair of actuator rows so as to maximize shearing of the
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skin (Fig. 4.5c). The third method attempted to facilitate the perception of horizontal
pairs of dots by showing the two column of dots of a Braille cell on different sets
of actuators (Fig. 4.5d). The fourth and final method left odd rows inactive so as to
increase separation between dot rows (Fig. 4.5e).
Although all methods were usable, the preliminary experimentations led to the selection of the fourth one. The first two methods were found to give slightly stronger
sensations but the use of two rows per dot resulted in the perception of two dots, perhaps due to the large area of skin stimulated or the disjunction of actuators. The third
method facilitated perception but felt like misaligned Braille. The selected method
results in a vertical distance between dots of 3.6 mm (1.4 × standard), as illustrated in
Fig. 4.4.

4.3 Virtual Braille Legibility
4.3.1 Method
The legibility of virtual Braille was evaluated by observing the performance of human
subjects at reading tasks. Braille readers were asked to identify Braille strings composed of letters of the alphabet encoded according to the 6-dot Braille code (Fig. 4.6).
The strings were either meaningless sequences of letters or familiar words. Following
an experimental design similar to that used in [161], the level of texture applied to
dots was varied to investigate its contribution to legibility. Dots were presented either
without texture (T =0%), with low texture (T =25%) or with texture alone (T =100%).
Other parameters were selected as described in the previous section.

(a)

(b)

(c)

(d)

(e)

Fig. 4.5 Actuator deflection as a function of position for the six rows of
the transducer. The rendering of (a) letter z is illustrated for four methods
(b-e, see text). Method (e) was preferred.
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Fig. 4.6 Braille code for the alphabet.

Participants
Three female and four male experienced Braille readers volunteered for the study.
Their age varied between 28 and 57, with a median of 52. Onset of blindness varied
from birth to 19 years of age. The primary reading finger was the right-hand index for
five subjects and the left-hand index for the other two. None of the subjects had tried
the device prior to the experimental session.
Training
An experiment began with a short supervised training session during which Braille
patterns of gradually increasing difficulty were displayed to the subjects. This allowed subjects to familiarize themselves with the device and the sensations it produced, thereby reducing training effects and providing time to adapt to the system’s
non-adherence to standard Braille dimensions.
Letter Identification
A first experiment was conducted to evaluate the legibility of meaningless strings of
five letters. Subjects were asked to read using their dominant reading finger. They
placed the slider to the left, waited for an audible signal, and proceeded to read the displayed string. They were instructed to verbally identify the string as soon as possible,
with an audible warning after 30 seconds. Answers were logged by the experimenters.
Supporting data such as the duration of trials were automatically recorded by the system.
An experimental session consisted of reading 26 five-letter strings for each of the 3
rendering modes, for a total of 390 letters. The order of presentation was randomized
over two blocks of 39 readings with a short break in between. A similar difficulty level
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was maintained across subjects and modes by using the same set of 26 strings in all
cases. The strings were randomly assembled such that each letter appeared 5 times.
Memorization effects were minimized by randomly reordering the letters of each trial’s
string. For example, the string epkgn was shown 21 times (7 subjects × 3 modes) but
the order of the letters was varied randomly each time.
Word Identification
An additional experiment was conducted to evaluate legibility in a more natural context. Following a procedure similar to the first experiment, subjects were asked to
identify 5-letter words in French, their native language. Forty familiar words were
selected such that each letter of the alphabet was represented at least four times. Virtual Braille was rendered using the optimal texture level as obtained from the first
experiment. Subjects were instructed to give their best guess or spell the letters they
were reading in case of difficulty. The experiment was terminated when either all forty
words were read or the hour alloted for the session was nearly over.
4.3.2 Results
Letter Identification
Performance at reading meaningless strings varied greatly between participants (Fig. 4.7).
S1 had great difficulty reading and asked to halt the experiment after only a few trials. Other subjects correctly read 22% to 83% of the letters presented to them, for an
average success rate of 57%. Reading appeared slow and laborious for most subjects,
taking 12 seconds per string on average.
The texture level appeared to affect legibility. Average legibility increased from
50% to 56%, and then to 64% as the level of texture was increased. A series of paired
t-tests confirmed that Braille with texture alone was better read than both with low
texture (t=-3.246, p<0.05) and without texture (t=-4.456, p<0.05). The difference
between low texture and no texture was not significant (t=-1.745, p>0.05). Reading
speed similarly increased with the amount of texture but only the difference between
Braille with texture alone and without texture was significant (t=2.688, p<0.05).
An inspection of reading errors shows that legibility decreased with the number
of dots in a letter (Fig. 4.8). This is consistent with other reports about Braille read-
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Legibility (per letter)

100%

T=0%

T=100%

S2

S3

75%

50%

25%

0%

N/A

S1
Reading time (per string)

T=25%
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40s
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T=25%

S4

S5
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S4

S5

S6
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T=100%

30s

20s

10s

0s

N/A

S1

S2

S3

Fig. 4.7 Results of letter identification experiment.

ing [182]. Errors most frequently involved the addition or removal of a single dot
(Fig. 4.8). The complete confusion matrix is shown in Table 4.1.

Fig. 4.8 Analysis of errors in letter identification experiment.
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6 1
39

2

5 1

40 6

6 3 1

4 44

Table 4.1 Confusion matrix with error counts above 4 and 9 shown with
thin and thick boxes respectively.

Word Identification
Word reading experiments were performed with the level of texture most effective
during the first experiment: low texture for S7 and texture alone for all others. Due
to time constraints, S2 and S4 read 20 and 30 words respectively. The others read the
complete set of 40 words. On average, subjects were more accurate and faster than
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when reading meaningless strings (Fig. 4.9). They could read 69% of the words but
only 57% of the letters in meaningless strings. The mean trial duration was 9 seconds
for words and 12 seconds for meaningless strings. Individual performance at word
identification was not strongly correlated with that of letter identification. S1, for
instance, was unable to read meaningless strings even in a second attempt after reading
words nearly flawlessly. S4 also performed much better at word reading, correctly
reading 86% of the words but only 50% of the letters in meaningless strings. Overall,
word reading rates were poor for two subjects (10%, 27.5%), reasonable for two others
(70%, 87%), and excellent for the remaining three (95%, 97.5%, 97.5%).

Fig. 4.9 Results of word identification experiment.

Verbal Reports
All participants felt that reading Braille rendered with the proposed system was difficult and demanded great concentration. Some compared the sensation to that of worn
out or erased paper Braille. The participants expressed doubt about their skills and
often reported feeling Braille characters other than the displayed letters such as punctuation. Many participants pointed out that reading was increasingly difficult over
time, either due to tactile or mental fatigue. They were bothered by the large size
of the virtual Braille cell and by the stimulation of parts of their fingertip generally
unused for Braille reading.
The participants also confirmed that the use of texture facilitated reading by greatly
increasing the strength and contrast of the dot sensation. Most participants slightly
preferred the sensation of low texture although they often felt that texture alone had
greater contrast. Some also suggested that the randomized presentation order of mean-
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ingless strings caused masking effects when a non-textured string followed a textured
one.
Despite having difficulty reading, most participants showed genuine interest in the
concept and were enthusiastic about its potential for Braille and tactile graphics. Many
participants compared the sensations produced by the STReSS2 to those felt with the
Optacon, a tactile transducer that enables the blind to read printed text by mapping
images from a camera to vibratory patterns [163]. S1’s reading difficulties were analogous to the subject’s limited experience with the reading aid. S2, the only subject
who still uses the Optacon regularly, felt that the STReSS2 produced weaker sensations
and had difficulty reading with it. S3 found the sensation of the STReSS2 less irritating. Another subject who used the aid in the past had the reflex of looking for printed
character patterns while reading with the STReSS2 .

4.4 Discussion
Prior work with the VBD was focused on achieving realistic sensations that approached
those of physical Braille dots [161]. Our results indicated that this was possible for
most subjects using the equivalent of the non-textured dot rendering used here. A small
textural component, equivalent to the low texture used here, was shown to improve
legibility for some users, but at the cost of some realism. The use of texture alone was
never considered as it was deemed to unnecessarily stray away from standard Braille
sensations.
The results obtained with the STReSS2 point in a different direction. The ability of a
laterotactile display to present realistic dot sensations appears to depend on the forces it
is able to produce. Because its actuators are weaker than those of the VBD, the STReSS2
produces subtler dot sensations that, taken together with the greater complexity of
identifying Braille characters, prevent efficient reading. While texture only improved
the contrast of the Braille dots on the VBD, it appears to be critical with the STReSS2 . A
natural extension of this idea is to produce a purely symbolic representation of Braille
patterns that leverages the Braille code without reproducing the sensation of Braille
dots. As the experiment with texture alone demonstrates, knowledge of Braille appears
to transfer well to this new medium.
This discussion leads to two possible approaches for the continuation of our work
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on laterotactile display of Braille. A first approach is to remain within a symbolic
framework and attempt to design optimal laterotactile symbols to replace Braille dots.
The resulting Braille would work on most laterotactile displays but may encounter
resistance from Braille readers. A second approach is to aim for realism and design
a specialized laterotactile display. Large piezoelectric actuators could be cut so as to
produce a dense array of three rows of skin contactors respecting Braille dimensions.
The revised design may produce forces strong enough to render realistic Braille. The
display could also be widened to accommodate reading with multiple fingers.

4.5 Conclusion
This paper presented the result of experiments evaluating the legibility of 6-dot Braille
rendered by lateral skin deformation with a general purpose tactile transducer. Reading meaningless strings was difficult but possible for most subjects. Reading familiar
words was generally faster and more accurate. The addition of a texture to the sensation of Braille dots improved legibility but reduced realism.
These results indicate that a symbolic representation of Braille dots in the form of
texture may fare better than a more realistic rendition when a weak laterotactile display is used. Future work will therefore focus either on increasing the forces applied by
the tactile transducer or on identifying optimal laterotactile symbols to replace Braille
dots. Comments from subjects also suggest that respecting at least vertical dimensions
of Braille cells is critical for comfortable reading. Rendering parameters that received
attention only during the preliminary experimentation phase of this work, such as the
vertical distribution of sensations along the transducer, will also be given a more rigorous treatment.
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Supplementary Statistical Analysis
Repeated measures one-way ANOVAs were conducted to evaluate the effect of the texture level (T =0%, T =25%, T =100%) on the legibility rate of characters and the reading
speed of strings. The effect of texture level was found to be significant for the legibility rate [F(2,10)=10.849, p=0.003], but not for the reading speed [F(2,10)=2.841,
p=0.105]. Post-hoc paired t-tests indicate a significant difference between the legibility
rate of characters rendered with texture alone and either with low texture [t(5)=3.246,
p=0.023] or without texture [t(5)=4.456, p=0.007], but not between those rendered
without texture and with low texture [t(5)=-1.745, p=0.141].
This statistical analysis confirms the statistical difference between the legibility
rate of characters rendered with texture alone and with either low texture or without
texture. It does however invalidate the statistical difference reported in the reading
time of strings rendered with texture alone and without texture.
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Preface to Chapter 5
This chapter appeared in
[293]

Qi Wang, Vincent Lévesque, Jérôme Pasquero, and Vincent Hayward.
A Haptic Memory Game using the STReSS2 Tactile Display. CHI ’06
Extended Abstracts on Human Factors in Computing Systems, ACM,
Montréal, Québec, Canada, pp. 271–274, 2006.

This chapter presents early work on the rendering of virtual tactile graphics by lateral skin deformation that forms the basis of the framework developed in Chapters 6,
8 and 9. Written in support of a demonstration at the CHI’06 conference, it introduces
a haptic memory game that demonstrates numerous graphics rendering concepts further developed and applied extensively in subsequent chapters, including the use of
vibrations, grating textures, dot patterns and bitmap-based masks. Published prior to
Chapter 4, this work leverages the insight gained while investigating Braille dot rendering (Chapter 3) in the related context of tactile graphics, the focus of the remainder
of this thesis.

Contributions of Authors
This chapter was written by Vincent Lévesque in support of a demonstration of the
STR e SS 2 tactile display presented at the ACM CHI’06 conference and revised by his
co-authors. The author list reflects the contributions of the authors to all aspects of
the demonstration. Qi Wang designed and implemented the STReSS2 transducer [289]
and assembled the tactile graphics interface used in this chapter and the next, referred
to as the Pantograph-based Tactograph in Chapter 7. He also contributed an early
version of dot-based graphics and helped tune the rendering algorithms. V. Lévesque
designed and implemented the tactile rendering algorithms and the memory card game
based in part on earlier work and unpublished observations made while investigating
Braille rendering in collaboration with Jérôme Pasquero (Chapter 3). J. Pasquero also
contributed to the tuning of the rendering algorithms and to the selection of tactile
memory cards. This work was supervised by Vincent Hayward.
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A Haptic Memory Game using the STReSS2
Tactile Display
Abstract
A computer implementation of a classic memory card game was adapted to rely on
touch rather than vision. Instead of memorizing pictures on cards, players explore
tactile graphics on a computer-generated virtual surface. Tactile sensations are created
by controlling dynamic, distributed lateral strain patterns on a fingerpad in contact
with a tactile display called STReSS2 . The tactile graphics are explored by moving the
device within the workspace of a 2 D planar carrier. Three tactile rendering methods
were developed and used to create distinct tactile memory cards. The haptic memory
game showcases the capabilities of this novel tactile display technology.
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5.1 Introduction
The memory card game is played by randomly placing a set of cards face down on a
table. Players turn over cards two at a time. If the pictures on the cards match, a point
is scored and the pair is removed from the playing area. Pairs that do not match are
turned back face down. To succeed, players must memorize the location of previously
exposed cards. We revisited this classic game to explore the potential of a novel tactile
display named STReSS2 (pronounced “stress-square”) [289]. We replaced the pictures
with computer-generated virtual tactile graphics. Using carefully designed stimulation
patterns, we produced 12 distinct tactile cards. Instead of seeing the pictures on the
cards, players explore their tactile equivalent with a finger.

5.2 Technology
Tactile displays are computer-driven transducers able to create tactile sensations on
the fingerpad [21]. The STReSS2 is distinct from most other displays in that it takes
advantage of the skin’s sensitivity to distributed lateral deformation. The device has
an active area of 12.0 × 10.8 mm, slightly larger than a fingerpad. It deforms the skin
using a 10 × 6 array of piezoelectric bending motors (see Figure 5.1).

(a)

(b)

(c)

Fig. 5.1 STReSS2 tactile display: (a) active area, (b) display on carrier
that allows movement in the horizontal plane, and (c) player’s left hand
with index on the display.

The display is mounted on a Pantograph haptic device used as a passive 2 D planar carrier [37]. Players explore a 11.3 × 6.0 cm virtual surface by moving the display within the carrier’s workspace with a finger. The fingerpad remains fixed on
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the display’s active area. The skin deformation patterns are updated according to the
exploratory movements, creating the sensation of sliding over embossed or textured
virtual surfaces. Alternatively, the display can produce distributed vibratory patterns.

5.3 Tactile Rendering
The specification of programmed spatiotemporal actuator deflection patterns may be
termed tactile rendering by analogy to graphics rendering. Three types of tactile rendering methods were developed.1 They are illustrated in Figure 5.2. In each case,
tactile patterns are specified as grayscale images (e.g. Figure 5.2a), making it possible
to quickly draw complex tactile graphics using standard painting software.

(a)

(b)

(c)

(d)

Fig. 5.2 (a) A pattern specified by a grayscale mask and a pictorial representation of its tactile rendering using (b) dots, (c) a grating texture or (d)
vibration.

The first method divides the virtual surface into 94 × 33 cells, each containing
a 1.2 × 1.8 mm tactile feature resembling an embossed dot (e.g. Figure 5.2b). The
perceived height, or intensity, of each dot is controllable, giving rise to the tactile
1

The statements found in this Chapter concerning the subjective experience of tactile renderings,
their optimal use, and the selection of tactile cards are based on the impressions of the authors as well
as feedback from a small group of volunteers who participated in informal evaluation sessions. A more
rigorous evaluation of the tactile renderings is provided in the next Chapter.
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equivalent of a coarse grayscale image. The deflection of each actuator is continuously
updated based on its location within the surface. As an actuator traverses a dot, it
smoothly sweeps its entire range of motion. The experience of a dot results from
the local skin stretch and compression patterns occurring locally between adjacent
actuators. A similar method was previously used to display virtual Braille dots [161].
This mode is particularly adequate for the display of contours, edges, and letters. It
produces tactile graphics comparable to those obtained with Braille printers [190].
The second type of rendering fills areas with a spatial texture resembling an embossed horizontal grating (e.g. Figure 5.2c). The grating is produced from a traveling
wave moving on the display in response to exploratory movements. As the wave travels in the direction opposite to the finger movement, one has the sensation of sliding
over a rippled surface. The amplitude of the texture is modulated over the virtual surface to form simple shapes. Tactile maps for the blind commonly make a similar use
of texture to mark regions such as bodies of water [59].
The third approach replaces the spatial texture with an amplitude-modulated vibrotactile stimulus (e.g. Figure 5.2d). The vibrotactile stimulus is produced by driving
each actuator with a 50 Hz sinusoidal signal. The phase is inverted between adjacent
actuators to maximize strain. Unlike the two previous methods, vibration provides
strong stimulation even in the absence of exploratory movements. The resulting sensation, however, is difficult to relate to a natural tactile stimulus. Vibration was found to
reliably convey thick line drawings and contours. This mode of stimulation is similar
to the one used by the Optacon, a vibrotactile reading aid for the blind [163]. The
STR e SS 2 , however, vibrates laterally instead of tapping against the skin, and allows
more control over the stimulation frequency and amplitude. A similar use of imagebased vibrotactile stimuli has also been made for the rendering of texture [104].

5.4 Haptic Memory Game
The game was implemented on a personal computer by replacing the pictures on the
cards with tactile graphics. When the user clicks on a card using the mouse, the card
becomes activated (highlighted) but its content is not revealed visually (see Figure 5.3).
Instead, the player must explore an invisible tactile drawing.
The three modes of stimulation were used to design a set of 12 tactile memory
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(b)

Fig. 5.3 (a) Haptic memory game with currently selected card highlighted
and (b) pictorial representation of exposed cards.

cards represented pictorially in Figure 5.4. After a short training period, the cards can
be distinguished from one another using tactile stimuli alone.

Fig. 5.4 Pictorial representation of 12 tactile cards selected for the memory game: dots, gratings, and vibration.

5.5 Conclusion
This paper introduced a new version of the memory card game that uses tactile feedback. The main purpose of the game is to exemplify the capabilities of the STReSS2
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tactile display. The game demonstrates that the display can be used to produce convincing tactile graphics. Although some visual feedback is currently required to select
cards, this game could also easily be adapted for visually impaired players [255].
The three rendering methods introduce basic building blocks for simple shapes,
and eventually for more complex drawings. One could consider, for example, drawing
a bicycle using vibrating wheels, a dotted frame and grating-textured ground. The
Pantograph could also be used to provide additional force feedback. We expect future
work to yield a wider range of expressive capabilities as well as applications to other
areas of human-computer interaction.
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Preface to Chapter 6
This chapter appeared in
[159]

Vincent Lévesque and Vincent Hayward. Tactile Graphics Rendering
Using Three Laterotactile Drawing Primitives. Proc. 16th Symposium
on Haptic Interfaces For Virtual Environment And Teleoperator Systems, IEEE, Reno, Nevada, pp. 429–436, 2008.

Additional information has been inserted in the published manuscript in the form
of footnotes. The chapter presents a preliminary evaluation of an improved virtual
tactile graphics framework that extends the laterotactile rendering approaches briefly
described in the previous chapter. Major improvements include support for arbitrarilyoriented gratings and the elimination of restrictions on the placement and exploration
direction of dots. The evaluation of the framework demonstrates that shapes and textures can be identified in a variety of conditions and provides insight into the optimization of rendering parameters for practical tactile graphics applications. The results
of this work have informed further developments presented in Chapters 8 and 9, and
prompted the design of an improved tactile graphics interface described in the next
chapter that provides a larger canvas and measurement of the tactile array’s orientation.

Contributions of Authors
This chapter was written by Vincent Lévesque and revised by Vincent Hayward. The
work described herein was similarly performed by V. Lévesque under the supervision
of V. Hayward. The supplementary statistical analysis appended to this chapter was
realized with the help of Mounia Ziat.

6 Tactile Graphics Rendering Using Three Laterotactile Drawing Primitives

88

Copyright ©2008 IEEE. Reprinted, with permission, from Vincent Lévesque and Vincent Hayward. Tactile Graphics Rendering Using Three Laterotactile Drawing Primitives. Proc. 16th Symposium on Haptic Interfaces For Virtual Environment And
Teleoperator Systems, Reno, Nevada, pp. 429–436, 2008.

Tactile Graphics Rendering Using Three
Laterotactile Drawing Primitives
Abstract
This paper presents preliminary work towards the development and evaluation of a
practical refreshable tactile graphics system for the display of tactile maps, diagrams
and graphs for people with visual impairments. Refreshable tactile graphics were dynamically produced by laterally deforming the skin of a finger using the STReSS2 tactile display. Tactile features were displayed over an 11 × 6 cm virtual surface by controlling the tactile sensations produced by the fingerpad-sized tactile display as it was
moved on a planar carrier. Three tactile rendering methods were used to respectively
produce virtual gratings, dots and vibrating patterns. These tactile features were used
alone or in combination to display shapes and textures. The ability of the system to
produce tactile graphics elements was evaluated in five experiments, each conducted
with 10 sighted subjects. The first four evaluated the perception of simple shapes, grating orientations, and grating spatial frequencies. The fifth experiment combined these
elements and showed that tactile icons composed of both vibrating contours and grated
textures can be identified. The fifth experiment was repeated with 6 visually impaired
subjects with results suggesting that similar performance should be expected from that
user group.
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6.1 Introduction
Refreshable braille displays and speech synthesizers have greatly improved access to
textual information for visually impaired persons by giving them access to digitized
content. Access to graphical information remains comparatively limited in part because visual graphics must be processed and simplified to be suitable for tactile use,
but also because of the unavailability of reliable and affordable means to convey refreshable tactile graphics through a computer. Most tactile graphics are currently produced on physical media through a variety of methods including collage, embossed paper, thermoforming, printing on microcapsule paper and, more recently, high-density
braille printing and 3 D printing [59, 288, 175]. Tactile graphics produced with such
methods have proved to be of great use for geographic and orientation maps, mathematical graphs and diagrams. These are particularly important in education where
visually-impaired students must have access to the same information as their sighted
peers [5, 146]. They can also provide information which would be difficult to grasp
from direct experience of the environment or from verbal descriptions [27]. Tactile
graphics produced on physical media, however, are typically bulky and often deteriorate with use. More importantly, physical media does not afford access to dynamic
content such as interactive geographic information systems (GIS). The interactive control over features such as layer visibility and zoom level offered by these applications
could be particularly valuable in the context of tactile graphics since information density must generally be reduced to cope with the skin’s limited resolution. Refreshable
tactile graphics could therefore improve the experience of interacting with graphical
information for the visually impaired.
Various approaches have been explored to produce interactive tactile graphic displays. Pen-based 3 D force-feedback devices can be used to simulate the exploration
of raised-line drawings or other 3 D patterns with a probe [186, 256, 305]. Patterns can
similarly be produced with 2-DOF haptic devices such as consumer-grade haptic mice
and joysticks [201, 305]. Although these approaches can be effective, interacting with
a single-point of contact reduces realism and complicates exploration. An alternative
consists of using a transducer known as a tactile display that produces programmable
tactile sensations by deforming or otherwise stimulating the skin. Research on tactile displays has resulted in a wide array of prototypes using different skin stimulation
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methods and actuation technologies [282]. The difficulty of designing tactile displays
results largely from the high density of actuators needed to produce distributed sensations in the fingerpad. Although their use extends to other fields such as surgery
simulation and gaming, many tactile displays have been evaluated on the basis of their
ability to display shapes or other tactile patterns [265, 252, 139, 116, 23]. Readers are
referred to [282] for a more complete survey of experimental tactile displays and their
use as graphical displays for visually impaired persons.
Tactile displays can be divided in two classes depending on whether they provide
a real or virtual surface for exploration. The first class of displays presents a large,
programmable surface to be explored by the fingers or hands. The surface typically
consists of an array of actuated pins that produce a discrete approximation of a 3 D
surface. Shimada et al., for example, designed a tactile graphics display system with a
32 × 48 array of braille pins manufactured by KGS Corp. (Japan) [248]. Although this
approach closely approximates static tactile graphics, it also increases cost due to the
large number of actuators needed. The large size of such tactile displays also hinders
portability. The second approach consists of producing a large virtual surface out of a
smaller tactile display. This is achieved by dynamically altering the sensation produced
by a tactile display in fixed contact with the fingerpad in response to displacements.
The most famous example is the Optacon, a reading aid commercialized in the 1970’s
that converted images of printed text captured from a mobile camera to tactile patterns
on an array of 24 × 6 vibrating pins [163]. Reasonable reading rates were achieved
after considerable training. Tactile displays of this class can also be used to explore
virtual tactile graphics when connected to a personal computer. An example is the
VTPlayer mouse with its two 4 × 4 braille pin arrays [115]. The main advantage of
this approach is that fewer actuators are needed, reducing cost and size. Producing
meaningful sensations without relative motion between the stimulator and fingerpad,
however, is challenging.
The work presented in this paper aims to address this problem by producing controlled lateral skin deformation patterns rather than indenting the skin. This principle,
which we name laterotactile stimulation, assumes that the critical deformation occurring at the level of the mechano-receptors can be approximated by laterally deforming
the skin. A series of tactile displays have been designed to exploit this principle including 1 D [161, 166] and 2 D [289] arrays of laterally moving skin contactors. All
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use a similar technology based on piezoelectric bending motors. Previous work has
shown that when appropriately programmed, skin deformation patterns produced by
these displays can evoke the sensation of brushing against localized features such as
braille dots and gratings [161, 160, 166].
This paper presents our most recent work on the display of refreshable tactile
graphics using the latest 2 D laterotactile display, the STReSS2 [289]. Three tactile
rendering methods capable of producing the sensation of gratings, dots, and vibrating
patterns are presented. An early version of these tactile rendering algorithms were
previously used in a tactile memory game that demonstrated the capabilities of the
STR e SS 2 tactile display during the 2006 ACM Conference on Human Factors in Computing Systems [293].
This paper also reports on our efforts to evaluate the effectiveness of the system for
the display of tactile graphics. A first experiment evaluated the identification of simple
shapes using the three rendering methods. The next three experiments investigated the
device’s rendering of tactile gratings at various orientations and spatial frequencies.
The final experiment combined shape and texture rendering to evaluate the system’s
ability to display tactile icons. The first four experiments were each conducted with 10
sighted subjects. The final experiment was conducted with 10 sighted and 6 visually
impaired subjects to validate the results for the target user group. The elements of
tactile graphics investigated here constitute a first step toward the design of tactile
maps and diagrams adapted for display by laterotactile stimulation.

6.2 Tactile Display Prototype
The tactile rendering system used in this work is a prototype that combines a STReSS2
tactile display with an instrumented 2 D planar carrier (Fig. 6.1). The STReSS2 revision
used stimulates the skin by controlling the deflection of a matrix of 8 × 8 piezoelectric
bending motors [289]. The actuators deflect toward the left or right by approximately
0.1 mm, and produce a blocked force in the order of 0.15 N. The center-to-center distance between adjacent actuators is 1.2 × 1.4 mm. The reading fingerpad therefore
rests against an active contact area of 9 × 11 mm. Filters with a 200 Hz cut-off frequency enable more accurate signal reconstruction and attenuate most energy at the
natural resonance frequency of the actuators, resulting in the elimination of most audi-
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ble noise and in more natural tactile sensations.

(a)

(b)

(c)

Fig. 6.1 (a) Active area of the STReSS2 tactile display, (b) STReSS2
mounted on a planar carrier, and (c) usage of the device.

The STReSS2 was mounted on a planar carrier that allowed movement within a
11 × 6 cm virtual surface. The carrier was a 2 degree of freedom (2-DOF) haptic device with low friction and inertia called the Pantograph [37]. The device was used as
a passive carrier and its motors were therefore inactive. The carrier measured position
with a resolution better than 13 µm. The workspace of the Pantograph was slightly
reduced to prevent collision with the tactile display, resulting in the above mentioned
virtual surface dimensions. Rotation of the display was neither prevented nor measured and users were therefore required to maintain the orientation of the display. The
tactile display’s electronics were covered with a plastic protector and foam for safe and
comfortable usage. More information about this apparatus can be found in [289].
The system’s driving signals were produced at 1 kHz on a personal computer running Linux and the Xenomai real-time framework (http://www.xenomai.org). Actuator activation signals were produced with a resolution of 10 bits. Rendering algorithms
and drivers were programmed in C++.

6.3 Tactile Rendering
The STReSS2 display produces tactile sensations by dynamically controlling lateral
deformation patterns on the fingerpad in response to exploratory movements within
its planar carrier’s workspace. Extracting meaningful sensations from this mode of
skin stimulation requires the specification of appropriate actuator activation patterns,
a process that we term tactile rendering by analogy with graphics rendering. This section describes in details three laterotactile rendering methods that produce dotted out-
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lines, vibrating patterns and virtual gratings. The tactile sensations produced by these
rendering methods are modulated over the virtual surface using bitmapped grayscale
images. This allows the creation of tactile patterns with standard image editing software. These renderings can also be combined to create more complex tactile graphics.
Fig. 6.2 shows visual representations of squares rendered with all three methods.

(a)

(b)

(c)

(d)

Fig. 6.2 Visual illustration of squares rendered with (a) dots, (b) vibration,
(c) gratings, and (d) a combination of all three.

By convention, the following discussion specifies actuator deflections δ between 0
(right) and 1.0 (left). Deflecting actuators to the right when at rest provides a greater
swing upon activation and increases the strength of some sensations. Although directional effects appear to be minimal, this resting position is also selected so that activation occurs against motion when moving the display from left to right. The deflection
of unloaded actuators is used here as an approximation of the intended skin deformation patterns. Actual deformation patterns may differ due to the complex biomechanical properties of the skin. Fig. 6.3 illustrates the displacement of the tactile display
over a virtual surface as well as the deflection of its actuators.

(a)

(b)

Fig. 6.3 (a) Virtual surface with a grated circle and (b) close-up on tactile
display deflection pattern.
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6.3.1 Dot Rendering
The sensation of brushing against a dot is produced by swinging actuators towards
the left and then back to the right as they slide over a virtual dot. The deflection is
expressed mathematically as follows:



1.0


(r−P )
δ(r) = 21 + 12 cos π (1−P
)



0.0

if r ≤ P,
if P ≤ r ≤ 1.0,

(6.1)

otherwise;

where r = kpi,j − pcenter k/radius is the relative distance from the center of the dot.
As they move over the dot, actuators first follow a smooth sinusoid that takes them
from their rest position on the right to their active position on the left. They then maintain this deflection over a plateau of radius P . A plateau of P = 0.25 was found to
produce smooth transitions while giving each dot sufficient area to be easily perceptible from any direction. The location and amplitude of each dot is specified with blobs
in a grayscale image. Dots can be positioned anywhere on the virtual surface provided
that they do not overlap. Dot patterns are represented visually as shown in Fig. 6.2a.
This rendering method was inspired by earlier work on the display of Braille [160]
and dot patterns [293] by lateral skin deformation. While these earlier attempts assumed that the dots were either exclusively or mostly explored by horizontal motion,
the improved method presented here allows exploration from any direction, thereby
improving the realism of the sensation and facilitating contour following. This improvement results from the use of a radial deflection pattern with a plateau at its center.
6.3.2 Vibration Rendering
This tactile rendering method produces a sensation of localized vibration within the
virtual surface [293]. The vibratory sensation is produced by controlling the deflection
of each actuator i, j as a temporal oscillation:

 1 + 1 cos 2πf t if (i mod 2) 6= (j mod 2),
δ(i, j, t) = 2 2
 1 − 1 cos 2πf t otherwise.
2
2

(6.2)

The phase of vibration is inverted for adjacent actuators to maximize compression
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and shearing deformation, and thereby increase the strength of the sensation. A vibration frequency of 50 Hz was similarly found to provide the strongest sensation. Higher
frequencies could potentially increase contrast further but could not be used at present
time due to limitations of the I/O hardware used to communicate with the STReSS2 .
Vibratory patterns are produced by modulating the amplitude of vibration of actuators as a function of their position within the virtual surface. The amplitude mapping
is specified with a grayscale image mask. Vibrating patterns are represented visually
using a white-noise texture (e.g. Fig. 6.2b).
6.3.3 Grating Rendering
This rendering method extends our earlier work on the display of vertical gratings to
that of gratings of arbitrary orientation [293]. The grating rendering produces a sensation similar to that of brushing a finger against a corrugated surface. This sensation is
obtained by propagating a sinusoidal wave across the tactile display at a specific angle.
The deflection of each actuator is given by:
2πd
1 1
+ cos
,
(6.3)
2 2
λ
where d = y cos θ − x sin θ is the distance from the actuator position (x, y) to a reference line crossing the origin at angle θ. This produces a grating of spatial wavelength
λ at an orientation of θ. Horizontal and vertical gratings produce natural sensations for
a wide range of spatial frequencies. Diagonal orientations produce noisier sensations.
The orientation of a grating can be judged either by attending to the subtle directional
sensation on the fingertip or by finding the direction of movement with the strongest or
weakest stimulus, corresponding to motion across or along ridges respectively. Again,
the amplitude of the grating texture is modulated by an image mask. Grating patterns
are represented visually as shown in Fig. 6.2c.
δ(d) =

6.3.4 Composite Rendering
The three rendering methods described previously produce tactile patterns by deflecting the actuators only as they pass over specific regions of the virtual surface, otherwise
leaving them at their resting position to the right. Provided that there is no overlap between their active regions, it is therefore possible to combine tactile layers rendered
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with different methods by simply adding together their modulated actuator deflection
functions. This allows complex tactile patterns to be created, as represented visually
in Fig. 6.2d.

6.4 Experiments
This section describes five experiments that were conducted to gain a better understanding of the tactile display system’s capabilities. The first experiment looked at
the identification of simple geometrical shapes produced with either dots, vibration or
gratings (Section 6.4.1). The second experiment investigated the difference in spatial
frequency necessary to differentiate gratings (Section 6.4.2). The third and fourth experiments studied the identification of grating orientations, first with intervals of 30°
and then of 45° (Sections 6.4.3 and 6.4.4). The fifth experiment looked at the identification of tactile icons composed of vibrating contours and grated interiors (Section 6.4.5).
Three groups of 10 sighted subjects (A, B and C) and one group of 6 visually
impaired subjects (VI) participated in the experiments. Each subject took part in one
or two experiments during a one-hour experimental session. Group A participated
in the first experiment, group B in the second and third, and group C in the fourth
and fifth. The fifth experiment was repeated with the visually impaired subjects of
group VI. The subjects were selected solely based on availability and paid for their
participation. They performed the experiment with the index of their preferred hand.
Details about preferred hand, gender, and age distribution within the subject groups
are shown in Table 6.1. Two of the subjects of group VI had previously participated
in a study on the use of the STReSS2 as a Braille display [160]. Two were blind from
birth and the others had lost their sight between the ages of 3 and 20.
6.4.1 Shape
Description
The first experiment evaluated the perception of simple geometric shapes displayed on
the tactile display. The experiment was designed to also evaluate the effect of rendering
method and shape size on identification performance. The experiment consisted in the
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group

size

A
B
C
VI

10
10
10
6

age
mean range
22.4 19–29
21.8 19–26
24.1 18–52
47.8 35–65

97

gender
handedness
male female left right
2
8
1
9
4
6
1
9
3
7
2
8
5
1
1
5

Table 6.1 Description of the four groups of subjects who participated in
the experiments.

identification of six shapes rendered using the three methods described in the previous
section at two different scales. Fig. 6.4 illustrates the six shapes as well as the six
variations of the circle shape. The experiment was conducted with subject group A.

(a)

(b)

Fig. 6.4 Experimental stimulus for shape identification experiment: (a) six
shapes and (b) example of the six variations of a shape.

The shapes were selected so as to fill a 2 or 3 cm square. Vibrating shapes were
produced with a 1.5-mm-thick outline that exceeds the spacing between actuators and
therefore prevents aliasing effects. An approximation of the outline was similarly produced with dots of 1-mm radius. The grating was used to present filled shapes since it
is intented as an areal texture and does not produce clear outlines. A spatial wavelength
of 2 mm was selected to produce a well-defined boundary while still feeling natural. A
vertical grating was used since it appears to give the strongest illusion.
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Since the identification strategy differs depending on the rendering method, each
method was tested separately in randomized order. Each experiment began with a short
training session in which subjects familiarized themselves with the shapes. Subjects
were then asked to identify 48 shapes (6 shapes × 2 sizes × 4 iterations) presented in
random order with a one-minute break at half-time. The shapes were presented for a
maximum of 20 s. Answers were entered by typing a key corresponding to idealized
shape outlines shown on-screen.
Results
The performance of the subjects is shown for each rendering method in Fig. 6.5. Subject A1 performed significantly worse than all others and is therefore excluded from
analysis. The remaining 9 subjects correctly identified 76.0% of the shapes. Identification was performed in 14.2 s on average, with 17.4% of the trials going over the time
limit.
grating

dot

vibration

100%
80%
60%
40%
20%
0%

A1

A2

A3

A4

A5

A6

A7

A8

A9

A10

Fig. 6.5 Shape identification performance as a function of the rendering
method. Subjects are sorted by overall performance.

Table 6.2 gives the performance for all conditions. A repeated measures two-way
ANOVA1 reveals no significant interaction between rendering method and scale on
shape identification performance [F(2,16)=0.693, p=0.514]. The average performance
was 85.2% for vibrating shapes, 78.0% for dotted shapes and 64.8% for gratingtextured shapes. The difference in performance was significant between grating rendering and both dot rendering (t=−2.489, p<0.05) and vibration rendering (t=−5.335,
1

A significant main effect was also found for both the rendering method [F(1,8)=28.47, p=0.001]
and the scale of the shapes [F(1,8)=8.88, p=0.018].
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p<0.05). The difference between dotted shapes and vibrating shapes was not significant (t=−1.167, p=0.277). Five subjects performed better with vibration, three with
dots and one equally well with both. Seven of the nine subjects expressed a preference
for the rendering method with which they performed best.
small
G

D

V

75
86
58
44
75
19
all 60

92
64
97
78
58
64
76

94
86
86
69
72
81
82

large
all
87
79
81
64
69
55
72

G

D

V

81
83
47
86
69
53
70

83
89
89
83
64
75
81

86
78
89
94
89
97
89

all
all
83
83
75
88
74
75
80

G

D

V

78
85
53
65
72
36
65

88
76
93
81
61
69
78

90
82
88
82
81
89
85

all
85
81
78
76
71
65
76

Table 6.2 Shape identification performance (%) as a function of shape,
scale and rendering method (G=grating, D=dot, V=vibration).

Performance was also affected by the scale of the shapes (t=−2.981, p<0.05).
79.8% of large shapes were identified correctly compared with 72.2% of small shapes.
Overall, the best performance was obtained with large and small vibrating shapes
(88.9% and 81.5%) followed by large dotted shapes (80.6%). Performance also varied
with the shape displayed (see Table 6.3). Performance dropped from 85.2% for the
right triangle to 64.8% for the plus sign. Asymetries are also visible, notably between
plus and diamond, and diamond and circle.

presented

answered
85.2
2.3
4.2
6.0
2.3
3.7

2.8
81.0
3.2
3.7
5.6
7.9

2.3 2.3
0.9 1.9
77.8 6.5
7.4 75.9
17.1 1.9
2.3 6.5

5.1 2.3
8.3 5.6
6.0 2.3
5.6 1.4
71.3 1.9
14.8 64.8

Table 6.3 Distribution of answers (%) in shape identification experiment.
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6.4.2 Grating Spatial Frequency
Description
The second experiment was conducted to determine the difference in spatial wavelength necessary to be able to differentiate and scale gratings. The experiment consisted in the identification of the vertical grating with highest spatial frequency among
two gratings shown side-by-side. Fig. 6.6 illustrates the stimulus used. The experiment
was conducted at the beginning of subject group B’s experimental sessions.

Fig. 6.6 Experimental stimulus for grating spatial frequency comparison
experiment (shown with wavelengths of 3 mm and 6 mm).

The gratings were separated by a 1-cm-wide blank space so that the tactile display
never touched both gratings at once. The spatial wavelength of the gratings was varied
between 1.0 and 6.0 mm in 0.5 mm increments. Each experiment began with a short
familiarization session in which various pairs of gratings were shown. Subjects were
then asked to identify the grating with highest spatial frequency in 110 randomized
trials (once per non-identical pair for 11 wavelengths). The sensation was presented
for a maximum of 10 s. Answers were entered with the keyboard. Subjects wore sound
blocking earphones. The number of trials decreased linearly from 20 for differences
in wavelength of 0.5 mm down to 2 for differences of 5.0 mm (n = 22 − 4∆).
Results
Subject B9 performed far worse than all others (54.5% compared with 91.3±2.7%)
and is therefore exluded from analysis. Four trials were also rejected because they
resulted from accidental key presses (duration less than 0.5 s). The performance of
the remaining 9 subjects is shown in Fig. 6.7 as a function of the difference in spatial
wavelength. The success rate gradually increases from 74.4% at 0.5 mm to near perfection at and above 3.0 mm. The trial duration follows a similar pattern, gradually
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decreasing from 6.5 s at 0.5 mm to 3.1 s at 5.0 mm. Only 5.4% of trials extended past
the 10 s time limit.
100%

75%

50%
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

8s
6s
4s
2s
0s

Fig. 6.7 Percentage of correct answers and average trial duration as a function of the difference in wavelength (mm) in the grating frequency comparison experiment. The standard deviation across subjects is shown as an error
bar.

6.4.3 Grating Orientation (Fine)
Description
This experiment evaluated the subjects’ ability to perceive the orientation of virtual
gratings. The experiment was designed to also evaluate the effect of spatial frequency
on orientation judgments. The experiment consisted in the identification of six orientations (0°, ±30° or ±60°, 90°) at three different spatial wavelengths (4 mm, 6 mm
and 8 mm). Fig. 6.8 illustrates the grating orientations and spatial frequencies. This
experiment was conducted in the second part of group B’s experimental session.
Each experiment began with a short familiarization session during which subjects
were exposed to the different grating orientations. Subjects were then asked to identify
the orientation of 90 gratings (6 orientations × 3 spatial frequencies × 5 iterations)
presented in randomized order with a 2-minute break at half-time. The gratings were
presented for a maximum of 10 s. Subjects wore sound blocking earphones and were
asked not to use diagonal motion to explore the virtual grating. This directive was
given so that diagonal orientations would be identified by tactile motion on the fingertip
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(a)
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(b)

Fig. 6.8 (a) Grating orientations and (b) spatial wavelengths used during
the fine orientation identification experiment.

rather than by finding the direction of motion with the weakest sensation. Answers
were entered by typing a key corresponding to idealized grating representations shown
on-screen.
Results
One trial was rejected because it resulted from an accidental key press. The performance of subjects at identifying orientation is shown in Fig. 6.9. Orientation was identified correctly 46.1% of the time. Trials lasted 8 s on average, with 25% extending
past the 10 s time limit. Horizontal and vertical gratings were identified more easily
(76.0% and 60.6%) than diagonal gratings (35.0%). Trial duration similarly dropped
from 8.6 s for diagonal gratings to 6.7 s for horizontal and vertical gratings.
The distribution of answers for each orientation is shown in Fig. 6.10. The shape of
the response distribution is similar for 30° and -30° orientations, showing a tendency
to answer correctly or otherwise to select any other diagonal orientation. Similarly,
subjects tended to select the correct sign for ±60° gratings but appeared unable to
distinguish between 30° and 60°. ±60° gratings were also often confused with vertical
gratings.
There was a statistically significant difference in performance between 4-mm and
6-mm gratings (t=−3.279, p<0.05), but not between 4-mm and 8-mm (t=−1.111,
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Fig. 6.9 Performance at identifying fine grating orientations. The standard
deviation across subjects is shown as an error bar.

Fig. 6.10 Distribution of answers in the fine grating orientation identification experiment.

p=0.295) or 6-mm and 8-mm (t=−1.495, p=0.169). The orientation of 4-mm, 6-mm
and 8-mm gratings was correctly identified 41.8%, 50.7% and 45.7% of the time respectively.
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6.4.4 Grating Orientation (Coarse)
Description
This follow-up experiment repeated the previous experiment with an easier task in
order to better understand where the perceptual limit lies when judging grating orientation. The number of orientations was reduced to four (0°, 90° and ±45°) and the
spatial wavelength was set to the best value found in the previous experiment (6 mm).
The maximum trial duration was extended to 15 s and subjects were allowed to move
in diagonal. Strategies to accomplish the task were explained during the training session. Subjects were asked to identify the orientation of 40 gratings (4 orientations ×
10 iterations) presented in randomized order. The experiment was conducted at the
beginning of group C’s experimental session.
Results
Subject C1 misunderstood the task and is excluded from analysis. The performance of
the remaining subjects is shown in Fig. 6.11. 0° and 90° gratings were identified correctly 88% of the time, while +45° and -45° gratings were identified correctly 87% and
85% of the time. Trial duration was 8.8 s on average, with 14.2% of trials extending
past the 15 s limit. The confusion matrix shows that vertical and horizontal gratings
were rarely confused for one another (Table 6.4).
0°

45°

C4

C5

90°

-45°

100%
80%
60%
40%
20%
0%
C2

C3

C6

C7

C8

C9

C10

Fig. 6.11 Performance at identifying coarse grating orientations. Subjects
are sorted by overall performance.

presented
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0°
45°
90°
-45°

answered
0°
45° 90°
91.1 6.7 1.1
1.1 85.6 10.0
0.0 6.7 86.7
2.2 4.4 8.9
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-45°
1.1
3.3
6.7
84.4

Table 6.4 Distribution of answers in coarse grating orientation identification experiment.

6.4.5 Tactile Icons
Description
The final experiment examined the perception of tactile icons composed of vibrating
shapes filled with a grating texture. The experiment consisted of the identification of
the shape (circle, square, inverted triangle or right triangle), grating orientation (vertical or horizontal) and grating frequency (high or low) of tactile icons. The tactile icons
used are illustrated in Fig. 6.12. The experiment was conducted during the second part
of group C’s experimental session and repeated with the 6 visually-impaired subjects
of group VI.

(a)

(b)

(c)

Fig. 6.12 Stimulus used in tactile icon identification experiment: (a) four
shapes, (b) four textures and (c) example of icon.

The four shapes were selected based on their identifiability in the shape perception experiment. The vibration rendering method was selected because it yielded the
best results in that experiment and because it provides greater contrast with gratings
than dotted outlines. Shapes were drawn at the larger 3-cm scale that also produced
the best results in the experiment. Larger shapes also increase the size of the textured
area and facilitate texture identification. Vertical and horizontal texture orientations
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were selected because they appear to be most easily identified, and rarely confused
for one another. The spatial wavelengths were selected as far apart as possible without compromising orientation judgments. The values selected (2 mm and 6 mm) were
sufficiently distinctive to be easily identified when maintaining a regular exploration
speed.
The experiment began with a familiarization session lasting approximately 10 minutes during which subjects where shown the different icons and trained to judge their
varying characteristics. The experiment consisted in the identification of 48 icons (4
shapes × 2 grating orientations × 2 grating frequencies × 3 iterations) presented in
randomized order with a 2-minute break after each third of the trials. Icons were
presented for a maximum of 40 s. Subjects identified the tactile patterns by making
three selections on a modified numeric keypad. The available answers were shown to
sighted subjects as symbolic illustrations on-screen. The visually impaired subjects
were given a keypad with equivalent patterns made of thick solder wire glued to the
keys. Their selections were confirmed by playing recorded speech after each key press.
In both cases, subjects were allowed to modify their answers once entered if they felt
that it was mistyped or if they revised their judgment. Subjects wore sound blocking
earphones2 .
Results
Fig. 6.13 shows the percentage of correctly identified shapes, grating orientations, grating frequencies and icons (all three parameters combined). Fig. 6.14 shows the average
trial duration for each subject.
There was no statistically significant difference between the performance of the
sighted and visually impaired subjects. Sighted subjects correctly identified 88.5% of
the shapes, 95.8% of the grating orientations and 88.8% of the grating frequencies,
compared with 87.5%, 94.4% and 77.1% for the visually impaired. All three parameters were correctly identified 78.5% and 67.7% of the time for sighted and visually
impaired participants respectively. The average trial duration was 24.5 s, with 11.7%
of trials extending past the time limit for the sighted, and 23.2 s with 17.4% of timeouts for the visually impaired. The results, however, are heavily skewed by the low
2

Subject VI4 did not wear sound-blocking earphones for a third of the experiment. Results are
unlikely to have been affected since audio cues were barely audible and masked by ambient noise.
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Fig. 6.13 Performance in tactile icon experiment for sighted subjects
(group C) and visually-impaired subjects (group VI). Subjects are sorted
by overall performance.
50s

sighted

40s

visually impaired

30s
20s
10s
0s
VI1

C3

C5

VI2

C6

C7

C8

C10

C9

C1

VI4

C4

VI3

C2

VI5

VI6

Fig. 6.14 Mean trial duration in tactile icon experiment. Subjects are
sorted by performance.

performance of a single visually impaired subject (VI1).

6.5 Discussion
The first experiment showed that the tactile graphics system is capable of rendering
simple geometric shapes of moderate size (2 or 3 cm) using all three rendering methods. Shapes rendered with dots or vibrations were more readily identified than those
rendered with gratings, perhaps because the latter were filled. In agreement with many
subjects’ ambivalence when picking a favorite, there was no statistically significant dif-
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ference in performance with dots or vibration. The larger of the two shape sizes was
also easier to identify. Informal observations suggest that enlarging the shapes further could reduce performance by requiring more information to be integrated while
following contours. Performance should similarly be expected to decrease at smaller
scales as details become more difficult to discern. Performance could be further improved by tweaking various parameters such as the spatial frequency of the grating, the
diameter of dots or the line thickness of vibrating contours. The salience of corners
could also be increased using decorations, much like serifs in typography.
The second experiment showed that it is possible to scale vertical gratings with a
difference in spatial wavelength as low as 0.5 mm. Simply discriminating gratings may
be even easier. As shown in the final experiment though, identifying gratings by spatial
frequency is a much harder task due to the difficulty of memorizing a reference for
comparison. The dependence of the sensation on exploration velocity also increases
the difficulty. Preliminary experiments also suggest that the task is more difficult for
diagonal and, to a lesser extent, horizontal gratings. Similarly, small differences may
be more difficult to detect when comparing two large wavelengths.
The third and fourth experiments showed that vertical and horizontal gratings can
be identified. The third experiment showed that identifying diagonal orientations with
a 30° resolution without diagonal movement is nearly impossible. Performance improved greatly with the reduction of the resolution to 45° and the use of diagonal
movement. More experimentation will be necessary to determine if a finer resolution
could be obtained when diagonal movement is allowed. Results also suggest that discrimination may be reduced at high spatial frequencies. This is reasonable considering
that high frequency gratings feel less natural and that moving straight along their ridges
is more difficult.
The fifth and final experiment showed that identifying the shape and texture of a set
of 16 tactile icons is possible. This icon set could be expanded by using more shapes,
by adding a diagonal grating orientation and by adding grating spatial frequencies.
Training may become more important as the icon set grows, particularly for judging the
spatial frequency of the texture. Dotted contours should also be investigated, although
their low contrast with gratings would likely degrade performance.
In all cases, it is interesting to note that subjects were given less than 15 minutes
of training. Many felt that they performed better with time, notably for shape and
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icon identification. We can therefore expect performance to improve with practice.
Many subjects, on the other hand, reported that their finger was getting numb over
the duration of the experiments. Trial durations were also kept short to ensure that
judgments were made intuitively rather than by persistence. Performance would likely
have improved if more time was given.
This preliminary work on the display of tactile graphics by lateral skin deformation
relied mostly on sighted subjects. Visual feedback may have played a part in some experiments by, for example, allowing the identification of shapes by visual observation
of finger movements. Subjects were allowed to see the apparatus to facilitate monitoring of the orientation of the tactile display. As the results with visually impaired
subjects show, this precaution was not essential. This issue will be resolved in future
work by mounting the display on a carrier capable of measuring its orientation and by
adjusting the rendering algorithms accordingly. The workspace of the display will also
be increased to allow more practical applications.
Previous work also indicates that variations in performance can be expected between sighted, late blind and early blind participants due to their varying degrees of
visual and tactile experience [93]. The similar performance of sighted and visually
impaired subjects on the icon identification experiment suggests however that differences may be minimal with the simple tasks performed here. This may be due to the
non-visual nature of the tasks or the novelty of the exploration strategies that had be
learned by all subjects alike to use the device effectively. The findings of the rest of the
study may therefore extend to the visually impaired population. Nevertheless, future
work will focus on confirming these findings with visually impaired users.
These experiments provide an early assessment of the possibilities offered by the
STR e SS 2 for the rendering of virtual tactile graphics. Due to the large number of
parameters involved, the experiments covered only a small fraction of the rendering
possibilities. They nevertheless suggest that the device will be useful in a variety of
applications of tactile graphics for visually impaired persons such as maps, graphs
and diagrams. Shapes play an important part in tactile graphics by conveying both
symbolic information (e.g. point symbols in a map) and more complex information
(e.g. geometric concepts). Areal textures are also commonly used as a tactile color to
highlight, label or otherwise mark part of a tactile graphics. The information gathered
through these experiments provides a basis for using these drawing elements in tac-
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tile graphics produced by laterotactile displays. A tactile map could, for example, be
contructed with vibrating political boundaries and regions colored with easilly disciminable textures. Similarly, the tactile icons developed in the fifth experiment could be
used as informative point symbols in a tactile map or diagram. The basic data obtained
from these and other experiments will be used to design more complex tactile graphics
appropriate for display by lateral skin deformation.

6.6 Conclusion
This article discussed three rendering methods capable of producing tactile graphics
within a virtual surface by laterally deforming the skin. Five experiments were conducted to evaluate the system’s ability to display basic elements for tactile graphics.
The first experiment showed that simple shapes rendered with dots or vibration can be
identified. The second showed that differences in spatial frequencies as low as 0.5 mm
are sufficient to compare virtual gratings. The third and fourth experiments showed
that determining the orientation of a virtual grating is possible within 45° if motion is
not constrained. Finally, the fifth experiment showed that tactile icons composed of
vibrating outlines filled with grating textures can be identified. The results obtained
with visually impaired subjects on the final experiment suggest that the findings of
the study are applicable to that user group. This work constitutes a first step toward
the display of more complex tactile graphics in applications of relevance for visually
impaired persons, such as tactile maps, diagrams and graphs.
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Supplementary Statistical Analysis
Shape
A three-way repeated measures ANOVA was conducted to evaluate the effect of the
rendering method (grating, dot, or vibration), the size (2 or 3 cm), and the shape
(square, circle, inverted triangle, right-angle triangle, lozange, and plus) on performance of the shape identification task.
A significant interaction was found between all three factors [F(10,80)=2.364,
p=0.017], as well as between rendering method and shape [F(10,80)=6.723, p<0.001],
and size and shape [F(5,40)=4.420, p=0.003], but not between rendering method and
size [F(2,16)=0.698, p=0.512]. Significant main effects were found for the rendering method [F(2,16)=7.955, p=0.004], the size [F(1,8)=8.884, p=0.018], and the shape
[F(5,40)=4.862, p=0.001].
Simple effect one-way repeated measures ANOVAs were conducted to evaluate the
effect of the rendering method for each combination of size and shape. A significant
effect could be found only for the circle and plus shapes of both sizes, and for 2-cm
square shapes (see Table 6.5 for more details). Dependent sample t-tests indicated that
in all five cases the difference between grating and both dot and vibration rendering
was significant, but not between dot and vibration (see Table 6.6 for more details). The
conclusions reached in Section 6.4.1 regarding the effect of the rendering method on
shape identification are therefore valid only for the circle and plus shapes as well as
2-cm square shapes.
The effect of shape size was similarly investigated through paired t-tests. A significant effect of shape size could be found for both vibrating and grated square and plus
shapes as well as dotted inverted triangle shapes, but not for other combinations (see
Table 6.7 for more details). The conclusions reached in Section 6.4.1 regarding the effect of the size on shape identification are therefore valid only for these combinations
of rendering methods and shapes.
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2 cm
3 cm
F(2,16)
p
F(2,16)
p
1.000 0.390 3.045 0.076
0.271 0.000 0.698 0.512
2.098 0.155 0.113 0.894
2.197 0.143 0.842 0.449
9.455 0.002 11.11 0.001
26.76 0.000 8.258 0.003
Table 6.5 Results of simple effect one-way repeated measures ANOVAs
for the effect of the rendering method. Significant results are shown in bold.

2 cm
2 cm
3 cm
2 cm
3 cm

vibration vs grating
t(8)
p
3.464
0.000
2.626
0.000
3.780
0.000
8.315
0.000
3.600
0.000

grating vs dot
t(8)
p
-5.657 0.000
-4.128 0.000
-4.082 0.000
-5.488 0.000
-1.835 0.000

vibration vs dot
t(8)
p
-1.155 0.200
-1.512 0.100
0.000 0.100
1.633 0.100
2.874 0.100

Table 6.6 Results of dependent sample t-tests for the effect of the rendering method. Significant results are shown in bold.

vibration
t(8)
p
2.000 0.081
-2.449 0.040
0.894 0.397
2.000 0.081
0.426 0.681
2.828 0.022

grating
t(8)
p
0.426 0.681
4.472 0.002
0.686 0.512
0.555 0.594
1.315 0.225
2.828 0.022

dot
t(8)
0.512
0.450
1.155
3.464
1.414
0.710

p
0.622
0.665
0.282
0.009
0.195
0.498

Table 6.7 Results of paired t-tests for the effect of the shape size. Significant results are shown in bold.

Grating Orientation (Fine)
A two-way repeated measures ANOVA was conducted to evaluate the effect of grating
orientation (0°, ±30°, ±60°, or 90°) and spatial wavelength (4, 6, or 8 mm) on performance at the identification task. A significant interaction was found between grating
orientation and spatial wavelength [F(10,90)=2.75, p=0.005]. Significant main effects
were found for grating orientation [F(5,45)=11.64, p<0.001] and spatial wavelength
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[F(2,18)=3.92, p=0.4].
Simple effect one-way repeated measures ANOVAs were conducted to evaluate
the effect of spatial wavelength for each grating orientation. No significant effect was
found for -60° [F(2,18)=1.925, p=0.175], +60° [F(2,18)=1.976, p=0.168], 0° [F(2,18)=
0.336, p=0.719], and 90° [F(2,18)=0.088, p=0.916]. A significant effect was found for
-30° [F(2,18)=7.042, p=0.006] and +30° [F(2,18)=5.062, p=0.018]. Dependent sample
t-tests were conducted to further investigate the effect of spatial wavelength at the latter
grating orientations. The difference between 4 and 6 mm was found to be significant
for both -30° [t(9)=-3.000, p=0.015] and +30° [t(9)=-3.674, p=0.005]. The difference
between 4 and 8 mm was found to be significant for -30° [t(9)=-3.597, p=0.006], but
not for +30° [t(9)=-2.250, p=0.051]. The difference between 6 and 8 mm was found to
be significant neither for -30° [t(9)=-0.391, p=0.705] nor +30° [t(9)=0.000, p=1.000].
A one-way repeated measures ANOVA indicated in Section 6.4.3 that a significant
difference could be found between performance with 4-mm and 6-mm gratings, but not
between 4-mm and 8-mm or 6-mm and 8-mm gratings. The statistical analysis presented here results in slightly different conclusions. A significant difference could be
found between 4 mm and 6 mm only at ±30°, and an additional significant difference
was found between 4 mm and 8 mm at -30°. No significant difference could be found
for other combinations of grating orientations and spatial frequencies. The search for
an optimal grating spatial frequency for orientation identification can therefore be considered inconclusive.
Grating Orientation (Coarse)
A one-way repeated measures ANOVA was conducted to determine the effect of grating orientation (0°, 90°, -45°, 45°) on performance at the identication task. Mauchly’s
test was significant, therefore sphericity was not assumed and the Greenhouse-Geisser
correction was employed. The effect of grating orientation on performance was not
significant [F(1.54,14)=0.67, p=0.52]. The descriptive statistics presented in Section 6.4.4 therefore remain correct but the minor differences in performance observed
with respect to grating orientation are not statistically significant.
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Tactile Icons
Independent-samples t-tests revealed no statistically significant differences between
sighted and visually impaired subjects for trial durations [t(14)=0.224, p=0.826] or for
the identification of shapes [t(14)=0.098, p=0.924], grating orientations [t(14)=0.451,
p=0.659], grating spatial frequencies [t(14)=1.831, p=0.088], and icons [t(14)=0.870,
p=0.399]. The statistical analysis performed in Section 6.4.5 therefore remains valid
and no statistical difference was found between sighted and visually impaired subjects.
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Chapter 7
The Tactograph: A Haptic Interface
for Virtual Tactile Graphics
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Preface to Chapter 7
This chapter describes a haptic interface designed specifically for the display of virtual
tactile graphics that addresses many limitations of its Pantograph-based predecessor
introduced in [289] and relied upon in Chapters 5 and 6. The term Tactograph is introduced to describe both the original and improved tactile graphics interfaces. The
latter includes many improvements such as a larger virtual canvas and additional sensors for the measurement of the orientation of the tactile array and the pressure applied
with the reading finger. The improved Tactograph is used in the next two chapters to
experiment with the rendering of virtual tactile graphics by lateral skin deformation.

Contributions of Authors
This chapter was written by Vincent Lévesque and revised by Vincent Hayward. The
work presented herein was similarly mainly performed by V. Lévesque under the supervision of V. Hayward. Andrew Gosline made significant contributions to the design
and implementation of the improved Tactograph and provided expert advice on mechanical engineering and machining.
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The Tactograph: A Haptic Interface for
Virtual Tactile Graphics
Abstract
This chapter introduces the Tactograph, a haptic interface dedicated to the display of
virtual tactile graphics by lateral skin deformation. The interface combines a STReSS2
laterotactile display with 8 × 8 independent actuators and an instrumented planar carrier to allow the exploration of a virtual tactile graphics canvas 22 × 15 cm in size. The
position and orientation of the tactile array are measured with a minimal resolution of
45.2 µm and 4.32 0 respectively. The tactile display is enclosed within an instrumented
box that isolates the device and senses the pressure applied with the reading finger. The
Tactograph was designed as a prototype for the evaluation of virtual tactile graphics
applications.
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7.1 Introduction
While voice synthesis and refreshable Braille displays have for years given visually impaired computer users access to digitized text, a similar technological breakthrough has
yet to be made for online access to graphical content. Despite significant progress in
the means of production, tactile graphics remain accessible almost exclusively offline
on static media such as embossed paper, thermoformed plastic and collage of mixed
materials [59]. Browsing online graphical content, panning and zooming within a large
map and other complex tasks such as graphics editing, however, require realtime interaction with virtual or refreshable tactile graphics. Suitable haptic interfaces have
received much attention from researchers and inventors but have yet to gain acceptance by the visually impaired community due to a variety of practical considerations.
Virtual and refreshable tactile graphics have been displayed with force-feedback interfaces as well as tactile arrays that apply distributed stimuli to the skin. The latter can be
divided in two classes: large arrays that approximate 3 D surfaces and smaller movable
arrays that dynamically alter the tactile sensations produced to create the impression
of a larger virtual canvas.
This chapter introduces a virtual tactile graphics interface of the latter category.
The Tactograph simulates the feeling of brushing against tactile graphics by altering
the sensations produced by a laterotactile display as it is moved over a planar surface.
The first revision of the Tactograph, shown in Figure 7.1, consisted of a STReSS2 tactile
display mounted on a Pantograph haptic device [289, 37]. The Pantograph was used
as a passive, instrumented planar carrier and therefore did not provide haptic feedback
through its motors. The resulting interface had a high spatial resolution of 13 µm and
moved with very low friction. Its suitability for tactile graphics was limited, however,
by the small size of its virtual canvas (11 × 6 cm) and the impossibility of measuring
or restricting the rotation of the tactile display, hence preventing the orientation of
the reading fingerpad from being taken into account by tactile rendering algorithms.
The protective foam shell surrounding the display (not shown) also left some of the
electronics exposed and therefore required a minimal effort on the part of the user to
maintain a safe grip. This early revision of the Tactograph nevertheless demonstrated
the feasibility of displaying tactile graphics by lateral skin deformation (Chapters 5
and 6, [211]).
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Fig. 7.1 Early revision of the Tactograph using the Pantograph haptic interface as a passive planar carrier.

The revision of the Tactograph introduced in this chapter, henceforth referred to
simply as the Tactograph, addresses many of the limitations of its predecessor. The
improved Tactograph, pictured in Figure 7.2, features a larger virtual canvas, precise measurement of both display position and orientation, sensing of the pressure
applied with the reading finger, and an enclosure that protects and isolates the display.
The interface was designed and optimized for a letter-sized virtual canvas (279.4 ×
215.9 mm) equivalent to a sheet of microcapsule paper and later revised to a slightly
smaller size (215.3 × 151.8 mm) for improved stability. The display position is measured with a nominal precision exceeding 45.2 µm through two high-resolution optical
encoders mounted on a two-bar serial linkage. The tactile display is enclosed in an
instrumented box and mounted on a circular carrier sliding within a rectangular tray.

Fig. 7.2 The improved Tactograph tactile graphics interface.

The literature on conventional tactile graphics as well as electronic tactile graphics interfaces is first reviewed. The different components of the Tactograph are then
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described, followed by a detailed analysis of the design and properties of the instrumented planar carrier. The Tactograph’s driving software is finally discussed before
concluding the chapter.

7.2 Tactile Graphics Interfaces
7.2.1 Conventional Tactile Graphics
Conventional tactile graphics can be produced with a variety of methods [59, 101, 275].
Tactile content can, for example, be creatively handcrafted using mixed materials such
as glued objects, rubber bands or paper build-ups, resulting in displays that are rich
but time consuming to produce and difficult to replicate. Lower quality but massproducible tactile content can instead be created by thermoforming, a process by which
the relief of a raised display is impressed by vacuum forming on a plastic sheet. A more
common approach is to use microcapsule paper on which dark patterns are raised by
heat, making it possible to inexpensively produce embossed graphics with a computer
and conventional printer. Tactile graphics can alternatively be produced with specialized equipment such as 3 D printers operating by material deposition [174] or embossers similar to Braille printers [288]. Although these developments have improved
the accessibility of tactile graphics, the production process remains cumbersome and
results in static content with far less flexibility than visual displays.
The usability of conventional tactile graphics has been improved by combining
static media such as embossed paper with digitizing tablets such that location-specific
speech or non-speech audio feedback can be produced [297, 13, 108, 212, 165, 181,
202]. This approach reduces clutter by eliminating the need for Braille labels and
maintains the rich tactile experience of a large canvas, allowing, for example, an
overview to be felt by two-handed exploration. The immediacy and flexibility of visual displays, however, can only be matched by producing virtual or refreshable tactile
patterns with haptic interfaces such as force-feedback devices and tactile displays.
7.2.2 Force-Feedback Interfaces
The maturity and commercial availability of force-feedback interfaces has raised much
interest for their use by visually impaired persons. Force-feedback interfaces such as
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the Sensable PHANTOM, which consists of a pen or manipulandom attached to an
actuated arm with three or six degrees of freedom, have, for example, been used to
explore 3 D scenes such as game environments or map-like models [255, 169, 103,
185, 186, 245, 170, 89], or simplified planar patterns such as relief surfaces similar
to conventional tactile graphics [306, 305, 307, 176, 128, 224, 216, 240]. Lowerfidelity force-feedback or vibrotactile pointing devices such as pen, mice and joysticks
have been used to similar effect by producing location-dependent haptic feedback on a
plane [145, 255, 307, 305, 64, 82, 201]. Even though they typically limit interactions to
a single point of contact, the dynamic nature of these interfaces offer many advantages
over conventional static media, particularly when used in a multimodal context [307,
113].
7.2.3 Tactile Displays
Although less mature, tactile displays have the potential to improve the usability of
virtual or refreshable graphics by allowing more natural distributed stimuli to be applied to the skin. The design of tactile displays is challenging as it requires packing
a large number of actuators or skin stimulators within a small, densely innervated
skin region such as the fingerpad. A wide variety of skin stimulation methods have
been investigated, generally falling within the category of thermal [107, 126], electrical [118, 266], or mechanical stimulation [284, 280]. The latter is by far the most
common and typically consists of pin arrays that either indent the skin [252, 187, 195]
or vibrate against it [104, 31]. Actuation technologies also vary greatly and include
miniature or remote motors [284, 208], piezoelectric ceramics [195, 139], shape memory alloys [280, 188, 283, 271, 171], microelectromechanical systems [304, 61], and
magnetorheological or electrorheological materials [164, 129, 270, 67]. Readers are
referred to [43, 44, 50, 30, 203] for detailed surveys of tactile display technologies,
and to [287, 282] for their use as graphical displays.
Tactile displays intended for virtual or refreshable tactile graphics can be divided
in two categories depending on the size of their stimulator array. Large arrays typically take the form of matrices of pins whose protrusion out of a plane is controlled
to create raised tactile patterns that approximate 3 D surfaces. Commercial tactile displays of this type include the Graphic Window Professional (Handy Tech Elektronic
GmbH, Germany) and the Dot View Series DV-2 (KGS Corp., Japan), consisting re-
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spectively of arrays of 24 × 16 and 32 × 48 pins. Based on refreshable Braille display technology, these arrays offer only a single elevation level and a relatively low
pin density of 2.5 to 3.0 mm. These and similar arrays have nevertheless been successfully used for the display of tactile graphics such as mathematical equations and
diagrams [4, 131, 58, 295, 249, 234]. More experimental tactile arrays have also been
designed using alternative technologies, for example, allowing control over pin elevation and hence the creation of more complex relief patterns [123, 252, 251, 250].
Other stimulation methods such as vibration have also been investigated [23]. Large
tactile arrays, provided that they offer a sufficient area, have the advantage of allowing natural exploration strategies such as the use of both hands to be employed. With
few exceptions [229, 226], however, this flexibility comes with an increase in cost and
power consumption since each pin must be individually actuated.
An alternative approach consists of dynamically altering the tactile sensations produced by a smaller array so as to create the impression of exploring large virtual tactile
graphics, hence requiring fewer actuators. In order to be effective, this fingerpad-sized
tactile array must be coupled with a pointing device such as a mouse or pen tablet so
as to allow the active exploration of a virtual canvas. Although the tactile display and
pointing device are often collocated, practical considerations occasionally results in the
use of different hands for tactile feedback and positioning functions. The most famous
tactile display of this type is the Optacon which consists of an array of 24 × 6 vibrating
pins representing the visual patterns such as printed letters captured by a moving camera [31]. The VTPlayer (VirTouch, Israel) similarly presents tactile patterns through
two 4 × 4 arrays of Braille pins mounted on a mouse. The device has notably been
used to display maps [115], to provide directional cues to guide the exploration of
a shape [193], and to passively provide guidance cues while tracing with a PHAN TOM [215]. Braille cells have similarly been mounted on planar carriers [173, 221],
used passively with pen tablets [309], and embedded in trackballs and pen [148].
Experimental pin arrays have similarly been embedded in mice [195, 104, 106] and
pen [141]. Many other fingerpad-sized tactile arrays have been used to passively display small patterns but could potentially be coupled with pointing devices to display
virtual graphics [280]. Although promising, tactile displays remain largely experimental and commercial devices such as the Optacon and VTPlayer have unfortunately been
discontinued after meeting limited success.

7 The Tactograph: A Haptic Interface for Virtual Tactile Graphics

123

7.2.4 Laterotactile Interfaces
The virtual tactile graphics interface introduced in this chapter belongs to the latter
category of tactile displays. The improved Tactograph combines a laterotactile display
called STReSS2 with a planar carrier designed specifically for the display of virtual
tactile graphics. The STReSS2 is a third-generation 2 D laterotactile array [289, 205, 92]
and is part of a larger device family which includes 1 D arrays such as the THMB, a
miniature linear array embedded in a portable device [206]. Laterotactile displays have
the particularity of deforming the skin laterally using arrays of miniature piezoelectric
actuators that bend when activated, causing their tip to move sideways. They have been
shown to elicit a range of useful tactile sensations in the context of Braille (Chapters 3
and 4), tactile graphics (Chapters 5 and 6, [211]) and mobile interaction [166, 206, 204]
when combined with a linear or planar carrier.
This mode of tactile stimulation has received little attention from other research
groups. Cholewiak and Sherrick nevertheless designed a similar display with an array
of 64 widely-spaced piezoelectric benders intended for use on large body areas such as
the thigh or palm [42]. The array operated by lateral skin deformation but was limited
to the production of vibrations of controllable intensity at 250 Hz. Drewing et al. more
recently designed a tactile display with a 2 × 2 array of laterally moving pins having a
spacing a 3 mm [57]. The array supports large pin movements along two axes as well
as the application of strong forces, making it ideal for basic studies of human touch. Its
design, however, does not scale to denser arrays and is hence of limited use for more
practical applications.
The use of lateral skin deformation may also provide advantages over more common approaches such as normal indentation. The fingerpad skin was, for example,
found to be more sensitive to tangential than normal displacement, although less sensitive to forces [26]. The use of a flexible plastic sheet covered with pins was also shown
to facilitate the tactile detection of surface undulations through the lateral movement
of the pins [127]. A study of the contact-mechanics of tissue deformation resulting
from the motion of an undulating surface against the skin finally suggests that lateral
skin deformation may, under certain conditions, provide mechanical stimulation that
is nearly indistinguishable from normal indentation from the perspective of the skin’s
mechanoreceptors [291].
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7.3 Tactograph Components
The Tactograph consists of three main components: a laterotactile display that produces tactile sensations under computer control, an enclosure that isolates the display
and measures the pressure applied with the reading finger, and a carrier that accurately
measures the position and orientation of the display. Each component is discussed in
turn. Detailed technical drawings can be found in Appendix A.
7.3.1 Tactile Display
The Tactograph relies on the STReSS2 tactile display to produce controlled tactile sensations [289]. The STReSS2 is part of a novel class of tactile displays, referred to as
laterotactile displays, that stimulate the sense of touch through lateral deformation of
the skin rather than more common methods such as indentation, vibration or electrical stimulation [282]. The latest revision of the STReSS2 consists of an array of 8 × 8
independent piezoelectric actuators forming a dense array of 64 laterally-moving skin
contactors within an area of 9 × 11 mm, approximately the size of a fingerpad. The tip
of each actuator can be deflected towards the left or right by a maximum of approximately 0.1 mm when unloaded, and produce a blocked force in the order of 0.15 N.
As illustrated in Figure 7.3, the electronics of the STReSS2 serve a structural function
and are therefore exposed, requiring a protective shell or enclosure which is described
next.

(a)

(b)

Fig. 7.3 (a) The STReSS2 tactile display and (b) its array of skin contactors protruding for the enclosure.
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7.3.2 Tactile Display Enclosure
The tactile display is enclosed in a plastic box that protects the device and isolates the
user’s hand from its exposed electronics (Figure 7.4c). The tactile display is mounted
on a bracket and suspended below three thin-beam load cells (LCL-816G, Omega Engineering, Inc., Connecticut) as illustrated in Figure 7.4a-b, thereby allowing measurement of the pressure applied by the reading finger independently of the force applied
by resting the hand on the enclosure. The enclosure is fastened by set screws to a 4mm rotating shaft on the planar carrier such that the axis of rotation is centered within
the display’s pin array. The insertion of a key in matching slots on the enclosure and
carrier is used to set the display in a known orientation for zeroing.

(a)

(b)

(c)

Fig. 7.4 (a) Force-sensing fixture, (b) mounting of the tactile display, and
(c) tactile display enclosure.

7.3.3 Instrumented Planar Carrier
The instrumented planar carrier consists of a two-bar linkage supported by a disc sliding within a rectangular workspace (Figure 7.5). The base of the carrier is formed
by an aluminium tray with folded tabs that delimit the boundaries of the workspace
and thereby provide a reference frame for the virtual canvas and maintain the linkage
in the appropriate posture. The size of the tray was selected such that the center of
a 75-mm sliding disc moves within a letter-sized workspace (279.4 × 215.9 mm). A
disc-shaped slider was selected so that a uniform distance to the borders is maintained
as the posture of the linkage, and therefore the orientation of the slider, changes. The
inner surface of the tray is covered with a large mouse pad to reduce friction against
the sliding disc.
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Fig. 7.5 Instrumented planar carrier consisting of a two-bar linkage supported by a sliding disc.

The slider was originally designed as a 75-mm-wide, pocketed plastic disc sliding
on Teflon pads (Figure 7.6a). A 139.1-mm-wide Teflon-backed disc was later attached
under the thinned slider to improve stability when the tall display enclosure is moved
against the workspace borders (Figure 7.6b). Although feasible, enlarging the base tray
to compensate for the reduction by 64.1 mm of the workspace dimensions would affect
portability and was therefore not done. A 4-mm rotating steel shaft is held within two
ball-bearings at the center of the slider and protrudes to allow mounting of the tactile
display enclosure. The position of the shaft is measured with a 5000-CPR encoder
(E5S-1250-157-HG, US Digital, Washington) mounted on top of the disc.

(a)

(b)

Fig. 7.6 (a) Original slider and (b) revised slider with a Teflon-backed disc
for improved stability.

The position of the carrier is measured through an instrumented two-bar serial
linkage mounted on the base tray and attached to the slider. The linkage is made of two
12.7-mm-wide pocketed and tapered plastic bars and is supported by a metal fixture
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attached under the tray (Figure 7.7a). The shaft-to-shaft length of the first and second
links, 210 and 170 mm respectively, and the length of the fixture were selected to
maximize resolution while respecting physical constraints imposed by the design (see
Section 7.4.3 for more details). The joints of the linkage are formed of 3.175 mm steel
shafts fastened by set screws on a side and rotating within tensioned ball bearings on
the other (Figure 7.7b). The position of the shafts is measured by two high-resolution
optical encoders (R120B, Gurley Precision Instruments, New York) with 65,536 CPR.
These encoders and the display orientation encoder share power and ground signals
within a single flexible cable loosely routed along the linkage.

(a)

(b)

Fig. 7.7 Components of (a) the carrier’s linkage and (b) the joint between
the rigid links.

7.4 Carrier Design and Analysis
The design of the carrier and its properties are summarized here and discussed in details in Appendix A. The kinematics of the carrier linkage are first given, followed
by an analysis of the spatial resolution of the position measurement. The optimization
of the link lengths and workspace location are then discussed before describing the
properties of the design.
7.4.1 Kinematics
The Tactograph carrier can be represented as a serial linkage with two rigid links and
two revolute joints as illustrated in Figure 7.8. The length of the first and second links
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is given by a and b respectively. The position (x, y) of the end effector is measured
indirectly through joint angles α and β. The ratio of link lengths k = b/a and the
p
x2 + y 2 are used to simplify the analysis. The
distance to the end effector r =
linkage is restricted to the illustrated posture and therefore obeys the condition β > 0.
The kinematics of the Tactograph carrier are derived in Appendix A and summarized
here.

Fig. 7.8 Geometric model of the carrier as a two-bar serial linkage.

The forward kinematics provide the position of the end effector x, y given the joint
angles α, β and are given by:
"

x
y

#

"
=

cos α cos(α + β)
sin α sin(α + β)

#"

a
b

#
.

(7.1)

The inverse kinematics, on the other hand, provide the joint angles given the end
effector position and are given by:
"

α
β

#

"
=

2

2

+r
arctan xy − arccos a −b
2ar
2
2 −b2
arccos r −a
2ab

2

#
(7.2)

The Jacobian relates angular differences to spatial differences and is given by:
"
J=

−a sin α − b sin(α + β) −b sin(α + β)
a cos α + b cos(α + β) b cos(α + β)

#
(7.3)
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Fig. 7.9 Spatial offset introduced by a measurement error of a single count
in one or both joint encoders.

7.4.2 Spatial Resolution
The spatial resolution of the Tactograph carrier is estimated by computing for each
location on the reachable workspace the maximal position error introduced by a measurement error of a single count in one or both joint encoders. As illustrated in Figure 7.9, this entails determining the maximum of 8 possible spatial offsets resulting
from different combinations of joint angle measurement errors. The maximum position error, derived in Appendix A, can be expressed as a function of the distance r
from the origin:
p
 2r2 + a2 (2k 2 − 1) if r > a√1 − k 2 or k > 1,
emax (r) = ∆
a
otherwise.

(7.4)

The angular error introduced by an encoder count is denoted by ∆ and depends on
the characteristics of the encoders, which are assumed identical. The resolution there√
fore decreases monotonically as the linkage is extended once a distance r = a 1 − k 2
has been reached, or when k > 1. The resolution also decreases as the length of the
rigid links increases.
7.4.3 Optimization
The length of the carrier’s rigid links as well as the location of the rectangular workspace
were selected so as to optimize the spatial resolution (see Appendix A for more details). The bounds of the annular workspace of the two-bar linkage were first expressed
as a function of the link lengths such that a number of physical constraints imposed

7 The Tactograph: A Haptic Interface for Virtual Tactile Graphics

130

by the Tactograph design were respected. The link lengths were then selected so as
to fit a rectangular workspace of appropriate dimensions within the annular workspace
while minimizing the length of the first link for a given link length ratio k. The link
lengths were finally selected by observing the effect of variations in the ratio k on the
minimum and maximum resolutions occurring at the points furthest and closest to the
origin respectively, as illustrated in Figure 7.10a.

(a)

(b)

Fig. 7.10 (a) Points of minimal and maximal resolution within the
workspace, and (b) resolution range as a function of link length ratio k.

As illustrated in Figure 7.10b, the minimal resolution is optimal at 47.8 µm with
k = 0.57 and a = 234.23 mm. The maximal resolution, on the other hand, is optimal
at 19.6 µm with k = 0.81 and a = 204.16 mm. Given the small effect on resolution, the
length of the links was optimized for the maximal resolution point such that the first
link is shorter and encumbrance reduced. The link lengths were set to a = 210 mm and
b = 170 mm (k = 0.81). The rectangular workspace is offset by 120 mm and therefore
extends horizontally from -139.7 to 139.7 mm and vertically from 120.0 to 335.9 mm.
7.4.4 Characterization
The spatial resolution of the Tactograph ranges from 20.2 to 50.6 µm over the original
letter-sized workspace and is illustrated in Figure 7.11. The reduction in workspace
size due to the enlargement of the sliding disc, illustrated in grey, narrows the range to
23.6 to 45.2 µm. The orientation of the tactile display is measured with a resolution of
360°/5000 CPR = 4.32 0 .
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Fig. 7.11 Spatial resolution of the Tactograph carrier. The area inaccessible due to the enlargement of the slider is marked in grey.

7.5 Software Architecture and Control
The Tactograph interfaces with a personal computer running Linux and the Xenomai real-time framework (http://www.xenomai.org) through an industrial Input/Output (IO) expansion card. The actuator activation signals are generated with a
resolution of 10 bits and the load sensors read with a resolution of 14 bits. The Tactograph is programmed through an object-oriented C++ library that provides a unified
interface for different types of laterotactile displays and carriers. Low-level operations
are handled by kernel modules through a set of predefined real-time synchronous messages, allowing transparent support for different IO cards. The activation signals of
the tactile array are refreshed through a control loop running at 1 kHz according to
tactile rendering algorithms dependent on sensor readings and described in the next
two chapters. The low-level sequential refresh of the tactile display’s sample-and-hold
amplifiers is performed in software and causes a significant overhead which may be
reduced in the future through the use of a dedicated microcontroller.
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7.6 Conclusion
This chapter introduced the latest revision of the Tactograph, a haptic interface for
the display of virtual tactile graphics by lateral skin deformation. The improved Tactograph provides a large virtual surface suitable for practical tactile graphics while
maintaining the high spatial resolution necessary for laterotactile rendering. The tactile display is also enclosed in an instrumented box that isolates the device and allows
measurement of the pressure applied with the reading finger. The rotation of the tactile display is moreover measured, allowing the orientation of the reading finger to be
taken into account in tactile rendering algorithms.
Limitations of the current design will be addressed in future revisions. The tall
sliding manipulandom was found to tilt dangerously when hitting the workspace borders, an issue that was resolved by enlarging the slider and consequently reducing the
size of the virtual surface. The intended surface dimensions may be restored by enlarging the base tray, at the expense of portability, or redesigning the components for
reduced height. Although beneficial for controlled motion, the friction between the
Teflon disc and fabric base could also be reduced by lightening the manipulandom or
improving the slipperiness of the contact. Finally, the sensing of the force applied by
the finger has yet to be commissioned or taken advantage of to improve the realism of
tactile renderings.
The Tactograph was mainly designed as a prototype suitable for tactile graphics
experimentation in the laboratory. Although it serves this purpose well, wider use of
the interface by visually impaired persons will require ergonomic improvements and a
reduction in cost. The tactile display enclosure could, for example, be given a shape
similar to that of pointing devices such as mice and trackballs, perhaps even providing buttons for interaction. A careful investigation of the required spatial resolution
could also enable the use of more practical and cheaper position sensing mechanisms
such as a mouse’s optical sensor. A reduction in size of the tactile display could also
enable reading of virtual graphics with multiple fingers or even both hands. Feedback
obtained during numerous demonstrations and experiments suggests that a refined Tactograph could gain acceptance in the visually impaired community and be a valuable
tool for graphical literacy beyond the laboratory.
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Preface to Chapter 8
This chapter presents a framework for the rendering of virtual tactile graphics by lateral skin deformation that extends the drawing primitives described in Chapter 6, introduces novel rendering algorithms, and re-frames the whole as a coherent set of tactile
patterns. The concept of a grating texture is, for example, extended to include axial and radial gratings, and gaps optionally inserted between grating ridges for better
definition. Major additions to the framework include a set of compositing operators
allowing complex tactile patterns and textures to be created, as well as vector graphics
drawing capabilities introduced through the concept of a tactile stroke. The framework
was developed and validated using the improved Tactograph described in Chapter 7.
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Tactile Graphics Rendering
by Lateral Skin Deformation
Abstract
This chapter introduces a framework for the rendering of virtual tactile graphics by
lateral skin deformation that offers basic vector graphics drawing capabilities suitable
for the composition of complex graphics and the emulation of features such as raised
lines, dot patterns and areal textures found in conventional tactile graphics. The framework takes the form of a coherent set of tactile patterns that includes textures, images,
stroked shapes, dots and dotted shapes, as well as more complex composite patterns
and textures. The framework is implemented as a flexible software library that allows
the rapid development of experimental tactile graphics applications and the specification of tactile graphics content through a descriptive language. The effectiveness of the
rendered patterns was informally evaluated by soliciting feedback from four visuallyimpaired volunteers.
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8.1 Introduction
Haptic rendering most commonly consists of determining forces to be applied through
a manipulandom according to interactions with a simulated model [238]. Tactile rendering similarly controls the activation of stimulator arrays to reproduce the sensation of touching a physical surface or to communicate information through abstract
tactile patterns. A large pin array typically approximate a 3 D surface by discretely
reproducing a simple height map [248]. Smaller tactile arrays similarly dynamically
approximate the local height of a surface as they are displaced [115] or modulate the
intensity of a vibrotactile or electrotactile stimulus to provide equivalent information
in an abstract form [163].
While it has much in common with earlier approaches, rendering by lateral skin
deformation differs significantly due to the novelty of the stimulation mode and the
paucity of information on the correlation between laterotactile stimulus and perceived
tactile sensation. Laterotactile stimulation most notably allows tactile illusions, such
as the presence of raised patterns, to be produced using skin deformation patterns that
do not have an obvious physical interpretation. Previous work presented in Chapters 3 and 4 has, for example, demonstrated that raised features similar to Braille dots
could be produced by propagating a wave of local stretch and compression across the
fingerpad. Similar patterns have similarly been used in a mobile context to produce
tactile markers in scrolled documents [166, 204, 206]. Patterns composed of vibrating
or dotted contours and grating textures were also used to produce tactile graphics in
Chapters 5 and 6.
The work presented in this chapter builds on the drawing primitives described in
Chapter 6 to create a coherent framework for the tactile rendering of complex tactile
graphics by lateral skin deformation. The framework provides basic vector graphics capabilities through a set of tactile patterns that includes textures, images, stroked
and dotted shapes, as well as more complex composite textures and patterns, enabling
conventional tactile graphics elements such as areal textures and raised lines to be emulated [59]. Previous work on conventional and refreshable tactile graphics as well
as haptic rendering is first reviewed. Laterotactile rendering is then introduced before describing in details the framework’s tactile patterns. The implementation of the
framework is finally discussed and its effectiveness evaluated with four visually im-
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paired volunteers.

8.2 Background
8.2.1 Conventional Tactile Graphics
Tactile graphics are commonly produced on static media such as embossed paper and
thermoformed plastic [59, 235]. While their use spans a range similar to that of their
visual counterparts, tactile graphics are most critical in education where scientific or
technical topics often require access to diagrams, bar charts, mathematical or geometric illustrations, and geographical maps [59, 36, 99, 98, 6, 247]. Tactile graphics
can also serve an important purpose in the development of visually impaired children [194], for example, by illustrating concepts that cannot easily be experienced
first-hand such as the height of a building or shape of a wild animal. Specialized
tactile maps are also used for orientation and mobility, providing visually impaired
persons with the necessary information for autonomous travel [59]. Reading tactile
graphics is nevertheless an acquired skill that many do not pursue beyond their formal
education [94], likely due to the limited availability of content and effort required to
acquire graphical information by touch.
The design of tactile graphics does not obey strict, unified rules and conventions,
and must instead be adapted to the needs of individual readers and capabilities of the
production method selected. Detailed guidelines for the design of effective tactile
graphics have nevertheless been proposed by numerous practitioners [59, 34]. It is
generally recommended, for example, to clearly separate tactile elements by leaving
between them a blank space of 2.5 to 3.0 mm, similar to the distance between Braille
dots [59, 34]. A clear contrast between tactile features is similarly critical [59]. More
generally, graphical content must be stripped to its essential elements to reduce clutter
and visual conventions such as perspective, although learnable, should be avoided [59].
Tactile maps are an interesting example built from point, line and areal symbols [59].
Point symbols are fingerpad-sized icons that symbolically represent cities or other
points of interest. Line symbols delimit contours and indicate paths using strokes of
varying tactile appearance. Areal symbols are bounded areas marked with identifiable
textures in place of colors. A maximum of five distinct textures per canvas is recommended, and contrast is once more paramount. It is interesting to note that intuitive
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tactile patterns are often sought for the representation of recurring elements such as
water, mountains and cities. Readers are referred to [59, 34, 268, 278, 111] for more
details on tactile graphics conventions.
The reading strategies employed to perform tasks such as obtaining an overview
or evaluating distances often involve the use of both hands [59, 268, 114] and are
hence currently supported only by large refreshable displays. Refreshable interfaces,
discussed next, nevertheless present many advantages such as immediate access to
digital content, interaction with dynamic graphics, and a reduction of clutter with audio
tags.
8.2.2 Refreshable Tactile Graphics
Force-feedback interfaces have been used extensively to design applications for visually impaired persons. Interfaces such as the PHANTOM can be used to simulate
physical interactions between a virtual probe and 3 D environments [207, 89, 48, 170,
245, 276, 103, 169, 168]. This approach has, for example, been studied and applied
by Sjöström for the design of haptic games and adapted interaction techniques [255],
and by Moustakas et al. for the creation of detailed 3 D maps [186]. An alternative approach consists of producing a close analog to physical tactile graphics in the form of
3 D surfaces explored with either sophisticated interfaces or consumer-grade ones such
as haptic mice. This approach has notably been used to produce maps [240, 201, 145,
82, 186], 3 D data set visualizations [69], and electric circuits [216]. Speech or nonspeech audio often augments the haptic presentation [201, 307, 128, 224]. The MultiVis project has, for example, extensively studied the multimodal display of graphics
such as bar charts drawn as surface grooves [307]. Rassmus-Gröhn et al. have similarly developed a sophisticated system that allows tactile graphics to be drawn by
visually impaired users as a positive or negative relief [128, 224]. A mixture of 3 D
environments and 2 D surfaces with grooves and textures is often used in practice. This
approach has, for example, been used for the design of educational material for the
teaching of astronomy, with information such as planetary orbits and the Earth’s surface being communicated through interactive models [237].
Tactile displays consisting of large pin arrays have also been used for the display
of tactile graphics. Commercial tactile display modules based on Braille display technology have, for example, been used to create sophisticated applications for draw-
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ing and the display of animations, complex patterns such as Chinese ideograms, and
games [249, 131, 130, 295]. Similar displays have also been used to display mathematical graphics [4] and web pages [234]. Experimental displays with controllable elevation have similarly been used to display Chinese ideograms, familiar objects, maps and
scientific illustrations [252, 123]. Braille displays and similar devices have also been
used to produce stock quotes [58] and games [244]. Of note is a simple display with
eight laterally moving pins that has been used to display mathematical curves [279].
Other displays have often been evaluated based on their ability to convey simple geometric patterns or letters [265, 23, 171, 250] and may have potential for the display of
more complex tactile graphics.
Although many smaller tactile displays have been designed for the rendering of
virtual tactile graphics, most have been evaluated mainly for the display of small tactile patterns. The VTPlayer has, for example, been used to display static and dynamic
directional icons which were used as guidance cues for the exploration of shapes and
electric circuits [215, 193]. Others displays have similarly been used to display simple geometric patterns [139, 143, 140, 14, 117, 116, 279] as well as bars or gratings [187, 120]. Although similarly used passively for numerous psychophysical or
neurophysiological experiments [49, 71, 70, 72, 73, 199, 62, 136, 155, 95, 84, 258, 45],
the Optacon has also been evaluated for the exploration of larger tactile patterns [31,
95, 135]. The VTPlayer has also been used for the display of virtual pattern either
directly [115] or with a separate pointing device [287, 286]. Many other devices have
been evaluated based on their performance for the display of virtual shapes, letters or
textures [172, 173, 195, 309, 141]. Although few have been used to display complex
virtual tactile graphics, many displays may have the potential to do so.
8.2.3 Haptic Rendering
The concept of haptic rendering refers to the specification of activation signals for a
haptic interface in response to changes in measured inputs or in the state of a simulation. A rendering algorithm controls the interface’s actuators or stimulators and hence
the tactile or kinaesthetic stimulus applied to the user. Haptic rendering is similar to
visual rendering where the color of each of a display’s pixels is defined to obtain a
desired effect.
Haptic rendering algorithms designed for force-feedback devices such as the PHAN -
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have received much attention [238]. Force-feedback rendering typically consists
of simulating the interaction forces between a virtual tool representing the interface’s
manipulandom, and a virtual environment with 3 D objects having physical properties
such as shape, elasticity and texture. The challenge resides in efficiently simulating the
physics of the interaction while taking into account the limitations of the interfaces,
such as the resolution of the position sensors and maximum force output. Of particular
concern is the stability of the interaction which, if compromised, can result in serious artefacts such as oscillations. Similar concepts apply to planar interfaces such as
force-feedback mice with which textures and raised features can be simulated using
the lateral component of interaction forces [184, 230]. In the context of tactile graphics, force-feedback interfaces are typically used to render 3 D scenes [255, 186, 103],
relief surfaces [307, 128, 224], or fixtures that guide the exploration of a pattern using
attraction forces [69, 216].
Rendering algorithms designed for distributed tactile displays are comparatively
much less mature, due in part to the variety of skin stimulation methods and actuators
used. Large arrays of raised pins discretely approximate a 3 D height map [189, 252,
250, 123] or a binary embossed pattern [171, 234, 4, 295, 249] and are hence the most
straightforward to activate. Fingerpad-sized pin arrays can produce more complex
spatio-temporal patterns [208] which are often used to approximate the local height
map at the location of exploration [309, 195, 141]. Filtering can be used to smooth
transitions as the virtual sensor moves over a discrete height map [141, 249]. The
scope of the sensor and its rate of motion can also be amplified to create magnification
effects [309, 195]. The simulation of friction by superposition of vibration has also
been suggested but is not widely used [66].
The vibration amplitude of vibrotactile pin arrays can similarly be modulated to
produced localized tactile sensations. Practical considerations often result in a fixed vibration frequency of approximately 230-250 Hz, at which the fingerpad skin is known
to be very sensitive [106, 162]. Control over vibration amplitude is similarly often limited to a simple switch, as was the case with the Optacon [31]. Binary or multi-level
vibrotactile patterns have nevertheless been used to render patterns such as letters [31]
and textures [104, 105, 106]. Allerkamp et al. have recently suggested that more realistic patterns could be produced by superposition of modulated vibrations at 40 and
320 Hz, with each band targeting a different population of mechanoreceptors [7]. A
TOM
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similar hypothesis has been made by Konyo and colleagues using a different actuation
technology [133, 132, 134].
The targeted stimulation of mechanoreceptors has also been proposed with electrotactile arrays [119, 86]. A variety of other skin stimulation methods have been
investigated [282] with tactile rendering approaches that generally do not substantially
differ from the above.

8.3 Laterotactile Rendering
The Tactograph produces tactile sensations by deforming the fingerpad skin with a programmable array of laterally-moving contactors in response to exploratory movements
and other system inputs. Virtual tactile patterns are created by producing controlled
skin deformation patterns through the activation of the array’s actuators, a process
referred to as laterotactile rendering by analogy with graphics rendering. The specification of tactile rendering algorithms through actuator deflections is first discussed,
followed by the special case of actuator vibration. Visualization techniques allowing
tactile renderings to be illustrated and inspected are then introduced.
8.3.1 Deflection Rendering
The lateral displacement of the skin contactors results from the deflection of piezoelectric bending motors activated by computer-controlled voltages. The deflection of an
actuator, and hence the lateral displacement of its skin-contacting tip, is approximately
proportional to the activation voltage and is therefore used for the specification of laterotactile rendering algorithms. Although actual deflections may be reduced due to the
stiffness and non-linear properties of the skin [290], the intended deflection has been
found to describe the resulting strength of the stimulus to the fingerpad sufficiently
accurately for practical applications.
Laterotactile rendering algorithms can be described as sets of deflection functions
δi,j (. . .) that depend on actuator index i, j as well as various inputs from the Tactograph. With the exception of vibration rendering, discussed next, the rendering algorithms described in this chapter depend exclusively on the position P and orientation
θ of the tactile array on the virtual canvas. Some additional inputs, such as exploration
velocity v and time t, are introduced in the next chapter in the context of dynamic
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tactile graphics while others, such as the pressure applied with the reading finger, have
yet to be used and are therefore not discussed. The proposed rendering algorithms are
further restricted to a subclass of functions δ(p) such that the deflection of an actuator
depends solely on its position p within the virtual canvas, obtained from the position
and orientation of the array and the actuator location within it (Figure 8.1a). This approach was found to reduce the complexity of rendering algorithms while allowing a
wide range of tactile effects to be produced.

(a)

(b)

Fig. 8.1 (a) Tactile rendering inputs and (b) deflection range.

The deflection range is defined as [0, 1] with the limits representing maximal activation towards the right and left of the fingerpad respectively (Figure 8.1b). Actuators
hence rest on the right (δ = 0), allowing the largest possible swing to be triggered
upon activation. The directional effects introduced by this bias are generally minimal
and compensated for by an overall increase in stimulus strength. This definition of the
deflection range greatly facilitates compositing operations such as linear superposition
and scaling.
8.3.2 Vibration Rendering
Vibration rendering is a special case of deflection rendering that produces a strong
buzzing sensation through time-varying oscillations of the actuators. The phase of the
sinusoidal oscillations is inverted for adjacent actuators to maximize compression and
shearing, and thereby increase the vibration’s strength. The corresponding deflection
function is expressed as a function of time t and actuator index i, j:
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δvib (i, j, t) =

0.5 + 0.5 sin 2πf t if parity(i) 6= parity(j),
0.5 − 0.5 sin 2πf t otherwise.
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(8.1)

The vibration frequency can reach up to 50 Hz while maintaining a smooth discretization at a refresh rate of 1 kHz, and may be further increased with improvements
to the communication bandwidth of the Tactograph and hardware support for vibration. Vibration intensity increases with frequency and can alternatively be controlled
by the deflection amplitude A, interpreted either as a scaling factor or as a ratio of
vibration to deflection:

0
δvib
(i, j, t) = Aδvib (i, j, t)

(8.2)

1
δvib
(i, j, t) = (1 − A) + Aδvib (i, j, t)

(8.3)

While both interpretations produce identical tactile sensations in isolation, the latter is often preferable when vibrations are multiplied against other deflection patterns.
Note that the indirect dependence on time t and actuator index i, j of vibrating tactile
patterns is implicit in the remainder of this document for clarity and readability.
8.3.3 Visualization
Visualization allows virtual tactile patterns to be represented visually and hence facilitates the inspection of rendering algorithm outputs and the communication of a canvas’
content to sighted graphics producers. Three visualization techniques are illustrated in
Figure 8.2 and discussed in turn.
The deflection map takes advantage of deflection rendering’s sole dependence on
actuator position to create an accurate visual representation of a tactile rendering. Actuator deflections at different locations are mapped to the opacity of a bitmap’s pixels,
thereby allowing the output of rendering algorithms to be visualized precisely. Vibration is taken into account by computing sequences of deflection maps for a given actuator at different points in time as illustrated in Figure 8.2a. The time-varying deflection
of a vibration can alternatively be represented as random noise of the appropriate range
as illustrated in Figure 8.2b, allowing vibrating patterns to be readily identified within
a single semi-abstract deflection map. Symbolic or abstract illustrations of tactile pat-
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(a)

(b)

(c)

Fig. 8.2 Visualization of a tactile pattern as (a) a sequence of deflection
maps, (b) a semi-abstract deflection map, and (c) an abstract illustration.

terns can finally be drawn efficiently with optimized vector graphics packages to allow
realtime interaction with tactile graphics and more freedom in their visual representation, as shown in Figure 8.2c. Semi-abstract deflection maps with vibration as white
noise are used extensively in this chapter and the next to illustrate and document tactile
patterns and rendering algorithms. The deflection of a tactile array’s actuators can also
be simulated and visualized over a canvas’ deflection map, as illustrated in Figure 8.3.

(a)

(b)

Fig. 8.3 Simulation of actuator deflections superposed on the deflection
map of a tactile pattern: (a) entire canvas and (b) close-up on tactile array.
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8.4 Graphics Rendering Framework
The potential of lateral skin deformation for the rendering of virtual tactile graphics
was investigated in Chapters 5 and 6 and further demonstrated in the context of educational illustrations [211]. The graphics rendering framework discussed here extends
the drawing primitives introduced in this earlier work, proposes novel rendering algorithms, and reframes the whole as a coherent set of tactile patterns. The resulting
framework offers basic vector graphics drawing capabilities suitable for the composition of complex tactile graphics and the emulation of tactile features such as raised
lines, dot patterns and areal textures found in conventional tactile graphics [59]. Supported tactile patterns include textures, images, stroked shapes, dots and dotted shapes,
as well as more complex patterns and textures obtained through compositing operations. Each pattern is discussed in turn.
8.4.1 Textures
Textures are unbounded tactile patterns that fill the entire virtual canvas with a regular
arrangement of tactile features. Uniform, tiled and grating textures are first introduced
before discussing texture scaling, inversion and vibration.
Uniform Textures
Uniform textures are independent of the actuator position and therefore result in either
a fixed deflection or a uniform vibration over the entire virtual canvas as illustrated in
Figure 8.4. Fixed deflections result in no perceptible tactile stimulus but can nevertheless serve a purpose for compositing. Vibrating textures, on the other hand, provide
intense, easily identifiable tactile feedback.
Tiled Textures
Tiled textures are constructed by tiling small tactile patterns such as lines, circles and
polygons to form regular patterns, as illustrated in Figure 8.5. This effect is obtained
by wrapping around the position information used to render an arbitrary tactile pattern
such that a window of programmable size is repeatedly drawn. Although identifiable
with effort in isolation, the shape and details of the duplicated patterns are generally
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(a)

(b)

(c)

Fig. 8.4 Uniform textures with (a) a fixed deflection at 50% intensity, and
vibration at (b) 100% or (c) 30% intensity.

lost when tiled sufficiently densely for a unified texture to emerge. Carefully designed
tiled textures may nevertheless leave a distinct impression through the interplay of
tactile features and gaps.

(a)

(b)

(c)

Fig. 8.5 Tiled textures with (a) discs, (b) triangles, and (c) composite circles.

Grating Textures
Grating textures imitate the sensation of brushing against corrugated surfaces by producing smooth swings in actuator deflections that are perceived as raised bumps or
ridges. Three types of grating textures are obtained by varying the geometric interpretation of the distance x along a common grating waveform g(x). Linear grating
textures define x as the abscissa of a rotated Cartesian frame of reference, resulting
in arbitrarily-oriented straight ripples as illustrated in Figure 8.6a. Radial grating textures, on the other hand, define x as the radial distance from a center point and create
concentric rings as shown in Figure 8.6b. Axial grating textures finally define x as
the angular distance around a center point, resulting in a spoke pattern as illustrated in
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Figure 8.6c. Continuity is enforced by ensuring that a whole number of grating cycles
fit within the pattern and high spatial frequencies eliminated by fading the pattern near
its center.

(a)

(b)

(c)

Fig. 8.6 (a) Linear, (b) radial and (c) axial grating textures.

Grating textures are rendered through a common grating waveform g(x) which
defines the periodic deflection pattern repeated along their length as illustrated in Figure 8.7. A grating cycle is composed of a sinusoidal swing that creates the sensation
of a ridge followed by an optional gap that reinforces the salience of the tactile feature.
Given ridge size λr , gap size λg , and cycle size λ = λr + λg , a grating waveform of
amplitude k is expressed as:
(
g(x) =

Fig. 8.7

k
2

λ
− k2 cos( x mod
· 2π) if x mod λ < λr ,
λr
0
otherwise.

(8.4)

Variations in the size of ridges and gaps in a radial grating texture.

A grating texture can finally be distorted to create a gradual increase or a peak in
local spatial frequency or wavelength. These effects are introduced by rendering the
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grating waveform g(x) using a warped position x0 (x) with a derivative that follows the
frequency scaling profiles illustrated in Figure 8.8 (see Appendix B for more details).

(a)

Fig. 8.8
texture.

(b)

(a) Gradual change and (b) peak in the frequency of a grating

The spatial frequency is scaled gradually by a factor K between points x0 and
x1 = x0 + L by applying the following warping function:




x
if x ≤ x0 ,
2
x (x) =
x + (K − 1)(x − x0 ) /2L if x0 < x ≤ x1 ,


Kx − (K − 1)(x0 + L/2) otherwise.
0

(8.5)

A peak is similarly obtained by gradually scaling the spatial frequency by a factor
K from points x0 = xc − L to xc , and then back to normal at point x1 = xc + L using
the following warping function:

x0 (x) =













x
x + (K − 1)(x − x0 )2 /2L
Kx + (K − 1)(L2 + 2Lxc − (x − xc )2 )/2L
x + (K − 1)L

if x ≤ x0 ,
if x0 < x ≤ xc ,
if xc < x ≤ x1 ,
otherwise.

(8.6)

A gradual change in spatial frequency can create an impression of flow or indicate
a direction within a linear or radial grating texture as illustrated in Figure 8.9a-d. A
peak in special frequency can similarly be used to mark a location along a linear, radial
or axial grating texture as illustrated in Figure 8.9e-h. In both cases, a strong or subtle
contrast can be obtained by varying the scaling factor and the distance over which the
transition occurs.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 8.9 Examples of grating distortions: (a-d) gradual change and (e-h)
peak in spatial frequency for different types of grating textures.

Texture Modifiers
A texture’s perceived intensity or amplitude can be modulated by scaling its deflection
function and hence reducing its range of deflection (Figure 8.10a). A texture’s deflection pattern can similarly be inverted, an operation sometimes useful for compositing
(Figure 8.10b). A texture can finally be made to vibrate by multiplying its deflection
1
pattern δ(p) with vibration δvib
(i, j, t), resulting in vibrating patterns where the texture
is active (Figure 8.10c). The inverse effect can also be obtained by inverting the texture
pattern before and after applying the vibration (Figure 8.10d).

(a)

(b)

(c)

(d)

Fig. 8.10 Texture modifiers applied to a grating texture: (a) 30% amplitude modulation, (b) inversion, and vibration of (c) active and (d) inactive
features.
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8.4.2 Images
Images are tactile patterns that rely on a bitmap to produce an intensity map over a
region of the virtual canvas. They are most useful as modulation masks applied against
textures or other patterns as illustrated in Figure 8.11b, allowing virtual tactile graphics
to be specified in part using conventional graphics editing software. Preliminary results
suggest that images may also provide limited access to high-contrast photographs and
illustrations such as the bicycle displayed with vibration in Figure 8.11c. Their use
as deflection maps, illustrated in Figure 8.11a, has not been explored extensively but
may prove useful to create deflection patterns with external tools or to precompute
expensive tactile renderings.

(a)

(b)

(c)

Fig. 8.11 Simple image pattern used as a (a) deflection map or (b) texture
mask, and (c) complex image pattern used as a vibration mask.

The physical extent of an image is controlled by altering its scale and position as
illustrated in Figure 8.12. An image is defined through either the saturation (grayscale
value) or opacity (alpha value) of a source bitmap. The bitmap can be obtained from
image files in a variety of formats (e.g. GIF, BMP, JPG) but the Portable Network
Graphics (PNG) format is recommended for its support of both lossless compression and transparency. The bitmap can similarly be obtained by seamlessly converting vector graphics written in the Scalable Vector Graphics (SVG) format to a raster
image. A bitmap can finally be created programmatically through direct editing of
an image buffer or through the intermediary of a 2 D graphics library such as Cairo
(http://cairographics.org). In all cases, a bitmap resolution of approximately 5 to 10 pixels per mm is recommended to allow smooth deflection transitions
and avoid aliasing effects. Abrupt transitions should also be avoided by blurring sharp
edges either at the source or through online filters.
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(a)

(b)

(c)

(d)

Fig. 8.12 Variations in the position and scale of an image pattern.

8.4.3 Stroked Shapes
Stroked shapes are geometric patterns that reproduce the sensation of brushing against
raised shape outlines. The rendering of a shape’s stroke is first introduced before
describing its use for the rendering of lines, circles and polygons. The reinforcement
of a polygon’s vertices with vibrating markers as well as the use of fill textures within
closed shapes are finally discussed.
Stroke
The stroke is similar in concept to a brush stroke or raised line and defines the tactile appearance of a shape’s outline. A stroke’s rendering is composed of a transversal
deflection profile that depends on the distance r across the shape’s path as well as a longitudinal texture varying with the distance l along its length. Vibration can optionally
be introduced in a stroke’s rendering to increase its salience.
Transversal Profile. The transversal profile triggers the sensation of brushing across
a raised line when moving across the stroke by causing a swing in actuator deflection
similar to that used for the rendering of a grating texture’s ridges. A stroke with amplitude k, width w and edge size ε is described by:

ρ(r) =









k
2

k
2

+ cos

k

r−w/2+ε
π
ε

0

if |r| < w/2 − ε;


if w/2 − ε ≤ |r| < w/2;

(8.7)

otherwise.

The edge size determines the distance over which the sinusoidal activation and deactivation of actuators takes place and hence the sharpness of the stroke’s edges. A long
transition (ε = w/2) creates a smooth profile, as shown in Figure 8.13a, that is pleas-
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ant for thin strokes but weakens with increases in thickness. Sharp stroke edges can be
created by shortening the transition (e.g. ε = 1 mm) as illustrated in Figure 8.13b.

(a)

(b)

(c)

(d)

Fig. 8.13 Transversal stroke profile with (a) smooth, (b) sharp, or (c) outlined contour, and (d) superposed texture.

Sharp edges, however, can create the sensation of touching two distinct lines when
separated by a certain distance. This effect can optionally be embraced and reinforced
by rendering the stroke as an outline with maximal actuator swing at its edges as illustrated in Figure 8.13c and described by:
ρo (r) = ρ(r) · (1 − δo (r))

(8.8)

where

δo (r) =









1
2

+ 21 sin

1

r−w/2+2ε
π
ε

0

if |r| < w/2 − 2ε;


if w/2 − 2ε ≤ |r| < w/2 − ε;

(8.9)

otherwise.

A transversal texture in the form of a sinusoidal oscillation with n cycles and amplitude kt can finally be superposed over a scaled-down deflection profile as illustrated
in Figure 8.13d and described by:

ρt (r) = (1 − kt ) · ρ(r) + kt ·

k k
+ cos(2πrn/w)
2 2


(8.10)

Longitudinal Texture. The transversal profile conveys the sensation of passing over
a raised line but provides only minimal feedback when following the length of a stroke.
A longitudinal texture is therefore introduced to provide additional tactile feedback
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while tracing a shape’s contour. The resulting stroke deflection, described below, is
produced by modulating the stroke profile ρ(r) with an inverted grating waveform
g(l), first introduced in Section 8.4.1, varying along the length of the shape’s path.
δ(r, l) = ρ(r) · (1 − g(l))

(8.11)

The texture inversion ensures that the amplitude of the stroke is unaffected by that
of the grating as illustrated in Figure 8.14. Although otherwise effective, a dense
texture can interfere with the perception of the profile by introducing breaks in the
edges (Figure 8.14a). The frequency of edge breaks can be reduced through the use of
sparse gratings (Figure 8.14b). As an alternative, an outlined stroke with uniform edges
(Figure 8.14c-d) can be produced by introducing the grating g(l) into Equation 8.8 as
follows:
δ(r, l) = ρ(r) · (1 − δo (r)g(l))

(a)

(b)

(c)

(8.12)

(d)

Fig. 8.14 Strokes with textures at 100% and 70% intensity: (a) dense and
(b) sparse gratings, (c) dense and (d) sparse inverted gratings with outline.

The salience of the grating texture is dependent on its physical extent and hence
affected by the presence of an outline and by the width and sharpness of the stroke
profile.
Vibration. Vibration reinforces the intensity of a stroke and allows it to be felt even
in the absence of exploratory movement. Vibration can be applied either to the active
pattern of a stroke by vibrating its deflection pattern, or to the inactive pattern by
vibrating only its grating texture. Both approaches are illustrated in Figure 8.15 and
described by:
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1
δhi (r, l) = δ(r, l) · δvib
(i, j, t)

(8.13)

1
δlo (r, l) = ρ(r) · (1 − δvib
(i, j, t)g(l))

(8.14)

(a)

(b)

(c)

(d)

Fig. 8.15 Vibration of active (top) and inactive (bottom) regions of
strokes: (a) plain, (b) outlined and (c-d) textured strokes.

Shapes
Shapes are rendered by applying the stroke deflection profile according to the definition of a coordinate system that specifies both a transversal distance r from the shape
contour and a longitudinal distance l along its length. The concept is described below
for lines, circles and polygons but could easily be generalized and adapted to other
common vector graphics primitives such as curves, arcs and open paths.
Line. The transversal distance r to a line with end points p0 and p1 is defined as the
minimal distance to the segment and computed by projection of the actuator position
p [32]. The closest point on the line segment is given by:

pmin





p0
=
p1


p0 + u(p1 − p0 )

if u < 0;
if u > 1;
otherwise.

(8.15)

where u = (p − p0 ) · (p1 − p0 ) is the relative distance at which the projection
intersects along the line segment. The transversal distance is given by the distance to
the closest point:
r =k p − pmin k

(8.16)
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The longitudinal distance l, on the other hand, corresponds to the distance between
p0 and the projection of p against the infinite line corresponding to the segment:
l = u k p1 − p0 k

(8.17)

The line’s coordinate system is illustrated in Figure 8.16. The distance l is negative
before p0 is reached and extends beyond the length of the line segment, resulting in
rounded line caps through which textures extend gracefully.

(a)

(b)

Fig. 8.16 (a) Definition of a stroked line’s coordinate system and (b) rendering of transversal (top) and longitudinal textures (bottom).

Circle. The transversal and longitudinal distances r and l to a circle with radius R
and center pc are given by the minimal distance to the contour and arc length along its
contour respectively:

r = | k p − pc k −R|

(8.18)

l = R · ∠p − pc

(8.19)

The circle’s coordinate system is illustrated in Figure 8.17. Continuity is ensured
by fitting a whole number of texture cycles within the circle’s circumference.
Polygon. The transversal distance r to a polygon is defined as the minimal distance
to the polygon’s contour (Figure 8.18a) and corresponds to the minimum transversal
distance to its line segments. The definition of longitudinal distance l is more ambiguous due to complications at the vertices. The simplest approach consists of extending
the longitudinal path to the midline of the joints as illustrated in Figure 8.18b. This
definition, however, causes discontinuities in the rendering at the junction of the line
segments which can be eliminated by rounding the longitudinal path as illustrated in

157

8 Tactile Graphics Rendering by Lateral Skin Deformation

(a)

(b)

(c)

Fig. 8.17 (a) Definition of a stroked circle’s coordinate system and rendering of (b) transversal and (c) longitudinal textures.

Figure 8.18c. Upon reaching the joint, the path follows an arc around the intersection
point of the adjacent strokes’ edges with the distance l increasing proportionally to the
angular distance traversed. The wavelength of a longitudinal texture is therefore maintained in the middle of the stroke and distorted elsewhere while within joints. A further
complication is encountered close to the arc’s pivot point where the spatial frequency
of textures increases without bounds. This singularity can be moved out of the stroke
by defining the longitudinal path as if for a wider stroke, resulting in the early onset of
the rounding near joints as illustrated in Figure 8.18d. Texture continuity is enforced
at the first vertex by selecting grating parameters such that a whole number of cycles
fits within the length of the selected longitudinal path.

(a)

(b)

(c)

(d)

Fig. 8.18 Definition the coordinate system and corresponding textures for
stroked polygons: (a) transversal distance and longitudinal distance with (b)
straight path, (c) rounded path, or (d) rounded path with offset.
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Vertex Markers
The vertices can be very important for the correct interpretation of a polygon’s geometry and are sometimes reinforced in conventional tactile graphics [34]. Tactile markers
can therefore be superposed over a polygon’s vertices to improve their salience, facilitate their localization and hide discontinuities in their rendering. Vertex markers have a
conic shape that extends from the point of intersection of the joint’s edges and are rendered either as plain or vibrating patterns. Their angular coverage can either be fixed
or set according to the properties of the joint as illustrated in Figure 8.19. In the latter
case, the bounds of the marker can be orthogonal to the line segments, continuations
of the stroke’s edges, or delimited by the vertex’s round arc.

(a)

(b)

(c)

(d)

Fig. 8.19 Angular coverage of vibrating vertex markers: (a) fixed angle,
(b) orthogonal to edges, (c) continuation of edges, and (d) extension to arc.

A marker is applied whenever the actuator position p is within the closest vertex’s
marker boundaries as illustrated in Figure 8.20a. More precisely, a marker is rendered
if p falls within both the stroke (r < w/2) and the two half-planes defined by point
pa and normals nab and nac (nab · v ap > 0, nac · v ap > 0). A further check is
performed to ensure that p falls within one of the vertex’s connected edges, and hence
avoid spilling to nearby line segments. The bounds of the markers are precomputed
for efficiency and selected such that they extend a certain distance past the intersection
point of the stroke’s edges. This distance is used to linearly blend the marker pattern
with the underlying stroke before application of the stroke’s profile as illustrated in
Figure 8.20b.
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(a)

Fig. 8.20
stroke.

(b)

(a) Boundaries of a vertex marker and (b) blending with the

Fill Texture
Closed shapes such as circles and polygons can be filled with an arbitrary texture that
begins at the inner edge of the stroke and fades in linearly over a small distance to avoid
discontinuities (Figure 8.21a). A gap can optionally be inserted between the stroke and
texture to increase contrast, as often done with conventional tactile graphics [115, 59,
34], or the stroke eliminated to leave only the texture (Figure 8.21b). The fill texture
can alternatively be blended with the stroke pattern (Figure 8.21c), resulting in the
elimination of gaps at the cost of a weakening of the inner stroke edge. This effect is
obtained using the stroke profile ρ(r):
δ(r, l, p) = δstroke (r, l) + δtx (p) · (1 − ρ(r))

(a)

(b)

(8.20)

(c)

Fig. 8.21 Rendering of fill textures within stroked shapes (a) with gap
and linear fade-in, (b) without stroke, and (c) with blending of stroke and
texture.
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8.4.4 Dots and Dotted Shapes
Dots are tactile patterns that simulate the sensation of brushing against small dimples similar to Braille dots. They are characterized by their position and radius, and
rendered by radially applying a deflection profile nearly identical to that of a stroke
as illustrated in Figure 8.22. A dot’s edges can hence be smooth or sharp, and a radial texture superposed on its profile for increased salience. A dot can furthermore
be vibrated to create a more intense stimulus and its amplitude reduced by scaling its
deflection range.

(a)

(b)

(c)

Fig. 8.22 Dot rendering with (a) smooth or (b) sharp edges, and (c) texture.

While they can be used in isolation, dots are generally most useful in groups with
shared properties. Sets of dots can notably be used to create dotted shapes analogous
to stroked shapes as illustrated in Figure 8.23. The dots are disposed such that one is
always present at the end points of a line and vertices of a polygon. The remaining dots
are disposed at regular interval along the length of path segments such that a minimal
separation between dots is respected both within the segments and across adjacent
segments. Dotted shapes can also be filled with texture and polygon vertices marked
with vibrating dots.

(a)

Fig. 8.23

(b)

(c)

Dotted (a) line, (b) circle, and (c) polygon.
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8.4.5 Composite Patterns
Compositing allows complex tactile patterns to be formed from the combination of
simpler patterns. Five compositing operators are first introduced before discussing
their use with textures and more general tactile patterns.
Compositing Operators
The five compositing operators are illustrated in Figure 8.24. The intersection of multiple patterns can be obtained by multiplying their deflection functions with the masking
operator (Figure 8.24a). Patterns can similarly be superposed using the addition operator either with saturation (Figure 8.24b) or with normalizing weights (Figure 8.24c).
The local maximum of patterns can alternatively be rendered with the maximum operator (Figure 8.24d).

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 8.24 Compositing operations: (a) masking, addition (b) with and (c)
without saturation, (d) maximum, (e) alpha blending and (f) overwriting.

The alpha blending operator allows the rendering to smoothly alternate between
two patterns using a weighted sum that depends on a third pattern, enabling, for exam-
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ple, vibration to be blended into non-vibrating patterns as illustrated in Figure 8.24e.
More precisely, deflection patterns δ1 (p) and δ2 (p) can be blended through an alpha
mask α(p) such that:
δ(p) = (1 − α(p)) · δ1 (p) + α(p) · δ2 (p)

(8.21)

The overwriting operator finally allows a pattern to cleanly overwrite underlying
patterns (Figure 8.24f). More precisely, overwriting is performed by modulating the
underlying pattern according to the top pattern’s inherent opacity mask before adding
its deflection pattern. Given patterns δ1 (p) and δ2 (p), and opacity mask γ2 (p), the
result is given by:
δ(p) = (1 − γ2 (p)) · δ1 (p) + δ2 (p)

(8.22)

A pattern’s opacity mask is a simplified rendering with smooth transitions and
equal or superior deflection at all points. The opacity mask of a stroked shape consists of the stroke profile at maximal amplitude, without texture or vibration, and is
completely filled in the presence of a fill texture (Figure 8.25a-c). The opacity mask
of dotted shapes is identical (Figure 8.25d) while that of individual dots covers only
their profile (Figure 8.25e). The opacity mask of an image is computed by saturating
the bitmap and adding a linear gradient around its edges (Figure 8.25f). Textures are
considered to have a uniform opacity mask and are therefore not used to overwrite.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 8.25 Opacity mask of tactile patterns: stroked shape at (a) full and
(b) half intensity, (c) filled stroked shape, (d) dotted shape, (e) dots, and (f)
image.
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Precautions should be taken when dealing with vibrating patterns within compositions. The masking operator results in the multiplication of the patterns’ deflections,
and hence of their vibrations. Masking of vibrating patterns can therefore create an
interesting beat if the frequencies are far apart but otherwise results in sharpened oscillations that may be unpleasant and damaging to the actuators. The addition operator
locally sums the patterns’ vibrations and hence allows the use of different vibrations
at different locations. Saturation should be avoided as it may cause partial suppression
or accentuation of vibrations. The maximum operator should similarly be avoided as
it causes incoherent interaction between vibrating patterns. The blending operation
can be used without restriction provided that the alpha mask does not vibrate. No
restrictions apply for the overwriting operator.
Composite Textures
Compositing can be used to create complex textures and is particularly useful with
parallel or orthogonal linear grating textures as illustrated in Figure 8.26. A fine linear grating can be uniformly superposed over a coarse grating using the addition or
blending operators, or selectively applied to the grooves or peaks of the latter using the
masking or maximum operators (Figure 8.26a-f). Grids and dot patterns can similarly
be created by using the masking and maximum operators with orthogonal gratings
(Figure 8.26g-h).
Compositing operators can also be used with other textures such as radial gratings
and arbitrarily-oriented linear gratings as illustrated in Figure 8.27. This can be used
to create skewed grids patterns (Figure 8.27a), blend in vibration into a texture (Figure 8.27b), or create complex blended patterns (Figures 8.27c). The addition, masking
and maximum operators can be used with an arbitrary number of sub-textures (Figure 8.27d). Compositing operations can furthermore be chained by using composite
textures as subtextures.
Composite Patterns
Compositing operators can be used not only with textures, but also with generic tactile
patterns such as stroked patterns and images. The masking operator is generally most
useful to modulate the intensity of a texture according to an image (Figure 8.28a) or a
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 8.26
ings.

Examples of textures composed of parallel or orthogonal grat-

(a)

Fig. 8.27

(b)

(c)

(d)

Examples of textures composed of arbitrary subtextures.

more complex pattern (Figure 8.28b). Masking can also be used to clip a tactile pattern
according to an opaque mask (Figure 8.28c). Masking of more complex patterns is also
possible but does not always result in tactilely coherent compositions (Figure 8.28d).
The addition and maximum operators perform a union of the underlying patterns.
Weighted addition reduces the intensity of the individual patterns but highlights their
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overlap (Figure 8.28e-f). Unweighted addition, on the other hand, maintains the intensity of the patterns but causes saturation in overlapping regions (Figure 8.28g). A
similar effect, without saturation artefacts, can be obtained with the maximum operator
(Figure 8.28h). In all cases, the effect of interactions in overlapping regions depends
on the simplicity and coherence of the patterns and is difficult to predict.
The blending and overwrite operators are used to mix different patterns together.
The blending operator can be used to blend between a vibrating and non-vibrating
version of a pattern (Figure 8.28i). It can also be used to blend in vibration according
to a tactile pattern such as a grid texture (Figure 8.28j), and hence to create tactile
guides [149, 59]. Overwrite operations similarly draw a pattern over all underlying
patterns according to its opacity mask (Figure 8.28k) and can be chained to create
layers (Figure 8.28l).

8.5 Framework Implementation
The tactile graphics framework described in the previous section was implemented
as part of a software library and used within evaluation and demonstration software
applications. The library is first described before discussing the evaluation of the computational cost of rendering algorithms and their optimization.
8.5.1 Software Implementation
The tactile rendering algorithms described in the previous section were implemented
as part of a C++ library offering three interfaces for the creation, manipulation and
display of virtual tactile graphics. The library provides realtime support for tactile rendering through the Xenomai extension (http://www.xenomai.org) to the Linux
operating system.
At the lowest level, the library offers a flexible object-oriented Application Programming Interface (API) which can be used to quickly develop multi-threaded tactile
graphics software for specific applications. The library’s hierarchical structure closely
follows the tactile graphics framework and includes classes for tactile patterns such as
lines, circles and textures, as well as other tactile elements such as gratings and strokes.
The library also includes a tactile rendering engine which periodically updates the state
of the system, obtains a tactile frame from the active rendering object, and refreshes
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x

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

Fig. 8.28 Examples of composite patterns using the (a-d) masking, (e-g)
addition, (h) maximum, (i-j) alpha blending, and (k-l) overwriting operators.

the tactile display’s actuator deflections.
The library also defines graphical user interface widgets and visualization tools for
most its classes using the gtkmm toolkit (http://www.gtkmm.org). Applications
can therefore take advantage of this functionality to create fully-featured graphical user
interfaces to interact with, modify and visualize virtual tactile graphics. Figure 8.29
shows the graphical user interface of a simple yet functional authoring tool built with
the library that allows tactile graphics to be edited while displayed on the Tactograph.
Similar software was developed for experimentation and demonstration purposes.
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Fig. 8.29 Authoring application allowing online editing of tactile graphics.

Tactile graphics canvases, tactile patterns, and textures can finally be specified
through text files written in a custom format based on the Extensible Markup Language (XML). Partial or complete tactile graphics can therefore be stored in external
files and edited with text editors or specialized third-party software. A standalone
application was, for example, written to semi-automatically adapt schoolbook illustrations and generate tactile graphics descriptions in the library’s custom language [211].
A bank of predefined textures is similarly supplied with the library as a set of external
files.
8.5.2 Computational Cost Measurement
The optimization of tactile rendering algorithms requires the ability to measure and
compare the computational cost of different approaches. A profiling tool therefore
allows measurement of the time taken to render the deflection of the entire array of
actuators as a function of the tactile display’s location on the virtual canvas. The tool
relies on a simulation of the motion of the display over predefined exploration paths
designed to provide maximum coverage of the virtual canvas or extensive coverage
of a specific location as illustrated in Figure 8.30. Maximum coverage is obtained by
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tracing the contour of the virtual canvas in an inward spiral of arbitrary density while
spot coverage creates an oscillating path around a specific point of the canvas.

(a)

Fig. 8.30

(b)

Simulated exploration paths for (a) wide and (b) local coverage.

The simulation data estimates the time required to render a complete frame at different positions along the exploration path and is visualized either as a histogram or
map of the computational cost as illustrated in Figure 8.31. The example shown illustrates the higher cost of rendering a textured polygon compared to a plain circle, as
well as the added cost of pattern overlap and vertex markers.

0 µs

(a)

25 µs

50 µs

(b)

75 µs

100 µs

0 µs

25 µs

50 µs

75 µs

100 µs

(c)

Fig. 8.31 Computational cost of rendering (a) a composite pattern illustrated with (b) a histogram and a spatial distribution plot. The histogram
shows the frequency distribution of computational costs for the set of measurements. The spatial distribution illustrates the average computational
cost at different locations over the virtual canvas. The spatial distribution
of computational costs ranging from 62 to 90 µs is illustrated in (c). The
histogram peak corresponding to blank areas has been truncated for clarity.
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8.5.3 Rendering Optimization
Tactile rendering entails the refreshment of actuator deflections for the tactile display’s
entire array at a rate of approximately 1 kHz, leaving as little as 16 µs of computation
time per actuator or even less when communications with the physical device and user
interaction are considered. Computational efficiency of rendering algorithms is therefore an important concern. Rendering algorithms can, in many cases, be optimized by
avoiding unnecessary computations such as the rendering of a tactile pattern that is to
be fully overwritten by another. Significant gains can similarly be made by pruning
tactile patterns beyond the range of the tactile display, defined as a disc covering all
actuators. A tactile pattern can therefore be eliminated if known not to affect any actuator within that range, hence requiring a single check rather than one per actuator. A
line, for example, can be pruned if the shortest distance to the center of the display is
greater than the sum of the stroke radius and display footprint radius. As illustrated in
Figure 8.32, pruning can reduce the cost of rendering 15 short lines by a factor of as
much as 6 close to a line and 40 elsewhere.

(a)

(b)

(c)

Fig. 8.32 Computational cost of rendering (a) a set of 15 lines (b) before
and (c) after pruning of non-contacting patterns. The computational cost
of rendering is nearly uniform over the virtual canvas prior to pruning, as
illustrated in (b).

8.6 Validation and Discussion
The virtual tactile graphics framework was informally evaluated with the assistance
of four visually-impaired volunteers, two of whom were tactile graphics experts. The
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volunteers’ comments were solicited on a wide range of tactile graphics features and
tactile rendering parameters adjusted to their individual preferences. The following
discussion presents a synthesis of the insight gained through these evaluation sessions
as well as prior experimentations and numerous demonstrations including three at international conferences [158, 156, 293].
Vibrations result in less pleasant but much more intense sensations than smooth deflections and are therefore ideal to introduce contrast and highlight elements of a tactile
drawing. While similar to a dense texture when brushed against, vibration also has the
advantage of being perceptible even in the absence of motion. Much like sandpaper
and other intense tactile patterns [102], however, vibration may cause tactile adaptation and a loss of sensation with prolonged exposure and should therefore be used
sparingly. Vibration also tends to overpower nearby non-vibrating patterns, perhaps
due to after-effects, for example, filling narrow gaps in a vibrating pattern. Although
vibration intensity peaks at the 50 Hz upper limit, frequencies as low as 30 Hz may
offer sufficient contrast and reduce tactile adaptation. Discrimination of vibration frequencies, however, appears to be relatively poor, requiring a difference in the order of
20 Hz for a clear distinction.
Linear grating textures produce a strong illusion of brushing against corrugated
surfaces for spatial wavelengths approximately ranging from 2 to 15 mm. The ridges of
coarser gratings are significantly weakened while those of finer ones are lost in a noisy
and dense texture. Improved performance may be expected at orientation identification
and wavelength scaling, two tasks investigated earlier in Chapter 6, with the addition of
gaps between grating ridges and the introduction of display orientation as a rendering
input. Gaps greatly improve the salience of the texture by allowing distinct lines with
a clear separation to be felt while display orientation allows the tactile array to be
aligned with gratings for optimal rendering. Axial and radial gratings also appear to
be identifiable with minimal training but are more difficult to interpret. As expected,
grating distortions are perceptible but most salient with abrupt wavelength changes.
Tiled textures can finally create distinctive motifs but the details of the duplicated
patterns are difficult to feel.
Images are most useful to create textured shapes and patterns using conventional
graphics editing software (Chapters 5 and 6, [211]). Vibrating images also appear capable of conveying an overview of high-contrast pictures and diagrams, in a manner
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similar to the Optacon [163], and may provide minimal access to otherwise inaccessible graphical content.
Although individual preferences vary, alteration of the sharpness, thickness and
texture of a stroke results in distinctive tactile patterns that can be used to produce
contrasting line types. Smooth strokes are noisy when thin and weak when thick, but
otherwise pleasant for a range of approximately 2 to 10 mm. The edges of sharp or
outlined strokes, on the other hand, remain strong but are felt as disjoint lines when
the thickness exceeds approximately 5 mm. Transversal and longitudinal textures both
add substance to the stroke with the latter providing better tracing feedback. A dense
grating with a spatial wavelength of 2 mm is generally preferred and the breaks introduced in the edges do not appear to warrant correction with a sparse grating or a stroke
outline. The geometry of the resulting stroked shapes can be traced and understood
with relative ease. The rounding of the longitudinal path at polygon vertices appears
to slightly weaken sharp corners while the discontinuities otherwise introduced have
minimal effect. Vibrating markers are, on the other hand, effective at highlighting
vertices but their exact shape is not perceptible and should therefore be selected to
maximize area. Fill textures sometimes interfere with the contour of the shape, particularly in the absence of a gap or clear contrast between the stroke and texture. Dotted
patterns, although found to convey the contour of a shape in Chapter 6, are generally less appreciated than stroked patterns due to their discontinuous nature but may
nevertheless be useful in some contexts.
Composition can be a powerful tool for the creation of distinctive textures and
complex patterns but must be applied with care to maintain coherence and avoid confusion. The superposition of coarse and fine gratings creates a range of interesting and
easily-identifiable patterns even though the effect is occasionally subtle or distracting.
More complex composite textures can create a distinctive effect but the details of the
resulting patterns are often difficult to discern. Composition is more generally useful to
combine non-overlapping patterns by addition, to apply texture by masking, and to introduce occlusion in a drawing by overwriting. Other uses of pattern composition may
emerge with further experimentation and more sophisticated graphics become usable
with training and better contextualization.
It is finally interesting to note that directional effects are limited despite significant
differences in skin deformation patterns resulting from the actuators’ deflection along
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a single axis and their bias towards the right. Moving against a horizontal or vertical
grating, for example, results in waves of compression and shearing respectively but is
generally felt as at least superficially comparable. Similarly, the actuator swing triggered by a horizontal grating can either occur against or with the exploration motion
yet is generally felt as nearly identical. Directional effects introduced by these rendering anisotropies are occasionally noticed but seem to be surprisingly weak in most
cases and do not appear to significantly affect the functionality of the tactile rendering
framework.

8.7 Conclusion
This chapter introduced a framework for the rendering of virtual tactile graphics by
lateral skin deformation that offers basic vector graphics drawing capabilities suitable
for the composition of complex graphics and the emulation of features such as raised
lines, dot patterns and areal textures found in conventional tactile graphics. The framework extends the drawing primitives introduced in Chapters 5 and 6, proposes novel
rendering algorithms, and re-frames the whole as a coherent set of tactile patterns that
includes textures, images, stroked shapes, dots and dotted shapes, as well as more complex composite patterns and textures. The framework was implemented as a flexible
software library allowing the rapid development of experimental tactile graphics applications. Insight into the effectiveness of the rendered patterns and user preferences
was obtained by soliciting comments from four visually-impaired volunteers during
informal evaluation sessions.
Although preliminary results are encouraging, further studies will be required to
formally validate the rendering algorithms, determine optimal or preferred rendering
parameters, and evaluate user performance at critical tasks. Despite promising early
work on the topic [211], much also remains to be done to demonstrate the feasibility
of producing practical tactile graphics such as mathematical diagrams and maps, and
to develop a coherent tactile language that forges, for example, associations between
water and gratings, or 3 D patterns and a particular stroke type. At a lower level, the
software implementation of the framework is a functional but experimental prototype
and could be further optimized and refined, most notably by improving and formalizing the API and graphics description language. The framework finally covers only a
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fraction of the possible rendering algorithms and could no doubt be further developed
and expanded.
The development of the Tactograph and accompanying rendering framework are
essential steps towards the creation of a practical virtual tactile graphics system. The
adoption of the technology by the visually-impaired community, however, depends
not only on the availability of usable hardware and software but also on that of adapted
content. The establishment of drawing conventions and the development of authoring tools will therefore gain in importance as the technology matures. Basic support
for content creation is at this point available through a functional but limited graphics
editing application as well as an experimental tool for the semi-automated adaptation of graphical content [211]. Further developments could take advantage of one of
virtual tactile graphics’ greatest strengths by allowing visually impaired users to independently create and share their own drawings and hence be in charge of the content
production process.
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Preface to Chapter 9
This chapter presents extensions to the virtual tactile graphics framework introduced
in Chapter 8 that take advantage of the opportunities afforded by dynamic tactile rendering. Tactile flow is first introduced in the rendering of textures, stroked shapes
and dotted shapes through the motion of tactile features. Reactive rendering is then
investigated through the alteration of textures in response to changes in exploration
behaviour. Interactive graphics are finally briefly explored in the form of alternative
views of a canvas’ content. The first two concepts were evaluated and validated using
the improved Tactograph described in Chapter 7, while the third was evaluated with
the Pantograph-based Tactograph in [211].
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Dynamic Tactile Graphics
by Lateral Skin Deformation
Abstract
This chapter extends the framework presented in the previous chapter with support for
dynamic and interactive tactile patterns that take advantage of the novel opportunities
afforded by virtual tactile graphics. Tactile flow is first introduced in the rendering
of textures, stroked shapes and dotted shapes through the motion of inherent or superposed tactile features. Reactive textures that alter their rendering in response to
changes in the exploration behaviour, or more precisely the speed and direction of
exploration, are then introduced. Interactive graphics allowing alternate views of a
canvas to be displayed at the press of a button are finally discussed. Tactile flow and
reactive textures were evaluated through informal experimentation sessions with four
visually impaired volunteers while interactive graphics were investigated separately by
Petit et al. [211].
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9.1 Introduction
The potential of refreshable tactile graphics extends beyond the reproduction of features and conventions developed for commonly-used static media such as microcapsule paper or thermoformed plastic. The dynamic nature of refreshable tactile graphics presents a wealth of largely unexplored opportunities for innovation that could be
exploited to compete in flexibility and expressivity with visual displays, and to address issues affecting the usability of conventional tactile graphics such as the need
to reduce information density or split content across multiple drawings. Efforts to
exploit the novel affordances of refreshable tactile graphics have included interactive
and dynamic effects such as zooming, scrolling and directional cues displayed with
force-feedback and tactile interfaces.
This chapter introduces innovative tactile rendering approaches that similarly exploit the potential of virtual tactile graphics produced by lateral skin deformation for
the display of dynamic and interactive content. Tactile flow is first introduced in the
rendering of textures, stroked shapes and dotted shapes through the motion of inherent or superposed tactile features, allowing directional cues to attract attention to elements of a drawing or to intuitively communicate information such as the direction
of flow of a water stream. Reactive patterns that alter their rendering in response to
the exploration behaviour are then introduced, enabling, for example, details to be reinforced at rest through vibration and directional information to be conveyed through
anisotropic textures. Interaction with tactile graphics is then briefly explored in the
form of a keypress-activated swap between alternate views of a canvas, allowing complementary content to be spread across uncluttered drawings. The visualization and
optimization of dynamic rendering algorithms are finally discussed before concluding with an evaluation of the extended framework through informal experimentation
sessions conducted with four visually impaired volunteers.

9.2 Background
The refreshable display of tactile graphics is often considered a direct alternative to
conventional physical media such as embossed paper. The resulting refreshable graphics present many advantages since they do not deteriorate with use, can be transferred
and stored electronically, and are immediately accessible without a cumbersome print-
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ing process [286]. The experience offered by refreshable graphics is however generally inferior to that of conventional media due to technical limitations such as the low
actuator density of practical pin arrays. The adoption of refreshable tactile graphics
interfaces may therefore require these limitations to be compensated for by fully exploiting the largely untapped opportunities afforded by the dynamic nature of the novel
media.
The dynamic properties of refreshable tactile graphics have been explored most
extensively with force-feedback interfaces due to their maturity and commercial availability. A close analog to physical tactile graphics is typically produced as a relief pattern on a virtual surface explored with a probe attached to an articulated arm such as the
Sensable PHANTOM [224, 307, 240]. The forces generated by the manipulandom can
however produce other physical effects such as springs and magnets that have notably
been used to attract a probe to raised lines [216, 69], to guide it towards a collaborator
or teacher’s pointing device [267, 128, 224, 177], or to direct it towards previously
annotated locations in a canvas [128, 224, 285]. Short impulses have similarly been
used as directional cues at intersections of an electrical circuit and as markers denoting
individual components [216].
Interaction with virtual tactile graphics has also been explored. Alternate views
of a map have, for example, been used to support different tasks such as obtaining an
overview or detailed information [103]. The use of a haptic zoom has been investigated as a means to provide details without introducing clutter [168, 245]. The use
of interchangeable virtual tools, such as a magnet or cross, has also been proposed to
simplify the performance of certain tasks such as searching in 3 D environments [255].
Dynamic models have similarly been used to create haptic games such as Sjöström’s
Submarines in which animations such as water waves convey a tile’s state [255]. Perhaps most importantly, virtual graphics can be created and edited by visually impaired
users [255, 128, 224, 176]. Rassmus-Gröhn, Magnusson, and Eftring, for example,
designed a drawing application that allows objects to be moved, copied, erased and
converted to idealized shapes such as straight lines and circles [224]. McGookin and
Brewster similarly created an application in which bar charts can be edited by direct manipulation [176]. These applications are extremely valuable since conventional
computer-based production methods are inaccessible for lack of haptic feedback, and
accessible methods such as heat pen are limited and do not allow erasing.
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Similar concepts have been explored with tactile displays. Animated patterns passively displayed on the VITAL, a small vibrotactile array, were, for example, shown
to convey emotions such as surprise and anger [22] and to be spontaneously associated with categories such as motor and liquid [179]. The motion of tactile patterns
was also shown to convey four directions [23]. Static, blinking and animated tactile
icons were similarly produced on the VTPlayer’s 4 × 4 array of Braille pins to communicate eight directions as well as additional information through pattern size and
blinking rate [215]. These icons were used to guide the exploration of a maze and
provide additional cues while tracing an electrical circuit with a force-feedback device. The usability of a zoomable interface for tactile graphics was extensively studied
with the Tactos, a device that combines two immobile Braille cells with a graphical
tablet [309]. A game involving a moving ball has also been implemented using an
experimental display with six movable Braille cells [172].
Dynamic rendering has also been investigated on large tactile arrays despite the
slow refresh rate of some technologies. Position sensing, essential for interaction, has
been accomplished using a variety of methods including individual pin switches [183],
force/torque sensors [249], ultrasonic pen [131] and instrumented arms [130, 295].
Shimada et al., for example, designed an interactive interface using a 32 × 48 array
of Braille pins mounted on a force/torque sensor that allows drawing by applying
pressure, scrolling by pushing in a direction, and zooming in an out [249]. Similar
interfaces were also used to display animations such as moving sine waves and games
such as ping-pong, whack-a-mole and tic-tac-toe [130, 131, 295]. A similar but slower
array with 120 × 60 Braille pins was used to interactively display webpages, interestingly allowing components of scalable vector graphics (SVG) to be displayed incrementally [234]. The large pin spacing of a 16 × 16 array was similarly compensated
for by displaying alternate views of tactile patterns [123]. Interactive features such as
zooming are also inherently supported by the Graphic Window Professional (Handy
Tech Elektronik GmbH, Germany), a tactile array of 24 × 16 Braille pins [123]. Refreshable Braille displays and similar arrays have finally been used to create animated
games [244] and to zoom in on graphics [58].
This chapter presents tactile rendering approaches that similarly attempt to exploit
the possibilities offered by dynamic tactile graphics produced by lateral skin deformation. Tactile flow, reactive textures and interactive graphics are discussed in turn.
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9.3 Motion and Tactile Flow
The motion of features within virtual tactile graphics creates an impression of tactile
flow which can be used to guide the exploration and attract attention to important
elements or to provide supplemental information such as the direction of flow of a
water stream on a map. The introduction of motion effects in the rendering of textures
as well as stroked and dotted shapes is discussed in turn.
9.3.1 Textures
An impression of tactile flow can be produced with an arbitrary texture such as a tiled
or composite texture by translating the entire pattern as illustrated in Figure 9.1. A
translation with velocity v is then introduced in a texture δ(p) through an offset vt:
δv (p, t) = δ(p − vt)

(9.1)

The time t is reset at periodic intervals to prevent a loss of numerical precision as
the positional offset vt grows, introducing occasional rendering discontinuities unless
the texture’s periodicity is known.

(a)

(b)

(c)

Fig. 9.1 Translation of (a) composite gratings and (b-c) tiled textures.

Tactile flow can alternatively be introduced in a grating texture through the displacement of the grating ridges. A motion with velocity v is hence produced with an
offset vt to the rendering position x along the grating waveform g(x). A loss of numerical precision is avoided by taking advantage of the periodicity introduced by the
grating wavelength λ:
gv (x, t) = g (x + v · (t mod λ/v))

(9.2)
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As illustrated in Figure 9.2, ridge motion can be used to create forward or backward flow within a linear grating, inward or outward flow within a radial grating, and
rotational flow within an axial grating. The salience of the flow, and particularly its
direction, depends on the velocity of the motion and grating properties such as the
presence of gaps.

(a)

(b)

(c)

Fig. 9.2 Motion within (a) linear, (b) radial and (c) axial grating textures.

While it succeeds at producing an impression of tactile flow, the motion of a texture
affects its ability to present a stable tactile pattern. Tactile flow is hence best introduced
in a texture through the composition of a secondary moving texture. A motion cue
can, for example, be superposed on a fixed texture by weighted addition as illustrated
in Figure 9.3a, resulting in a reduction in intensity of both patterns. It can alternatively
be applied by masking such that the underlying texture is suppressed where active
as illustrated in Figure 9.3b. A similar but weaker motion cue can be applied more
uniformly by blending of a mid-range deflection as illustrated in Figure 9.3c. Vibration
can finally be blended in such that both patterns are uniformly applied at full intensity
as illustrated in Figure 9.3d.
It should finally be noted that the motion of a texture can adversely interact with
the exploratory motion of the user, resulting, for example, in an increase or decrease
in perceived spatial frequency of a moving grating. These effects can optionally be
avoided by rendering moving patterns as though the tactile array position P was fixed
at an artificial location on the tactile canvas, resulting in a tactile flow through the
fingerpad that is independent of exploratory motion.
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(a)

(b)

(c)

(d)

Fig. 9.3 Compositing of motion cues by (a) addition at 30% intensity, (b)
masking, and blending with (c) a mid-range deflection or (d) vibration.

9.3.2 Stroked Shapes
Tactile flow can be introduced in a stroked shape by displacing the longitudinal texture
rendered along its length in a manner analogous to the motion of a grating texture’s
ridges. Motion cues can hence be applied to lines, circles and polygons through a variety of stroke textures including dense, sparse and vibrating gratings as illustrated in
Figure 9.4. The rendering artefacts introduced by a polygon’s discontinuous longitudinal path are slightly more problematic in the presence of motion and can be corrected
once more by rounding, as illustrated in Figure 9.4c, or by suppression with vertex
markers. The salience of the motion depends not only on the velocity and grating
properties but also on the width and sharpness of the stroke’s cross-section.

(a)

(b)

(c)

Fig. 9.4 Texture motion along stroked (a) lines, (b) circles, and (c) polygons.

Once again, the motion of a stroke’s longitudinal texture affects its ability to provide feedback as a shape is traced and is hence best used within a composition of dy-
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namic and static tactile patterns. Motion cues can be applied to the textured strokes of
lines, circles and polygons using the same compositing operations proposed for areal
textures such as weighted addition, masking and blending, as illustrated in Figure 9.5.

(a)

Fig. 9.5
gons.

(b)

(c)

Motion compositing in stroked (a) lines, (b) circles and (c) poly-

The salience of the resulting motion cues depends once again on their width and
hence requires thick strokes for a clear tactile flow to be felt. Thin strokes can alternatively be enabled by producing oversized motion cues that extend past the stroke
as illustrated in Figure 9.6, affecting fill textures if present. As shown in Figure 9.6b,
oversized motion cues applied through masking have limited value since an underlying
pattern is required.

(a)

(b)

(c)

Fig. 9.6 Compositing of oversized motion cues on stroked circles by (a)
addition, (b) masking and (c) vibration blending.

Normal-sized motion cues are rendered by first compositing the dynamic and static
stroke textures before blending with the areal fill texture according to the stroke profile, as illustrated in Figure 9.7a-b. Oversized motion cues, on the other hand, are
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rendered as though for a wider stroke and applied to the fully-rendered stroked shape
as illustrated in Figure 9.7c.

(a)

(b)

(c)

Fig. 9.7 Composition of (a-b) normal and (c) oversized motion cues.

9.3.3 Dotted Shapes
Tactile flow can be introduced in the rendering of dotted shapes either by displacement
of the dots or superposition of a moving texture as applied to stroked shapes. The
former case, illustrated in Figure 9.8a, results in the translation of the dots along the
length of the shape contour with dots fading in and out at the extremities of lines and
polygon segments, and polygon vertices remaining immobile. Normal or oversized
motion cues can alternatively be applied to the dotted pattern using the composition
operations introduced in the context of stroked shapes, as illustrated in Figure 9.8b.

9.4 Reactive Tactile Patterns
The rendering of a reactive tactile pattern varies according to the reading behaviour of
the user, or more precisely the velocity v with which the canvas is explored. Although
generalizable to other patterns, reactive rendering is demonstrated with the adaptive
blending of areal textures in response to changes in the speed v and direction θ of exploration. A reactive texture is hence rendered by composition of underlying textures
according to a blending function α(v, t) such that:
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(a)

(b)

Fig. 9.8 Tactile flow within a dotted shape by (a) dot motion and (b) superposition of motion cues.

δ(p, v, t) = α(v, t) · δ1 (p) + (1 − α(v, t)) · δ2 (p)

(9.3)

Velocity estimation is first discussed before introducing reactive textures based on
either the speed or velocity of exploration.
9.4.1 Velocity Estimation
While slight delays and inaccuracies may not be perceptible, a smooth and continuous
estimation of the exploration velocity is critical to produce fluid changes in the rendering of a reactive tactile pattern. The instantaneous velocity is hence obtained by
differentiation of the position p[T ], obtained at regular interval of ∆t, over intervals of
N samples:
p[T ] − p[T − N ]
(9.4)
N ∆t
The resulting velocities are further filtered by taking their average within a moving
window of M past values:
V [T ] =

M −1
1 X
v[T ] =
V [T − i]
M i=0

(9.5)

Differentiation and averaging windows with N = 10 and M = 50 were found to
be acceptable for a 1 kHz update rate, despite the introduction of a 50 ms delay.
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9.4.2 Speed-Based Textures
A reactive texture can fluidly alternate between two representations as a function of
the speed with which the canvas is explored. As illustrated in Figure 9.9, this effect
can, for example, be used to introduce vibration into a pattern as exploration halts
and therefore compensate for the loss of tactile feedback when immobile on a static
texture. It could also be used to reduce the density or complexity of a canvas as speed
increases, hence enabling a coherent overview or detailed view to be felt depending on
the exploration behaviour.

(a)

(b)

Fig. 9.9 Speed-based reactive texture illustrated as (a) a texture pair and
velocity plot of the blending function, and (b) a sequence of tactile renderings. The black and white framed textures respectively represent the rendering of the reactive texture at high and low exploration speeds as illustrated
in the polar plot of the blending function.

These effects are obtained by composition with a blending function that triggers a
linear transition as the speed drops from v1 to v0 :

α(v) =







1
v−v0
v1 −v0

0

if v < v0 ;
if v0 ≤ v < v1 ;
otherwise.

(9.6)

The onset of the transition can optionally be delayed to prevent the activation of
low-speed effects as exploration reverses course or briefly slows down. The transition
is hence delayed until the speed has remained below the upper threshold v1 for a period
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of τ , and then introduced gradually over the same period:




0
if t − t0 < τ ;
α(v, t) = α(v) ·
(t − t0 − τ )/τ if τ ≤ t − t0 < 2τ ;


1
otherwise.

(9.7)

9.4.3 Velocity-Based Textures
A reactive texture can also alternate between two representations as a function of both
the speed and direction of the exploration velocity, and hence create a variety of directional patterns. As illustrated in Figure 9.10, this effect can, for example, be used
to introduce vibration into a pattern as exploration veers off a preferred direction and
hence warn users of a deviation.

(a)

(b)

Fig. 9.10 Velocity-based reactive texture illustrated as (a) a texture pair
and velocity plot of the blending function, and (b) a sequence of tactile
renderings.

A grating texture can similarly alternate to a uniform vibration as exploration deviates from a preferred axis as shown in Figure 9.11a, or fade away as in Figure 9.11b.
Velocity-based rendering can also be used to alternate between a fine and coarse texture as a function of the direction of exploration as illustrated in Figure 9.11c, or produce orthogonal gratings while exploring horizontally or vertically as illustrated in
Figure 9.11d.
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(a)

(b)

(c)

(d)

Fig. 9.11

Examples of velocity-based reactive textures.

These effects are obtained with a blending function that triggers a linear transition
as the deviation ∆θ from the preferred direction or axis increases from σ0 to σ1 :




1
α(θ) =
(∆θ − σ0 )/(σ1 − σ0 )


0

if ∆θ < σ0 ;
if σ0 ≤ ∆θ < σ1 ;
otherwise.

(9.8)

The direction of the exploration velocity, however, tends to be noisy and generally
meaningless when nearly immobile, hence requiring alterations to the blending function at low speeds. The speed-based blending function α(v) introduced in the previous
section is hence applied to force the blending function low or high at low speeds:

αhi (v, θ) = max(α(θ), α(v))
αlo (v, θ) = min(α(θ), 1 − α(v))

(9.9)
(9.10)

The low-speed behaviour can alternatively be biased towards the current state and
toggle only when the velocity triggers a transition so as to avoid artefacts while slowing
down temporarily or changing course.
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9.5 Interactive Graphics
Limitations in tactile acuity often require a reduction in the density of information
when converting visual graphics to a tactile form. Complex graphics such as maps
are hence commonly adapted as sets of tactile graphics with each drawing focused
on conveying a specific subset of the original content [59]. The refreshable display
of tactile graphics presents further opportunities to flexibly alter the level of information displayed through interactive controls. Layers of information could hence be
selectively activated, or complex content explored without interruption or clutter by
scrolling and zooming within a large canvas. The potential of interactive tactile graphics was explored through a keypress-actived toggle between arbitrary tactile canvases,
and demonstrated in [211] with an audio-tactile worldmap highlighting either continents or target regions as illustrated in Figure 9.12 .

(a)

(b)

Fig. 9.12 Interactive display of a worldmap with (a) textured continents
and (b) textured regions (adapted from [211]).

9.6 Visualization and Optimization
The visualization tools introduced in Section 8.3.3 can be adapted for use with dynamic tactile patterns and hence allow visual communication of their content and inspection of their rendering. Although implemented only for reactive textures at this
time, symbolic patterns such as arrows can, for example, be overlaid on illustrations
to convey dynamic content. Time-varying patterns such as moving textures or strokes
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can alternatively be visualized as a sequence of deflection maps in the same way as vibrating patterns. A deflection map of a reactive texture can similarly be obtained for a
given velocity provided that the rendering does not depend on the past exploration behaviour. A more accurate visualization can otherwise be obtained offline by producing
deflection maps along a simulated exploration path, resulting in a animated sequence
of renderings similar to those shown in Figures 9.9b and 9.10b. The tactile canvases
of swappable interactive graphics can be visualized individually.
The computational cost measurement tools introduced in Section 8.5.2 can similarly be adapted by taking into consideration the potential impact of velocity variations.
A sinusoidal disturbance as well as speed variations and reversals are hence introduced
along the simulated path providing wide spatial coverage such that a quadrant of the
velocity range is explored thoroughly in each direction, as illustrated in Figure 9.13a.
The simulated path providing local spatial coverage, illustrated in Figure 9.13b, already covers a wide range of velocities and requires no modification. The computational cost information gathered by simulation can be plotted either with respect to the
position on the canvas or the velocity of exploration, illustrated in Figure 9.14.

(a)

(b)

Fig. 9.13 Simulated exploration paths for (a) wide and (b) local spatial coverage, and corresponding velocity coverage at two points along the
paths.

9.7 Validation and Discussion
The dynamic tactile graphics were informally evaluated along with the static tactile
graphics, as discussed in Section 8.6. The comments of the four visually-impaired
volunteers were once again solicited on a range of dynamic tactile graphics features
and rendering parameters adjusted to their individual preferences. The following discussion presents a synthesis of the insight gained through these sessions as well as
prior experimentations and numerous demonstrations.
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(a)

(b)

Fig. 9.14 Distribution of the computational cost of (a) a directional texture
with respect to (b) the velocity of exploration.

Although the translation of arbitrary textures composed of simple, sparse patterns
is generally perceptible, tactile flow is most effectively rendered through the ridge
motion of linear gratings. The salience of the tactile flow, and more particularly its
direction, is however greatly affected by the properties of the grating and its speed
of displacement. Motion is generally most easily felt with thin, sparse gratings (e.g.
2 mm ridges and 15 mm gaps) creating distinct, well-separated moving features on the
fingerpad. The intensity of the motion cue can also be slightly increased with the use
of wider vibrating ridges. The optimal speed of motion is typically between 1 and 5 Hz
but varies with individual preferences and grating properties.
The salience of superposed motion cues depends on the composition method and
properties of the underlying texture. The reduction in intensity resulting from a weighted
sum significantly weakens both patterns and may at best provide a subtle motion cue.
The motion cue is similarly weakened by blending with a mid-range deflection. Suppression with masking ridges creates a much stronger tactile flow with discontinuities
that may or may not be perceptible depending on the properties of the underlying texture. The blending of moving vibrating ridges within a fixed texture preserves both
patterns’ integrity and generally results in the most salient superposed motion cue.
In all cases, active exploration introduces artefacts as the reading finger moves
against or with a moving texture and generally prevents the perception of the motion’s
direction. These artefacts, such as an increase in perceived grating frequency, can be
eliminated with display-centric motion rendering but the direction of motion remains
identifiable mainly when immobile.
Tactile flow within stroked shapes is similar to that within linear grating textures
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but slightly weaker due to the limited width of the stroke. Motion cues are hence
perceptible with sharp-edged, wide strokes (e.g. 10 mm) but otherwise very subtle.
As expected, oversized superposed motion cues greatly improve the salience of the
tactile flow for thinner strokes. Superposed motion cues are similarly effective with
dotted shapes but dot motion prevents contour following and is subtle even with large,
widely-spaced dots.
Speed-based reactive textures with a delayed onset of approximately 500 ms result
in smooth, artefact-free transitions and may well be useful to allow the focused exploration of a drawing’s details. Velocity-based reactive textures are similarly effective
at conveying directional information when configured such that low-speed modulation
either favours a non-disruptive rendering, such as a non-vibrating pattern, or toggles
between both states to avoid unnecessary transitions.
The interactive display of an audio-tactile map highlighting either the continents or
specific regions was evaluated in [211] and much appreciated by the participants. The
possibilities offered by such interactive use of virtual tactile graphics have also raised
much interest with tactile graphics practitioners.

9.8 Conclusion
This chapter introduced extensions to the framework presented in Chapter 8 that take
advantage of the novel opportunities for dynamic and interactive content afforded by
virtual tactile graphics. Tactile flow was first produced within textures, stroked shapes,
and dotted shapes through the motion of tactile features either inherent to the patterns
or superposed with compositing operations. Salient motion cues were found to result
from the displacement of sparse gratings within textures and strokes, or their composition with fixed patterns through masking or vibration blending. Reactive textures
altering their tactile rendering in responses to the exploration behaviour where then
introduced, allowing, for example, a pattern to vibrate when slowly traced or a texture
to change depending on the direction in which it is felt. Interactive graphics allowing the content of a canvas to alternate between two representations at the press of a
button were finally briefly discussed. Swappable graphics were investigated in [211]
while tactile flow and reactive textures were evaluated through informal experimentation sessions with four visually impaired volunteers.
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Although preliminary results are encouraging, further studies will be necessary to
formally validate the novel rendering algorithms, determine the optimal or preferred
rendering parameters, and evaluate human performance at critical tasks such as motion
detection. Much work also remains to demonstrate the applications of dynamic and interactive rendering concepts in the context of practical tactile graphics such as maps
and mathematical diagrams. Tactile flow could supplement a drawing with directional
information, for example, indicating the direction of flow of a river or road on a map, or
subtly guide the reader’s attention towards important drawing elements. Reactive patterns could similarly convey directional information or adapt their content to the speed
of exploration, for example, vibrating when immobile or reducing complexity when
explored rapidly. Interactive graphics could with minor improvements enable complex
content to be distributed onto multiple canvases, allowing, for example, geographic
and political elements of a map to be shown separately.
The dynamic and interactive graphics concepts introduced in this chapter represent
a first attempt to exploit the novel possibilities offered by refreshable tactile graphics
produced by lateral skin deformation. Motion and animation could be extended to arbitrary patterns, perhaps allowing games or other dynamic applications to be developed.
Reactive rendering could similarly be generalized and take into account other inputs
such as the pressure applied with the reading finger. Rendering parameters such as
the amplitude of a pattern could alternatively be directly modulated by the exploration
velocity or other other inputs. Interactive controls could be further developed, allowing, for example, zooming and panning within a large, complex tactile canvas. These
dynamic rendering concepts, and others yet to be discovered, may help overcome the
limitations of conventional tactile graphics and enable virtual tactile graphics to reach
their full potential.
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Chapter 10
Conclusion
Thesis Summary
This thesis has presented contributions to the development of knowledge on lateral
skin deformation and its applications for the accessibility of textual and graphical information for visually impaired persons. Tactile rendering by lateral skin deformation
was first explored and evaluated in the context of virtual Braille, demonstrating that
reading lines of Braille dots and complete 6-dot Braille is demanding but generally
possible and suggesting future steps towards making the approach a practical alternative to conventional refreshable Braille displays. Tactile rendering was then further
developed and refined in the context of virtual tactile graphics, resulting in the design
of a dedicated haptic interface and a sophisticated rendering framework providing flexible support for traditional tactile graphics as well as more experimental tactile patterns
that take advantage of the possibilities for interactive, dynamic content afforded by the
novel approach. This work has not only demonstrated the potential of laterotactile
stimulation for the display of virtual Braille and tactile graphics, but also provided a
preliminary investigation of the ways in which this novel skin stimulation method can
be used to produce meaningful tactile sensations under computer control.
Braille
Despite the growing popularity of voice synthesis for the accessibility of textual information, Braille remains a preferred or secondary medium for many visually impaired
persons for the level of control over reading that it affords and granular view that it pro-
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vides, allowing, for example, a word’s spelling to be inspected. Computerized Braille,
however, requires effective but expensive refreshable Braille displays that generally
provide only a single line of Braille cells at a time due to size and cost constraints.
The investigation of the feasibility of producing Braille by lateral skin deformation
presented in this thesis was therefore motivated by the potential of this technology to
enable a virtual page of Braille of arbitrary size to be displayed affordably with a small
array of tactile stimulators. The long term vision of a practical laterotactile Braille
display is best conveyed through the following usage scenario.
Scenario 1. Louise is a journalist for a leading newspaper. She is writing from a press conference and trying to meet the next edition’s deadline. Until recently she used voice synthesis to revise her articles but she
missed the freedom of reading at her own pace and worried about overlooking typographical errors. She had appreciated her refreshable Braille
display but the more expensive aid wasn’t covered by her insurance and
she couldn’t afford to replace it when it broke down. She is now ignoring her noisy surroundings as she edits her article with her laterotactile
Braille display, quickly going through full pages of text with the mouselike reader attached to her portable computer. Losing her concentration
at the end of a long day, she turns a knob and increases the Braille’s contrast. She still uses voice synthesis but likes having the option of reading
Braille, especially in demanding situations like this one.
This scenario illustrates many potential advantages of laterotactile Braille displays
over conventional refreshable Braille displays and voice synthesis, including the ability to adjust the tactile appearance of Braille patterns to suit one’s preferences or aptitudes. Although this vision has yet to be fully realized, important steps towards its
concretization have nevertheless been presented in this thesis.
The display of a line of Braille dots was first demonstrated in Chapter 3 through
the design and evaluation of tactile rendering patterns consisting of travelling waves
of skin compression produced with a simplified laterotactile display formed of a linear
array of large piezoelectric actuators. This approach was then extended in Chapter 4
to the display of a line of 6-dot Braille cells by distributing virtual dots along the
rows of actuators of a general-purpose 2 D laterotactile display called STReSS2 . In both
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cases, the laterotactile display was mounted on a linear slider and activation patterns
were produced in response to exploratory movements to create the illusion of brushing against stationary objects. Formal evaluations demonstrated that reading Braille
produced by lateral skin deformation is generally possible but demanding and slow.
Results obtained with textured dot representations, however, suggest that performance
could be improved by abandoning realism in favour of contrast in the rendering of
Braille patterns. A specialized laterotactile Braille display with more forceful actuators could alternatively be devised to increase the perceived height or intensity of the
virtual Braille dots. These preliminary results and observations lead to believe that
displaying Braille by lateral skin deformation would be feasible and practical given
further efforts to refine the tactile rendering algorithms and display interfaces.
Tactile Graphics
While laterotactile Braille could improve upon them, refreshable Braille displays and
voice synthesis are widely used and fulfill basic needs for digital access to textual
information by visually impaired persons. Access to graphical information is comparatively much poorer due in large part to the limited availability and functionality of
refreshable tactile graphics interfaces. Despite much experimental work on the topic,
the refreshable display of tactile graphics remains an open research problem with few
interfaces available commercially and none having gained widespread acceptance for
a variety of practical reasons. Tactile graphics therefore remain available almost exclusively on physical media such as embossed paper and are hence much less flexible
and immediately accessible than their visual counterparts. The investigation of virtual
tactile graphics by lateral skin deformation presented in this thesis was therefore motivated by the potential of this technology to adequately address the unmet needs of
the visually impaired community for computerized access to graphical content. The
long term vision for laterotactile graphics is best conveyed through the following usage
scenarios.
Scenario 2. Robert is planning a visit to a travel agent in a part of town
that he is unfamiliar with. He uses a popular online mapping system to
trace a route from his house to the travel agent. As he explores the map
with the Tactograph, he notices the pulsating icons representing his origin
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and destination on the map. He traces the selected route with his index
finger, exploring along the way to feel buildings and other landmarks. A
smooth wave travels through the recommended path, naturally directing
his finger towards the destination. As he traverses the path, a synthetic
voice provides directions and street names. When he reaches the travel
agent’s location, Robert increases the zoom level of the map and explores
the details of the building’s surroundings. He notices the pleasant texture
of a nearby park and makes a note to visit it after the meeting. Robert now
feels ready to make the trip and is looking forward to planning his routes
for his vacation in Madrid.
Scenario 3. Alice is a manager in a large corporation. She is reviewing
an electronic document detailing the sales projections of her department
that was sent by a colleague. She uses the Tactograph to explore the layout
of the document and to direct her screen reader to different portions of the
text. She notices that the logo of the company is incorrectly positioned and
quickly moves it with a few clicks. Reaching a chart of past sales for a particular product, she explores the curve and quickly grasps the trend hidden
in the data. As she selects different portions of the curve, the sales figures
are read out-loud, confirming her impressions. She quickly annotates the
diagram, circling an important part of the curve and typing a comment
for her colleagues. Later that day she will use the Tactograph again to
prepare her slides for a presentation to the corporation’s upper management. The Tactograph has improved her independence and allows her to
communicate with her sighted colleagues using their visual language.
Scenario 4. Peter is writing a report for his 6th-grade mathematics class.
Earlier today, he learned about the different types of triangles and felt
their shape with the Tactograph. When his teacher asked him to draw an
equilateral triangle, Peter quickly drew three lines and felt them to make
sure that they had the same length. He is now reading about geometry in
an online encyclopaedia, feeling the structure of the page with the Tactograph and skipping to the section on quadrilaterals. As he reads the
text, he touches the rectangles, squares and other polygons that are shown
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on the web page. He is looking forward to finishing his assignment so
that he can play his favourite game on the Tactograph. When Peter was
younger, he enjoyed listening to stories and feeling the animated pictures
that accompanied them on the Tactograph. He would laugh at the tickling
sensation of blowing wind and remove his scared finger as he felt the buzz
of angry monsters. Now that he’s older, Peter prefers to play role-playing
games with his friends.
These scenarios highlight the strengths of virtual tactile graphics and their potential to restore equal access to information for visually impaired persons despite the
increasingly pervasive use of graphics in computer interfaces and digital documents.
Dynamic rendering is notably foreseen to be the most important novelty introduced by
virtual tactile graphics, allowing many traditional limitations to be overcome with the
use of interactive or active content and complex applications such as computer games
to be made accessible. Perhaps most importantly, the dynamic properties of laterotactile graphics could enable graphical content to be efficiently created or modified by the
visually impaired users themselves, hence greatly increasing their independence and
the amount of content available to them. Although much work remains, significant
progress towards the realization of this long term vision has been made.
This thesis has documented the gradual development and refinement of a flexible
framework for the rendering of virtual tactile graphics by lateral skin deformation.
Described in detail in Chapter 8, the framework emulates tactile features found in
conventional tactile graphics through a coherent set of tactile patterns that includes
gratings and other areal textures, raster image patterns, stroked or dotted shapes, as
well as more complex composite patterns. The framework was informally evaluated
with the assistance of four visually impaired volunteers, allowing much insight to be
gained about the strengths of laterotactile graphics as well as preferred or optimal rendering parameters. An earlier version of the framework was more formally evaluated
in Chapter 6, investigating the effect of rendering parameters on shape identification,
grating orientation identification and grating pitch scaling, and ultimately demonstrating that the shape and texture of simple tactile icons can be identified. The framework
was first introduced in a simplified form in Chapter 5 through a haptic memory game
in which cards were matched tactily rather than visually.
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Further experimental developments exploring the novel possibilities offered by dynamic tactile graphics were presented in Chapter 9. Tactile flow was first introduced
in the rendering of textures, stroked shapes and dotted shapes through the motion of
inherent or superposed tactile features. The framework was then further extended with
reactive textures that alter their rendering in response to changes in the exploration
behaviour, for example, vibrating when exploration deviates from a preferred course.
Interactive graphics were then briefly discussed in the form of alternative views of a
tactile canvas. These developments were validated with four visually impaired volunteers as part of the main evaluation sessions.
These investigations of virtual tactile graphics were conducted with the Tactograph,
a haptic interface that initially consisted of a STReSS2 tactile display mounted on a
Pantograph force-feedback device used as a passive planar carrier. An improved Tactograph designed specifically for the display of tactile graphics was presented in Chapter 7, introducing many improvements including a larger canvas and measurement of
the tactile array’s orientation and pressure applied with the reading finger.
These preliminary developments have demonstrated the potential of lateral skin
deformation for the rendering of virtual tactile graphics and hold great promise for
the improvement of the accessibility of graphical information for visually impaired
persons.
Laterotactile Rendering
The virtual display of Braille and tactile graphics for visually impaired persons has
proved to be a rich context for the empirical development of laterotactile rendering
algorithms and, more broadly, has allowed a better understanding of the relation between lateral skin deformation and tactile perception to emerge. While a fundamental
investigation of the mechanisms through which lateral skin deformation functions is
beyond the scope of this thesis, the rendering algorithms developed provide much insight for practical use of the laterotactile display technology and may inform further
studies aimed at the psychology or physiology of touch.
The synchronization of travelling skin deformation patterns with the displacement
of a laterotactile display was shown to create the illusion of brushing against stationary virtual objects such as Braille dots or grating textures. A variety of such artificial
tactile sensations were shown to be synthesizable by activating actuators as a function
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of their position on the virtual canvas alone. Directional effects were shown to be
surprisingly limited despite the fundamentally-different skin deformation patterns applied depending on the exploration direction. Lateral skin deformation was moreover
shown to allow the production of either ecologically-plausible sensations through the
smooth deflection of actuators or intense localized sensations by vibrations or abrupt
deflections. The judicious use of these very distinct types of tactile sensations was
a recurring issue in the practical use of laterotactile rendering, as exemplified by the
idiosyncratic preferences of Braille readers for either smooth or textured Braille dots.
These findings as well as the framework developed for tactile graphics may prove
useful for the extension of tactile rendering by lateral skin deformation to other domains such as the display of 3 D environments with a combination of tactile and kinaesthetic feedback.

Future Directions
This thesis represents a significant step forward in the realization of the long term
vision of virtual Braille and tactile graphics by lateral skin deformation as practical
alternatives to more established technologies for the accessibility of textual and graphical content by visually impaired persons. Much work nevertheless remains to fully
realize the potential of laterotactile rendering in these and other domains.
Braille
The rendering of virtual Braille by lateral skin deformation has reached a crossroad.
The results obtained with the rendering of 6-dot Braille are sufficiently promising to
support further studies but nevertheless indicate that reading is too difficult as currently
implemented to compete with well-entrenched technologies such as refreshable Braille
displays and voice synthesis. The work presented in this thesis suggests that laterotactile Braille could remain viable if either rendered for contrast rather than realism
— hence leveraging knowledge of the Braille code with better defined tactile patterns
— or produced on a specialized display with fewer and stronger skin stimulators. The
former approach may allow Braille and tactile graphics to be presented with the same
tactile interface, while the latter may provide more satisfying tactile sensations for experienced Braille readers. The success of laterotactile Braille will in both cases be
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contingent on a better exploitation of the technology’s differentiating strengths such
as portability and the ability to display a full page of Braille, and potentially graphics,
without added cost or encumbrance.
Tactile Graphics
The rendering of virtual tactile graphics by lateral skin deformation has been explored
extensively in this thesis and its potential for the accessibility of graphical content by
visually impaired persons demonstrated through both formal and informal evaluations.
This promising work nevertheless remains preliminary and represents only an initial
survey of the possibilities offered by lateral skin deformation in the context of tactile
graphics. While early features of the rendering framework have been formally evaluated in Chapter 6, validation of later additions has been limited to informal evaluation
sessions with visually impaired volunteers. Further investigation will be required to
formally determine preferred or optimal rendering parameters and evaluate the usability of the novel features. Despite promising early efforts on the topic, much work
also remains to demonstrate the practicality of laterotactile graphics in real-world usage scenarios such as maps and mathematical diagrams. Tactile graphics conventions
adapted to this novel medium will moreover need to be developed to facilitate the
communication of information.
The use of dynamic tactile rendering and interactive content has only been explored
superficially in this thesis but presents a wealth of untapped opportunities. Dynamic
rendering holds the potential to revolutionize tactile graphics by allowing interaction
and hence content editing, selective information presentation, zooming and panning,
and other operations taken for granted by sighted computer users but often inaccessible
to the visually impaired. Dynamic rendering could moreover allow active content to
present supporting information in an intuitive manner. These novel features are not
available on conventional static media and have hence received little attention yet.
Much more work will be necessary to fully develop their potential but the impact on
accessibility could be significant.
This thesis has also introduced the improved Tactograph as a haptic interface dedicated to the display of virtual tactile graphics. Although suitable for its purpose, the
interface could be much improved. The ergonomics of the device could be redesigned
to facilitate gliding, reduce the height of the manipulandom, and make its handling
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more comfortable. The arm-based instrumented carrier could also be replaced with a
mouse-like input device for better portability and reduced encumbrance. The use of
multiple reading fingers would also be a significant improvement but would require a
major re-engineering of the interface.
The success of laterotactile rendering for the display of tactile graphics is finally
largely contingent on the availability of adapted content. This will require further work
on the automated or semi-automated conversion of visual content, as well as the development of robust and flexible graphics authoring tools. Perhaps its most significant
strength, the immediacy of interaction with laterotactile graphics could allow content
to be created, modified and shared by the visually impaired users themselves, freeing
them from the usual dependence on content publishers.
Laterotactile Rendering
This thesis has documented the development and refinement of tactile rendering algorithms using lateral skin deformation in the context of Braille and tactile graphics.
These developments, however, represent only a fraction of the potential offered by laterotactile rendering and could be expanded with further efforts and experimentation.
The empirical findings from such experimentation will hopefully allow the development of a better understanding of the relation between lateral skin deformation and
tactile perception, which will in turn influence further refinement of tactile rendering
algorithms. The work presented in this thesis could hence have an impact not only
on accessibility and other related applications such as virtual reality, but also inform
the design of experiments aimed at gaining a better understanding of the physiological, psychological and neurological basis for this novel method for computerized skin
stimulation.
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Appendix A
Design and Optimization of the
Tactograph
This Appendix discusses in more details the design and properties of the Tactograph introduced in Chapter 7. The forward, inverse and differential kinematics of the linkage
are first derived. A closed-form expression of the resolution of the position measurement over the carrier’s workspace is then obtained. The properties of the reachable
workspace and their relation to the length of the rigid links are then discussed. The
optimal link lengths are finally selected based on the specifications of the Tactograph
and the effect on the resolution of the position measurement discussed. The appendix
closes with technical drawings describing in details the design of the carrier and tactile
display enclosure of the Tactograph.

Kinematics
The Tactograph carrier can be represented as a serial linkage with two rigid links and
two revolute joints as illustrated in Figure A.1. The length of the first and second
links is given by a and b respectively. The planar linkage has two degrees of freedom
(2 DOF). The position (x, y) of the end effector is measured indirectly through joint
angles α and β. The ratio of link lengths k = b/a and the distance to the end effecp
tor r = x2 + y 2 are used to simplify the analysis. The linkage is restricted to the
illustrated posture and therefore obeys the condition β > 0. The forward, inverse and
differential kinematics of the system are derived in turn [243].
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Fig. A.1

Geometric model of the carrier as a two-bar serial linkage.

Forward Kinematics
The forward kinematics are computed by taking the sum of the two vectors corresponding to the orientation and length of the rigid links. Given the joint angles, the
position of the end effector can therefore be expressed as:
"

x
y

#

"
=

cos α cos(α + β)
sin α sin(α + β)

#"

a
b

#
(A.1)

or alternatively as:
"

x
y

#

"
=a

cos α k cos(α + β)
sin α k sin(α + β)

#
.

(A.2)

.
Inverse Kinematics
The inverse kinematics are obtained using the law of cosines and the geometric models
illustrated in Figure A.2. Joint angle α is computed as follows:
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(a)

(b)

Fig. A.2 Inverse kinematics computations for joint angles (a) α and (b) β.

b 2 − a2 − r 2
y
− α) =
x
−2ar
2
y
a − b2 + r 2
cos(arctan − α) =
x
2ar
a2 − b 2 + r 2
y
arctan − α = ± arccos
x
2ar
y
a2 − b 2 + r 2
−α = − arctan ± arccos
x
2ar
a2 − b 2 + r 2
y
α = arctan ± arccos
x
2ar
cos(arctan

(A.3)
(A.4)
(A.5)
(A.6)
(A.7)

The smaller value corresponds to the intended posture of the linkage and the joint
angle can therefore be expressed as:
y
a2 − b 2 + r 2
− arccos
x
2ar
Joint angle β is similarly computed as follows:
α = arctan

(A.8)

207

A Design and Optimization of the Tactograph

r 2 − a2 − b 2
−2ab
2
r − a2 − b 2
cos(β − π) =
−2ab
2
r − a2 − b 2
− cos β =
−2ab
r 2 − a2 − b 2
cos β =
2ab
r 2 − a2 − b 2
β = ± arccos
2ab

cos(π − β) =

(A.9)
(A.10)
(A.11)
(A.12)
(A.13)

Again the required posture dictates that β > 0 and hence:
r 2 − a2 − b 2
2ab
The inverse kinematics are therefore given by:
β = arccos

"

α
β

#

"
=

2

(A.14)

2

+r
arctan xy − arccos a −b
2ar
2
2 −b2
arccos r −a
2ab

#

2

(A.15)

or alternatively by:
"

#

α
β

"
=

2

2

)+r
arctan xy − arccos a (1−k
2ar
2
2
2)
arccos r −a2ka(1+k
2

2

#
(A.16)

Differential Kinematics
The Jacobian is computed by taking the partial derivatives of the forward kinematics:

"
J=
"
=
or alternatively:

∂x
∂α
∂y
∂α

∂x
∂β
∂y
∂β

#

−a sin α − b sin(α + β) −b sin(α + β)
a cos α + b cos(α + β) b cos(α + β)

(A.17)
#
(A.18)
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"
J =a

− sin α − k sin(α + β) −k sin(α + β)
cos α + k cos(α + β)
k cos(α + β)

#
(A.19)

Spatial Resolution
The spatial resolution of the Tactograph carrier is estimated by computing for each location on the reachable workspace the maximal position error introduced by a singlecount measurement error in one or both joint encoders. As illustrated in Figure A.3,
this entails determining the maximum of 8 possible spatial offsets resulting from different combinations of joint angle measurement errors.

Fig. A.3 Spatial offset introduced by a measurement error of a single
count in one or both joint encoders.

The symmetry of the workspace first implies that the resolution is independent of
the orientation, and therefore of joint angle α. The angle is set to 0 and the Jacobian
simplified to the following expression:

"

− sin 0 − k sin β −k sin β
J0 = a
cos 0 + k cos β
k cos β
"
#
−k sin β −k sin β
=a
1 + k cos β k cos β

#
(A.20)
(A.21)

Given joint angle errors ∆α and ∆β, the position error can then be decomposed
into its Cartesian components:
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"

∆x
∆y

#

"
= J0
"
=a

∆α
∆β

#
(A.22)

−k sin β −k sin β
1 + k cos β k cos β

#"

#

∆α
∆β

"

−k(∆α + ∆β) sin β
=a
(1 + k cos β)∆α + k∆β cos β
"
#
−k(∆α + ∆β) sin β
=a
∆α + k(∆α + ∆β) cos β

(A.23)
#
(A.24)
(A.25)

p
The position error is then computed as e(a, k, β) =
∆x2 + ∆y 2 . Using the
notation sβ = sin β and cβ = cos β for compactness, the square of the error can be
expressed as:

e2 (β) = (∆x)2 + (∆y)2


= a2 k 2 (∆α + ∆β)2 sβ 2 + (∆α + k(∆α + ∆β)cβ )2

= a2 k 2 (∆α + ∆β)2 sβ 2
+∆α2 + 2k∆α(∆α + ∆β)cβ + k 2 (∆α + ∆β)2 cβ 2

(A.26)
(A.27)




= a2 k 2 (∆α + ∆β)2 (sβ 2 + cβ 2 ) + ∆α2 + 2k∆α(∆α + ∆β)cβ


= a2 k 2 (∆α + ∆β)2 + ∆α2 + 2k∆α(∆α + ∆β)cβ

(A.28)
(A.29)
(A.30)

Assuming that identical encoders with a resolution ∆ are used, the error term can
be simplified by considering all possible combinations of ∆α ∈ [−∆, 0, +∆] and
∆β ∈ [−∆, 0, +∆]. The square of the error can then be expressed as:




k2




k 2 + 2k cos β + 1
2
2 2
e (β) = a ∆


4k 2 + 4k cos β + 1




1

if ∆α = 0 and ∆β = ±∆,
if ∆α = ±∆ and ∆β = 0,
if ∆α = ∆β = ±∆,
if ∆α = −∆β = ±∆

(A.31)
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An upper bound can therefore be found by determining the worst-case position
error for different values of k and β:
e2 (β) ≤ a2 ∆2 max fi (β)
i∈1...4

(A.32)

where

f1 (β) = k 2

(A.33)

f2 (β) = k 2 + 2k cos β + 1

(A.34)

f3 (β) = 4k 2 + 4k cos β + 1

(A.35)

f4 (β) = 1

(A.36)

It will first be shown that f1 cannot be greater than both f3 and f4 and is therefore
never maximal. f1 is greater than f4 if and only if:

f1 (β) > f4 (β)

(A.37)

k2 > 1

(A.38)

k>1

(A.39)

It is however greater than f3 if and only if:

f1 (β) > f3 (β)
k 2 > 4k 2 + 4k cos β + 1
(−3k 2 − 1)/4k > cos β

(A.40)
(A.41)
(A.42)

The left-hand side is monotonically decreasing and therefore has its maximum
at the lower limit k = 0, which results in a value of −1. This in turn implies that
cos β < −1 which is impossible by definition. It can similarly be shown that f2 is
never greater than both f3 and f4 :
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f2 (β) > f3 (β)

(A.43)

k 2 + 2k cos β + 1 > 4k 2 + 4k cos β + 1

(A.44)

cos β < −3k/2

(A.45)

f2 (β) > f4 (β)
k 2 + 2k cos β + 1 > 1
cos β > −k/2

(A.46)
(A.47)
(A.48)

These two inequalities are contradictory since −3k/2 < −k/2. The maximum
error is therefore found by comparing f3 and f4 :

f3 (β) > f4 (β)
4k 2 + 4k cos β + 1 > 1
cos β > −k

(A.49)
(A.50)
(A.51)

This inequality is always true if k > 1. It is otherwise true within the range β ∈
[0, π] when β < arccos −k. The upper bound on the position error can therefore be
expressed as:

emax (β) = a∆

p
 4k 2 + 4k cos β + 1

if β > arccos −k or k > 1,

1

otherwise.

(A.52)

Alternatively, the position error can be expressed in terms of the distance r between
the end effector and the origin. Using the inverse kinematics of the linkage, condition
A.51 can be rewritten as:
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cos β > −k
r2 − a2 (1 + k 2 )
> −k
2ka2
r2 − a2 (1 + k 2 ) > −2k 2 a2

(A.53)
(A.54)
(A.55)

r2 > −k 2 a2 + a2

(A.56)

r2 > a2 (1 − k 2 )
√
r > a 1 − k2

(A.57)
(A.58)

The first term of the position error can similarly be rewritten as:

r
p
r2 − a2 (1 + k 2 )
+1
a∆ 4k 2 + 4k cos β + 1 = a∆ 4k 2 + 4k
2ka2
r
2r2
= a∆ 4k 2 + 2 − 2 − 2k 2 + 1
a
r
2r2
= a∆ 2k 2 + 2 − 1
a
p
= ∆ 2r2 + a2 (2k 2 − 1)

(A.59)
(A.60)
(A.61)
(A.62)

The maximum position error, or resolution, can therefore be written either in terms
of joint angle β:

emax (β) = a∆

p
 4k 2 + 4k cos β + 1

if β > arccos −k or k > 1,

1

otherwise;

(A.63)

or equivalently in terms of the radial distance r:
p
 2r2 + a2 (2k 2 − 1) if r > a√1 − k 2 or k > 1,
emax (r) = ∆
a
otherwise.

(A.64)

Inspection of Equations A.63 and A.64 shows that the resolution increases mono-
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√
tonically from a minimum of a∆ 4k 2 + 4k + 1 as the linkage bends from its fully
extended position. The maximal resolution of a∆ is reached when β = arccos (−k),
√
or equivalently r > a 1 − k 2 , and maintained as the linkage is further bent. The
resolution moreover decreases as the length of the links is increased.

Reachable Workspace
A two-link planar linkage has a reachable workspace in the shape of an annulus. The
bounds of the circular workspace are first derived while taking into account constraints
imposed by the design of the Tactograph. A rectangular workspace is then fitted within
the circular workspace, allowing optimal link lengths to be determined for any ratio k.
Annular Workspace
The reachable workspace of a two-link planar linkage has an annulus shape with
bounds determined by the position of the end effector when completely folded or extended. The physical design of the Tactograph imposes three further constraints:
1. A distance Rmin must be maintained between the end effector and the first joint
to prevent contact between the tactile display enclosure and the linkage fixture.
2. The range of motion of the second joint must be restricted to prevent contact
between the rigid links.
3. A clearance of D must be maintained between the center of the slider and the
first link.
The upper and lower bounds of the annulus-shaped workspace are determined by
these three constraints. The first constraint imposes a lower bound on the distance r:
r > Rmin

(A.65)

The second constraint imposes bounds on r corresponding to the extreme positions
of the arm (Figure A.4a). Given joint angle β and referring to Figure A.4b, the distance
r can be expressed as:
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(a)

(b)

(c)

Fig. A.4 (a) Workspace resulting from a restriction in the range of β, (b)
computation of distance r as a function of β, and (c) computation of the
lower bound of r necessary to maintain a clearance D between the first link
and end effector.

p
a2 + b2 − 2ab cos(π − β)
p
= a2 + b2 + 2ab cos β
p
= a k 2 + 2k cos β + 1

r=

(A.66)
(A.67)
(A.68)

The workspace is therefore restricted to the range:
p
p
a k 2 + 2k cos βmax + 1 < r < a k 2 + 2k cos βmin + 1

(A.69)

The third constraint finally imposes a further lower limit on the distance r. Referring to Figure A.4c, the minimal distance r required to maintain a clearance of D
between the center of the slider and the first link can be expressed as:
q
√
r > D2 − (a − k 2 a2 − D2 )2

(A.70)

Taking all three constraints into consideration, the reachable workspace can be
expressed as:
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(A.71)

where

rmin

rmax

 p


a k 2 + 2k cos βmax + 1


= max Rmin

q


 D2 − (a − √k 2 a2 − D2 )2
p
= a k 2 + 2k cos βmin + 1

(A.72)

(A.73)

Rectangular Workspace

Fig. A.5 Geometric properties of the largest rectangular workspace fitting
within an annular workspace.

The design of Tactograph requires a rectangular workspace to be fitted within the
annular workspace of the serial linkage. Equation A.64 indicates that the resolution
decreases with the distance from the origin as well as the length of the links. For
optimal resolution, the rectangular workspace should therefore be placed as close as
possible to the first joint and occupy as much of the annular workspace as possible so
as to minimize the length of the links. The relation between the dimensions w × h of
the largest rectangular workspace and the bounds of the annular workspace rmin and
rmax is illustrated in Figure A.5 and expressed mathematically as:
2
rmax
= (w/2)2 + (h + rmin )2

(A.74)

This equation can be used in combination with Equation A.71 to numerically
search for the minimal length of the first link a necessary to respect all constraints
for a given set of link ratio k and workspace dimensions. The offset rmin , and hence

216

A Design and Optimization of the Tactograph

the location of the rectangular workspace, can then be computed.

Linkage Optimization

(a)

Fig. A.6 Points of minimal and maximal resolution within the rectangular
workspace.

Since the resolution decreases with the distance from the origin, the design of the
linkage can be optimized for spatial resolution by considering the effect of parameter variations on only the points closest and furthest away from the first joint within
the rectangular workspace. This corresponds to the two extreme points illustrated in
Figure A.6.
As previously noted, the minimal length a and workspace offset rmin necessary
to respect the constraints of the Tactograph design can be computed for a given link
length ratio k. The resolution, or maximum position error, at the two points of interest
can therefore be plotted against different value of k to find optimal link lengths.
This optimization process is performed using the following specifications of the
Tactograph:
1. The workspace is rectangular and letter-sized: w = 279.4 mm, h = 215.9 mm.
2. The range of motion of joint angle β is restricted to 140°: βmin = 20◦ , βmax =
160◦ .
3. The tactile display enclosure and the first encoder have a radius of 66.5 mm and
14.1 mm respectively. The minimal distance between the end effector and the
first joint is therefore set to 120 mm to prevent any risk of contact: Rmin =
120 mm.
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4. The base of the end effector has a radius of 37.5 mm and the first link a width of
12.7 mm. The minimal clearance is therefore set to 50 mm: D = 50 mm.
5. The high-resolution encoders have 65,536 counts per revolution: ∆ = 19.8 00 .
Figure A.7a shows the effect of variations of the link length ratio k on the minimal
and maximal resolution over the workspace. The minimal resolution is optimal at
47.8 µm with k = 0.57 and a = 234.23 mm. The maximal resolution, on the other
hand, is optimal at 19.6 µm with k = 0.81 and a = 204.16 mm. Figure A.7b illustrates
the effect of scaling both link lengths by a factor g and confirms that the shortest link
lengths are optimal.

Fig. A.7 Minimum and maximum resolution within the workspace as a
function of (a) link length ratio k and (b) link length scaling factor g.

Given the small effect on resolution, the length of the links is optimized for the
maximal resolution point such that the first link is shorter and encumbrance reduced.
The link lengths are set to a = 210 mm and b = 170 mm (k = 0.81), resulting in a resolution ranging from 20.2 to 50.6 µm over the workspace as illustrated in Figure A.8.
The rectangular workspace is offset by 120 mm and therefore extends horizontally
from -139.7 to 139.7 mm and vertically from 120.0 to 335.9 mm.

A Design and Optimization of the Tactograph

Fig. A.8 Resolution of the Tactograph carrier over its rectangular
workspace.
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Technical Drawings
The following technical drawings describe in details the design and specifications of
the different components of the Tactograph carrier and enclosure.
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Appendix B
Wavelength Distortion in Grating
Textures
This appendix provides additional details about the distortion of a grating texture’s
spatial wavelength, which was first introduced in Section 8.4.1. The wavelength of a
grating is distorted by redefining the position x along the grating waveform g(x) such
that the spatial frequency is scaled by a factor k(x). More precisely, distortions are
introduced through a position transform x0 (x) resulting in a scaling of distances such
that δx0 = k(x)δx. The position transform is therefore given by:
Z

0

x (x) =

k(x) dx

(B.1)

Wavelength distortions are used to create either a gradual change or a peak in a
grating’s frequency, as described below.

Gradual Change
A gradual scaling of a grating’s spatial frequency is obtained by linearly increasing (or
decreasing) the scaling factor k(x) from 1 at point x0 to K at point x1 = x0 + L as
illustrated in Figure B.1:

k(x) =







1
1+

K−1
(x
L

K

− x0 )

if x ≤ x0 ,
if x0 < x ≤ x1 ,
otherwise.

(B.2)
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(a)

(b)

Fig. B.1 (a) Plot of the scaling factor k(x) resulting in (b) a linear increase
in grating frequency.

The position transform is then obtained by piecewise integration:

Z

0

x (x) =

=

k(x)dx




x+

(B.3)
x + k0
− x0 x) + k1
Kx + k2

K−1
(x2 /2
L







x + k0
=
x + K−1
(x − 2x0 )x + k1
2L


Kx + k2

if x ≤ x0 ,
if x0 < x ≤ x1 ,
otherwise.
if x ≤ x0 ,
if x0 < x ≤ x1 ,
otherwise.

(B.4)

(B.5)

Constant k0 is set to 0 such that the position is unmodified prior to reaching x0 :

0

x (x) =







x+

x
− 2x0 )x + k1
Kx + k2

K−1
(x
2L

if x ≤ x0 ,
if x0 < x ≤ x1 ,
otherwise.

(B.6)

Constant k1 is set such that x0 (x) is continuous at x = x0 :

K −1
(x0 − 2x0 )x0 + k1
2L
K −1 2
k1 =
x
2L 0

x 0 = x0 +

(B.7)
(B.8)
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Equation B.6 can then be simplified:

x+

K −1
K −1 2
K −1
(x − 2x0 )x + k1 = x +
(x − 2x0 )x +
x
2L
2L
2L 0
K −1 2
=x+
(x − 2x0 x + x20 )
2L
K −1
=x+
(x − x0 )2
2L

(B.9)
(B.10)
(B.11)

Hence,

0

x (x) =







x
x+

K−1
(x
2L

2

− x0 )
Kx + k2

if x ≤ x0 ,
if x0 < x ≤ x1 ,
otherwise.

(B.12)

Constant k2 is finally set such that x0 (x) is continuous at x = x1 :

x1 +

K −1
(x1 − x0 )2 = Kx1 + k2
2L
K −1 2
x1 +
L = Kx1 + k2
2L
K −1
x1 +
L = Kx1 + k2
2

(B.13)
(B.14)
(B.15)

K −1
L
2
K −1
= −(K − 1)(x0 + L) +
L
2
= −(K − 1)(x0 + L/2)

k2 = −(K − 1)x1 +

(B.16)
(B.17)
(B.18)

The position transform x0 (x) can therefore be rewritten as:




x
x (x) =
x + (K − 1)(x − x0 )2 /2L


Kx − (K − 1)(x0 + L/2)
0

if x ≤ x0 ,
if x0 < x ≤ x1 ,
otherwise.

(B.19)

247

B Wavelength Distortion in Grating Textures

(a)

(b)

Fig. B.2 (a) Plot ot the scaling factor k(x) resulting in (b) a peak in grating
frequency.

Peak
A peak in a grating’s spatial frequency or wavelength is obtained by linearly increasing
(or decreasing) the scaling factor k(x) from a peak of K at xc to 1 at outer points
x0 = xc − L and x1 = xc + L as illustrated in Figure B.2:


1



 1 + m(x − x )
0
k(x) =
 K − m(x − xc )




1

if x ≤ x0 ,
if x0 < x ≤ xc ,
if xc < x ≤ x1 ,
otherwise.

(B.20)

where m = K−1
is the slope of the transition. The position transform is then
L
obtained, once again, by piecewise integration:



x + k0



Z
 x + m( x2 − xx ) + k
0
1
2
x0 (x) = k(x)dx =
x2

Kx − m( 2 − xxc ) + k2




x + k3

if x ≤ x0 ,
if x0 < x ≤ xc ,
if xc < x ≤ x1 ,
otherwise.

(B.21)

Constant k0 is set to 0 so that the position is unmodified prior to reaching x0 .
Constant k1 is set such that x0 (x) is continuous at x = x0 :
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x0 = x0 + m(
k1 =

x20
− x20 ) + k1
2

mx20
2

(B.22)
(B.23)

This allows the following simplification to be made:

x2
mx20
x2
x + m( − xx0 ) + k1 = x + m( − xx0 ) +
2
2
2
m 2
2
= x + (x − 2xx0 + x0 )
2
m
= x + (x − x0 )2
2

(B.24)
(B.25)
(B.26)

Constant k2 is similarly set such that x0 (x) is continuous at x = x1 :

xc +

x2c
− xc xc ) + k2
2
x2c
= (K − 1)xc + m + k2
2
m 2
= (K − 1)xc + (xc ) + k2
2
m
m 2
= L − (K − 1)xc − (x2c )
2
2
m 2
2
k2 = (L − xc ) − (K − 1)xc
2

m
(xc − x0 )2
2
m
(xc − x0 )2
2
m 2
L
2
k2

= Kxc − m(

(B.27)
(B.28)
(B.29)
(B.30)
(B.31)

This once again allows the following simplification to be made:

x2
x2
m
Kx − m( − xxc ) + k2 = Kx − m( − xxc ) + (L2 − x2c ) − (K − 1)xc
2
2
2
(B.32)
m
= Kx − (x2 − 2xxc − L2 + x2c ) − (K − 1)xc (B.33)
2
m
= Kx − ((x − xc )2 − L2 ) − (K − 1)xc
(B.34)
2
Constant k3 is finally set such that x0 (x) is continuous at x = x1 :
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Kx1 −

m
((x1 − xc )2 − L2 ) − (K − 1)xc = x1 + k3
2
m
Kx1 − (L2 − L2 ) − (K − 1)xc = x1 + k3
2
Kx1 − (K − 1)xc − x1 = k3

(B.35)
(B.36)
(B.37)

k3 = (K − 1)(x1 − xc )

(B.38)

k3 = (K − 1)L

(B.39)

The position transform x0 (x) can therefore be rewritten as:

x0 (x) =








x


kx −





m
((x
2

m(x−x0 )2
2
2
2

x+
− xc ) − L ) − (K − 1)xc
x + (k − 1)L

if x ≤ x0 ,
if x0 < x ≤ xc ,
if xc < x ≤ x1 ,
otherwise.

(B.40)

Substituting m = (K − 1)/L, we finally obtain:

Z
k(x)dx =








kx −





x
2
0)
x + (K−1)(x−x
2L
K−1
((x − xc )2 − L2 ) −
2L

(K − 1)xc

x + (k − 1)L

if x ≤ x0 ,
if x0 < x ≤ xc ,
if xc < x ≤ x1 ,
otherwise.
(B.41)

=








kx +





x
x+
K−1
(L2
2L

(K−1)(x−x0 )2
2L

+ 2Lxc − (x − xc )2 )
x + (k − 1)L

if x ≤ x0 ,
if x0 < x ≤ xc ,
if xc < x ≤ x1 ,
otherwise.

(B.42)
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