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Foreword

ISO 9241-910:2011(E)

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and

nom-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the

Intgrnational Electrotechnical Commission (IEC) on all matters of electrotechnical standardization,

Intgrnational Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The¢ main task of technical committees is to prepare International Standards. Draft/International|Standards
adopted by the technical committees are circulated to the member bodies forwvoting. Publication as an
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onomics of human-system interaction.

Lal display terminals (VDTs):

Part 1: General introduction

Part 2: Guidance on task requirements

Part 4: Keyboard requirements

Part 5: Workstation layout and postural requirements
Part 6: Guidance on the work environment

Part 9: Requirements for non-keyboard input devices
Part 11: Guidante,on usability

Part 12: Présentation of information

Part 13: User guidance

Part 14: Menu dialogues

rnational Standard requires approval by at least 75 % of the member bodies easting a vote.

pntion is drawn to the possibility that some of the elements of this document may be the subje¢t of patent
rights. ISO shall not be held responsible for identifying any or all such patent rights.

9241-910 was prepared by Technical Committee ISO/TC,159, Ergonomics, Subcommiftee SC 4,

D 9241 consists of the following parts, under the general'titte Ergonomic requirements for office work with

Part 15: Command dialogues
Part 16: Direct manipulation dialogues

Part 17: Form filling dialogues

ISO 9241 also consists of the following parts, under the general title Ergonomics of human-system interaction:

Part 20: Accessibility guidelines for information/communication technology (ICT) equipment and services

Part 100: Introduction to standards related to soffware ergonomics [Technical Report]

Part 110: Dialogue principles
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— Part 129:
— Part 143:
— Part 151:
— Part171:
— Part 210:
— Part 300:

Guidance on software individualization

Forms

Guidance on World Wide Web user interfaces
Guidance on software accessibility
Human-centred design for interactive systems

Introduction to electronic visual display requirements

— Part 3p2:
— Part 3D3:
— Part 3p4:
— Part 3p5:
— Part 3p6:

Terminology for electronic visual displays

Requirements for electronic visual displays

User performance test methods for electronic visual displays
Optical laboratory test methods for electronic visual displays

Field assessment methods for electronic visual displays

— Part 3D7: Analysis and compliance test methods for electronic visual display$

— Part 3p8:
— Part 3D9:
— Part 3[10:
— Part 4p0:
— Part 4f10:
— Part4fi1:
— Part 4p0:
— Part 9[10:

— Part 9pR0:

Surface-conduction electron-emitter displays (SED) [Technical Report]

Organic light-emitting diode (OLED) displays [Technical Report]

Visibility, aesthetics and ergonomics of pixel defects [Technical Report]

Principles and requirements for physical input devices

Design criteria for physical input devices

Evaluation methods for the design of physical input devices [Technical Specifiction]
Selection of physical input devices

Framework for tactile and.haptic interaction

Guidance on tactile ahdyhaptic interactions

The following parts are under preparation:

— Part 1p4:

Interactive-froice response (IVR) applications

Human-centred design and evaluation methods, optical characteristics of autostereoscopic displays, and

the subjec

requiremer, analysis and compliance test methods for the reduction of photosensitive seizures are to fq

ofduture parts 230, 331 and 391.

Vi

rm
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Introduction

Tactile and haptic interactions are becoming increasingly important as candidate interaction modalities in
computer systems such as special-purpose computing environments (e.g. simulation) and assistive
technologies.

WH
sof
diff]

Thi
cer|

ile considerable research exists, it involves a wide diversity of terms, meanings of terms,
fware and hardware objects, attributes and interactions. This diversity can lead to serious
culties for both developers and users of tactile/haptic interactions.

s part of ISO 9241 provides a common set of terms, definitions and descriptions for the variou

related standards) in the design of tactile/haptic interactions. It also provides ap<overview of th

tac

lile/haptic applications, objects, attributes and interactions.

Viewpoints,
ergonomic

5 concepts

tral to the design and use of tactile/haptic interactions. It includes basic guidanee(including references to

e range of
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INTERNATIONAL STANDARD

ISO 9241-910:2011(E)

Ergonomics of human-system interaction —

Part 910:
Framework for tactile and haptic interaction

1

Scope

This part of ISO 9241 provides a framework for understanding and communicating various pspects of
tactile/haptic interaction. It defines terms, describes structures and models, and gives explanations related to
the| other parts of the 1ISO 9241 “900” subseries. It also provides guidance on how various forms of|interaction
can be applied to a variety of user tasks.

It ig applicable to all types of interactive systems making use of tactile/haptic’devices and interactions.

It does not address purely kinaesthetic interactions, such as_g€stures, although it might be| useful for
understanding such interactions.

2 | Terms and definitions

For the purposes of this document, the following terms and definitions apply.

21

haptics, noun

sensory and/or motor activity based in thé_skin, muscles, joints and tendons

NOJTE Haptics consists of two parts: touch and kinaesthesis.

2.2

haptic, adj

appertaining to haptics

NOJTE While there-is no difference between haptic and tactile in most dictionary definitions, in the area of haptics,

res
the
terr

2.3

parchers and developers use haptic to include all haptic sensations, while tactile is limited to mechanical s
skin. In 1ISO 9241, the word haptic covers all touch sensations and tactile is used in a more specific manne
ns can be used together to assist in searches.

timulation of
r. Also, both

tou

ch

sense based on receptors in the skin

NOTE Cutaneous receptors are used for the perception of touch.
24
cutaneous

belonging to the skin

NOTE Cutaneous receptors respond to mechanical stimulation and temperature changes.

© 1S0O 2011 — All rights reserved
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2.5
tactile

appertaining to touch

2.6

vibrotactile
vibration-based stimulation of the skin

EXAMPLE

2.7

A cellular phone uses vibrotactile stimulation to alert the user.

kinaesthekis, noun

sense and
NOTE 1
NOTE 2
NOTE 3
2.8
kinaesthe
appertainir

NOTE 1

NOTE 2

displacement and joint angle.

NOTE 3
interchange
might fall m

29
force feed
force press

NOTE
context.

2.10

perceptual illusion

perception

211
sensory a
change ov

back

motor activity based in the muscles, joints and tendons

Kinaesthesis includes both input and output.

Receptors in the muscles, joints and tendons are used for the perception of kinaesthesis.

Muscles, tendons and joints are used for motor activity.

ic, adj

g to kinaesthesis

Types of kinaesthetic sensation arise from force, movement, position, displacement and joint angle.

Types of kinaesthetic actions include movement, exertion of*force and torque, and achievement of posit

Proprioception refers to the sense of one's own bady position and movement. This term is often u
Bbly with kinaesthesis, although the latter is concerned more with motion. The sense of balance, for exam
bre under proprioception than kinaesthesis.

nted to and detected by a user

Although this does not necessarily involve feedback, the term “force feedback” is commonly used in

that does not.correspond to a physical measurement of the stimulus source

Haptation
br timein the responsiveness of the sensory system to a constant stimulus

sed
ple,

this

212

(tactile/haptic) spatial masking
effect that occurs when a distracter stimulus, which is close to the target stimulus, degrades the perception of

the target

213

(tactile/haptic) temporal masking
effect that occurs when a distracter stimulus, which is presented immediately preceding or following a target

stimulus, d

egrades the perception of the target

© 1S0O 2011 — All rights reserved
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214
tactile/haptic object
component of an interactive system that a user can interact with haptically

215
(tactile/haptic) user interface element
entity of a user interface that is presented in a tactile/haptic form

2.16
(tactile/haptic) task primitive
fundamental action of a user for carrying ouf the tasks for which the device is designed

217
tactile label
labEl of a user interface element that is presented in the tactile/haptic modality

2.1B
tacgtile map
map that is presented in the tactile/haptic modality with input functions

NO[TE 1 The input functions include finger touching, lifting off, or moving across the map for producing position and
selgction.

NO[TE 2  Tactile maps are often used to help blind people navigate.

219
stiffness
hardness
elasticity
haptic response to interactions involving force normalto a virtual object's surface

NOJTE 1 “Stiffness” is often known as “hardness™when applied to rigid material.
NO[TE 2  “Stiffness” is often known as “elasticity” when applied to soft material.

NOITE 3  Maximum stiffness is the highest equivalent spring constant of a virtual surface that can be proyided by the
devfice without instability.

2,
burst
intgntionally short tactilefhaptic stimulation

NOJTE A burstitypically lasts between 10 ms and 1 s.
2

prqbe
object’in a virtual space that is under the control of a tactile/haptic device

2,22
spatial resolution
degree to which the physical output from a user can be utilized by the device

2.23

addressability
ability to address a specific point or set of points in a workspace

© 1S0O 2011 — All rights reserved 3
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3 Introduction to haptics

The science of haptics and the creation of tactile/haptic devices depend on knowledge of the human body,
especially on its capability to sense both touch to the skin and kinaesthetic activity in the limbs and body joints.

Figure 1 shows the relationship between the components that make up the field of haptics. The field is divided
between the study of touch and the study of kinaesthesis.

Haptics
(haptic)
I |
Touch Kinaesthesis
(tactile/cutaneous) (kinaesthetic)
I I
I I I | I I I |
Mechanigal || Thermal Chemical Electrical Body Body kimb Joint
stimulatipn || stimulation || stimulation || stimulation | |force/torque|| position direction angle

Figure 1 — The components of haptics

“Touch” in¢ludes such diverse stimuli as mechanical, thermal, chemical and electrical stimulation to the skin.
Specific ngrves and sensing organs in the skin respond to these ‘stimuli with different spatial and tempgral
resolutiong.

The kinaegthetic sense can be matched by kinaesthetic activity by which a user exerts force or torque on|an
object extgrnal to the active body part. With the combination of kinaesthetic sensing and kinaesthetic actiyity,
the user can detect the force and torque with which'\the body resists the force and torque of a tactile/haptic
device. LiKewise, by imposing a measured forcetand torque on an object, the user can determine macro
properties puch as its inertia.

Kinaesthegis is thereby bi-directional, both.sensing the environment and actively manipulating it in a two-way
exchange ¢f information and action.

NOTE 1 Active touch involves kinaesthesis, passive touch does not. Active and passive touch are often very useful
concepts by which to distinguish linteractions. In interactions, it is not always possible to identify the two concepts with
particular dgvices. Depending ab-the task, one form of touch might be superior to another.

NOTE 2 Interaction with¢tactile/haptic devices might use different combinations of these haptic components at mulfjple
points of contact.

NOTE 3 [See Annex C for the details of the physiology of human haptics.

4 © 1S0O 2011 — All rights reserved
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4 Human haptic exploration

4.1 Importance of the haptic sense

Haptics is of great importance for human life, much more so than is generally recognized. For instance, when
you are searching for an object in your pocket or bag without the help of vision, haptics is engaged. When you
identify the object you wanted, grasp it with suitable force and take it out, your actions are based on haptics.
This sense can identify common objects quite efficiently, with near perfect discrimination within a few seconds,

especially when the observer has some expectation about the options.

By
the

palpating the surface of a body, a physician can obfain information about the conditions of Org
skin and fat layers, conditions that cannot be perceived visually.

The haptic sense can also allow remote touching, as when a distant object is probed with-4 tool. Fg

ayv

Th
hu
act
diff]
for

Ho

sually impaired person may use a cane to perceive the properties of the ground at the\{ip of the

hands, in particular, have had an enormous importance in the biological and cultural deve

an beings in their contact with the environment. They are at the same time-useful for both perg
on in a continuous interaction with the environment. A hand has an impressive ability to ada
erent kinds of manipulation tasks, from very small ones requiring high¢precCision to large ones W
ces are needed. The actions are at all times guided by haptic feedback:

vever, haptics within computer applications is new compared te Visual and auditory interactions

relatively limited. Present-day tactile/haptic devices still need much development before they can

the

capacity of the haptic sense.

Tolich is also often used to confirm information we gain about the reality of the world.

4.2

4.2

Ha
in
pe

Haptics and vision

1 Similarities and differences between-haptics and vision

ptics has many properties in common.with vision. It can be used to locate objects in relation to th

near space (but only within arm's reach unless a tool is used), to find edges separating surfa
eive the size and form of objects (that are not too large to be explored by a person). In perceiv

jans under

r example,
cane.

opment of
eption and
bt to many
here large

and is still
fully utilize

e observer
ces and to
ng texture,

C
ha;Ltics not only matches vision but is, in many conditions, superior to it.

In
un
pe

some tasks, haptics lags ‘considerably behind vision or cannot perform the task at all. For example, it is
ble to be used to get’an overview of a scene, perceive 3D space beyond arm's reach, perceive|colours, or
ceive edges in a.2D picture without embossment.

In
as
obs

bther tasks,thaptics is superior to vision. With haptics, we can directly judge the weight of obje¢ts, as well
their hardness and temperature. Vision can to some extent perceive such object properties, but only by
erving ‘another person's actions.

4.212° Co-location of visual and haptic space

In the real world, objects are usually perceived to occupy the same location visually and tactually but, in virtual
worlds, this is not necessarily the case. The visual object can be located on a screen, while the haptic object
has another location — presented on a tactile/haptic device by the side of the keyboard, for example.
Advantages of co-location have been shown for object targeting and for perception of form. Informally, it has
also been found that performing tasks such as finding knobs and regaining contact with lost virtual objects
was facilitated under co-location conditions.

Combining the visual and haptic modalities can enrich a user's perception of a scene. The visual sense might

dominate at first, allowing a quick overview of a scene and identification of objects in the scene. But a tactile
display can allow a more rapid judgment of the texture of an object. The relative distances of objects can be

© 1S0O 2011 — All rights reserved
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perceived haptically within personal space, reinforcing visual judgment of the distances. Then object
properties such as mass and deformability can be confirmed only through the haptic sense.

EXAMPLE A pianist, when sight-reading music, relies on haptics to locate the position of the notes on the keyboard,
but, while playing from memory, utilizes visual and haptic modalities together, making the performance more relaxed and
thus enriching it.

4.2.3 Implications for haptic displays

The differences between V|3|on and haptlcs make it hazardous to simply render copies of V|sual objects in
order to pre
more complex ones. It is important that the creation of effective haptic scenes involves the haptic
consideratjon of their properties. An effective visual rendering of a scene is no guarantee that the same'sc
can be sudcessfully rendered in a haptic sense.

Advantage| can be taken of the ability of the body to quickly coordinate cross-modal maps of(its environmgnt.
Both visua| and tactile senses can work together to allow a more rapid location of a stimulus'than is possible
with eithermodality alone.

Other prediction experiments have shown that dynamic tactile information can_be)used to reorient viqual
attention, gnd that dynamic visual information can be used to accurately reorienttactile information.

4.3 Manual exploration of objects
The movements of an observer during haptic exploration of the envirenment are typically not random, but gre
specifically] directed to acquire desired information. These movement patterns, called exploratory procedures,
consist of @ number of basic procedures such as

a) lateral|motion for perceiving texture,

b) pressyre for perceiving hardness,

c) unsupported holding for perceiving weight,

d) enclodqure (enclosing an object in a hand or both hands) for perceiving global shape and volume, and
e) contoyr-following for perceiving global shape and exact shape.

Tactile/haptic devices might limit’ the exploratory procedures that are available to a user, significaptly

decreasing exploratory performance. Special training in the movements useful for specific displays ¢an
partially compensate for this,lack.

4.4 Traiping in exploratory procedures

Texture is |esscof’a problem for the perception of objects than is shape. This might be because the exploratory
procedure [for-{exture is much srmpler than that for shape When explormg for texture the user might make
arbitrary \JVGIIIUIILO UVTIT ll A>3 \JUJGULO aui’l‘auc, VVhIIU UAPIUIIIIH I\JI =1} IGFU IU\.{UIIGO \.iullc OPUUIII\J LRRAAA>IRRA] tS
However, training in appropriate exploratory procedures for a given shape can result in much better
performance. This is important to consider when evaluating haptic displays, as there is a risk of under-
estimating the usefulness of a device if the users have insufficient experience with the device.

6 © 1SO 2011 — All rights reserved
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4.5 The problem of getting an overview of a scene with haptics

One of the most difficult problems with haptics in many practical contexts is gaining an overview of a scene. In
vision, this overview is carried out almost instantaneously. There are situations where a “haptic glance” (short
contact with the object) can provide something of the same quality as vision, especially when the observer has
hypotheses about the object in question. However, it is usually a laborious and time-consuming task to identify
objects in more complex conditions using haptics alone. It is often useful to enhance haptics with auditory or
visual information. For instance, there could be verbal or textual information about the object, or instructions
about how to explore the scene.

N
U

4. 0 DTy atatio a0SOIU o][0

cl

Haptic perception is based on many kinds of sensors in the skin, as well as in the muscles, tendons|
A minimum of physical stimulation, called absolute threshold, is needed to get the sensors to read
messages providing experience for the observer. Many physical events can stimulatethe skin, from a light
brush stroke to pressure from points, edges, corners and curvature. They might cause skin mjotion, skin
strg¢tch or vibration, and require different amounts of energy to be perceived. The spatial acuity of the skin has

and joints.
t and send

been found to be around 1 mm. In general, the hand is not as good in spatial discrimination as thg
befter than the ear. With regards to temporal discrimination, the hand is better-than the eye, but
than the ear.

The¢ skin is a large sense organ and its different parts vary in sensitivity. The fingertips are amon

eye but is
boorer at it

g the most

sensitive parts and best suited to exploring the environment. The.lips and the mouth are also very sensitive.
This particular sensitivity has recently been utilized by the development of a tactile/haptic device that is to be
plaged in the mouth. Less sensitive parts of the body, such as.the stomach and back, have also begn used as
locgtions for tactile/haptic devices, but spatial resolution inthese locations is much lower than in|the hands
and mouth.

It i$ important to consider the age of potential users of tactile/haptic devices, since there is a cgnsiderable
degline in haptic sensitivity with age.

4.1 Minimum differences needed for perception

A minimum of physical difference between two stimulations is necessary for an observer to expgrience the
difference. This is called the difference threshold or “just noticeable difference” (JND).

EXAMPLE 1 In discerning the-difference in the direction of two forces, the difference is at least 33° in grder for the
difference to be detected.

EXAMPLE 2 In comparing objects by squeezing them, the resistance force in one is about 7 % larger than in the other
in drder for the difference’to be detected.

4.8 Perception of geometric properties of objects

Object properties can be divided into geometric and material properties. Size and shape are| geometric
prgperties commonly used for the identification of objects. In the real world, the exploratory procedures of
enclesure-and-conteurfollewing-are—tsed-te-gain-this-infermation—Hhese—prosedures—are-noetalways possible
with current haptic displays. Perception of shape is possible with such displays but is less efficient and more

time-consuming than in the real world. One key reason for this is that most tactile/haptic devices offer a single
point of contact.

4.9 Perception of weight

Haptic perception of weight has been studied since the nineteenth century. Such studies recently took a new
direction in considering how people judge weight on the basis of wielding the object to be judged. The
stimulation in this case is the resistance to the rotational torque picked up by the haptic system. Properties
such as the length of a rod or the form of an object can be judged by wielding the rod or object. The amount of
liquid in an opaque container can be judged by haptics alone when the container is shaken.

© 1S0O 2011 — All rights reserved
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4.10 Perception of material properties

An object's surface can have many material properties. It can vary from hard to soft, as well as from smooth to
rough. The latter property is called texture, and depends on the microstructure of the surface — regular or
irregular deviations from complete evenness. Microstructure can be contrasted with macrostructure that gives
shape. Soft’/hard and smooth/rough are the two main perceptual dimensions of haptically perceived objects.
Another is sticky/slippery, based on the degree of resistance a surface makes to movements along it. There
have been efforts to render thermal properties, but they have so far not been very successful.

In the real world there are complex interactions between the haptic, visual and auditory senses when texture
is perceiv Sometimes +hny r-nmplnmnnf each-other-sometimes +hn\ll are-inconflict-and-one-can-dominate
the others| The combined effects of all three aspects have to be taken into account when multisensory
rendering ip being considered.

Texture is typically perceived when a textured surface is in direct contact with a rubbing finger. But_téxture ¢an
also be perceived in other ways, such as by means of a hand tool — a rigid link between skin ‘and surfdce.
This methqd can be useful in virtual environments for rendering texture.

In contrast|{to shape, virtual surface properties are relatively easy to judge by haptics-ih ‘both real and virfual
worlds. In an experiment where the roughness of both real and virtual sandpaper.was explored with a stylus,
the judgements were very similar. However, there are sometimes problems with Tendering complex, realistic
haptic textdires.

4.11 Number and size of contact surfaces in tactile/haptic devices

When a hand is functioning naturally, there are several contact:surfaces, with the tips of several fingers
typically on a surface at one time. In many present-day haptic displays, the number of contacts is low and, in
most cases, it is just one. The virtual contact surface itself is also, except in a few devices, represented| by
only a singje point. This gives a contact analogue, but not arealistic simulation.

When onlyl one contact area is used, it is not possible to get simultaneous information from several confact
areas; only successive information is available.

The use of|only one finger means that enclostre cannot be used.

NOTE Enclosure is an important exploratory procedure for perceiving global shape in which several fingers grasg an
object.

Results frgm perceptual studies_have shown that the lack of spatially-distributed information across [the
contact points is more importantithan the actual number of contact points.

4.12 Summary

Even if thel haptic.sense cannot provide an immediate overview of a space and cannot cover distances out of
arm's reach, it has-great efficiency in providing information about objects and events in near space. The hands
can very ¢ompetently perform many tasks in real environments. They can judge geometric and matgrial
surface propetties by specific exploratory procedures.They can determine weight and form by wielding lthe
object and feeling its translational and rotational inertia (as in ascertaining the amount of fluid in a shaken
container).

When rendering objects and events for haptic perception, it is important to consider the special properties of
the haptic senses. Devices and software currently available provide good analogue clues that allow the partial
rendering of haptic scenes. On the other hand, they limit the ways in which the user can perceive a scene by
haptic means. Future devices might well make use of more of the haptic sensing modalities available to the
human operator.
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5 When to use tactile/haptic interactions

5.1 General

Tactile and haptic devices can be used in many different situations and for many different tasks. For some
tasks they are interchangeable, for some they can be used together and for others the nature of the particular
type of feedback means that one type is most effective.

Due to their compact size and power requirements, tactile displays offer a discrete, affordable means of
providing access to data via the sense of touch. Tactile displays are often small enough to be mounted on
other interaction devices such as a mouse, keyboard or games controller, or portable devices such as mobile
telgphones and personal digital assistants (or even on tactile/haptic devices providing force feedbagk). Tactile
infgrmation is widely used within the video gaming community as an inexpensive means @f.providing touch
feedback in handheld games controllers. Tactile sensations are crucial to success in @bject manipulation,
edge detection and texture perception. They are also implicated in more expressive and qualitatiye contexts
sugh as non-visual communication (e.g. a tap on the shoulder or a caress on the hand), and pergeptions of
praduct quality.

Tactile/haptic devices providing force feedback are typically much larger than purely tactile ones and require
more power to exert stronger forces. Therefore, they are not usually imobile. They are more|commonly
focused on simulating real world tasks, e.g. work on surgery simulation~and training. Their high fidelity and
acquracy means that they can be used to teach subtle touch-based 'skills, even when these require the
simulation of very heavy or dynamic objects.

In some respects it is easier to simulate the larger forces «tequired to interact with objects kinagsthetically
rather than the smaller cutaneous ones for tactile feedback;.$0 devices that provide force feedback can often
make more-realistic-feeling objects than tactile ones can; The following sections outline some of the major
ardas of use of tactile and force feedback displays.

5.2 Accessibility

Haptic displays can offer an alternative ‘channel through which to present information if other gsenses are
impaired. The traditional use of encedings such as Braille is effective at presenting textual [nformation
non-visually, but touch can also be used to present, or enhance, iconic and pictorial data for thpse whose
sight is limited. Alternatively, for someone with hearing problems, touch can be used to presen{ alarms or
other messages that might otherwise be given in sound. The process of sensory substitution irjvolves the
sensing of stimuli by electronic-means, transformation of the stimulus via signal processing and pfesentation
of the transformed stimulus,in“another sensory modality.

Dynamic, refreshable-Braille displays offer flexibility and independence. These can be applied to mobile
tactile/haptic devices such as tactile/haptic feedback keypads/keyboards and information display fdevices for
the| blind. The most commonly used tactile displays evoke sensations using mechanical perturbations of the
skin. This is,cemmonly done by vibrating a small plate pressed against the skin, or via a pin or an afray of pins
on [the fingertip. There are systems which give visually impaired people access to virtual maps via the Web

ake access
to material such as graphs charts or tables dlfflcult Bra|IIe is good for presentlng textual mformatlon but not
good for complex images. Visualization systems, such as line graphs or bar-charts, can be presented as
grooves that allow users to explore them to feel the shape of their data. These are very successful and they
can present information more effectively than raised paper alternatives, can be dynamic where paper cannot
be changed, and can allow users to manipulate and change data themselves, without the need for a sighted
helper.
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5.3 Desktop interactions

Haptic feedback can be used in graphical user interfaces for desktop computers, e.g. using a vibrating mouse.
While the effect of vibration on the acquisition of single targets might not significantly reduce targeting time, it
can reduce the time the user spends over the target. The addition of tactile feedback (e.g. in the form of a
constant 200 Hz vibration when the mouse is over a target) can improve targeting speed for small, discretely
located targets. However, when multiple targets are present, tactile feedback can cause confusion and reduce
performance as the feedback from different targets interferes with one another.

Force feedback can be used to aid in the targeting of objects on the desktop graphical user interface for those
with and without sight. Different parts of the standard interface can be given haptic effects e.g—window
borders cah be given ridges to make them easier to drag, or windows can be dragged by pressing down-hjard
on them, ap if sliding paper across a desk.

5.4 Mohile interactions

Tactile fegdback is very effectively used by mobile telephones and pagers. Vibration. motors provide
notification| for incoming calls and messages. The fact that the device can be in a pocket means that viqual
displays n¢ed not be seen. The wide range of auditory environments that the phone“¢an be in means that
sometimeg sound feedback is inappropriate (e.g. in a library, the ringing sound would’/be disturbing; in a ngisy
crowd, it might not be heard at all). Tactile feedback solves many of these problems and is very popular with
users.

The use of|vibrations can be extended beyond simple alerts and alarms.@n)a phone. Touchscreen phones gre
now comnjon and have no physical keyboard. Although the keyboards used on touchscreen devices pre
based on the original physical mobile keyboards, one important feature is lost: the buttons cannot provide [the
tactile response that physical buttons can when touched or clicked. This results in much poorer tyging
performange. With the addition of extra tactile feedback, delivered by the internal vibration motor in the phone,
performange in pressing the touchscreen buttons can be returned to the level of a real, physical keyboard.

Tactile progress indicators can use tactile pulses to indicate the amount of a task (such as the loading af a
web page pr the downloading of photos) that is remaining so that the user can look at something else whilst
waiting. “Haptic emoticons” can be used to express emotions instead of graphical emoticons such as “©”.
These haptic icons can be designed to be triggered by typing the textual equivalent and can then be senf to
the vibratign motor on the phone.

Tactile feedback can be used to give-direction information. A wearable tactile vest can display navigation
information], including information on- direction, rotation, speed and acceleration. The stimulation of a single
actuator a{ the appropriate locationcan indicate direction, while a movement across several actuators ¢an
signal rotation. Changing the’-frequency, intensity or duration of the vibrations can indicate [an
increase/decrease in speed oracceleration. The accuracy of such a display is in the order of 10° — more than
sufficient tp navigate a helicopter or boat along a predefined route. Tactile feedback can be used in cars|for
lane departure warnings.and other potentially dangerous events. Drivers often respond more rapidly to tagtile
alerts than|to audio or visual ones.

5.5 Robotics

Te|er0b0ti ar human-dire ed robhaoti i an e ahlished application area fo = ile/hanti device gms
can allow an operator to handle radioactive material in a nuclear “hot box”. The operator can look through
protective glass while handling liquids in vials and using forceps, all the while manipulating handle grips on
arms slung from the ceiling.

Electromechanical tactile/haptic devices can be used as part of control stations to drive robots. Adaptation of
full tactile/haptic device feedback in this field is limited by the possibility of instability. Such instability can
cause the robot to vibrate, damaging items in its workspace. Precautions are taken to ensure the safety of any
robot system driven by a device that provides force feedback. These can include a contact sensor that detects
an operator's grip on the handle of the tactile/haptic device: if the operator lets go of the handle, the robot will
stop its activity and go into a safe mode.
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Robot-like manipulators are under the control of operators in different fields. A crane in a construction site can
be driven by an operator manoeuvring a joystick on a tool worn about the waist. Bomb disposal robots, robotic
arms in space and undersea manipulators allow action at a distance in dangerous or hostile environments. In
each of these examples, the control tends to be a set of wheels or levers matched to Cartesian coordinates, or
even joint coordinates.

Active tactile/haptic devices can be used in conjunction with minimally invasive surgery. Such systems give
valuable feedback to the operator on the location of tissues and their characteristics. They can also provide
guidance in the form of “virtual fixtures”, haptic pathways that guide the device to a target position under
control of the operator, or prevent the device from going into an area that has been declared “off limits”.

across the
r example
the patient

UnLque issues come from applications of remote operation with long time delays, e.g. “handshakes
Atlantic”. Such simple applications can involve haptic loop operation without instability. Anethg
invplves long-distance palpation of tissue, or needle insertion with the doctor in one continent.and
in gnother.

On
cor

a smaller scale, tactile/haptic devices can be used with scanning probe microscopes to “feel’| the atoms

nposing the surface of a crystal.

5. Medical

Virfual-reality-based tools in medical training have become common,*Simulators allow students
skills before trying them on real patients. They can also practise procedures that are uncommon, a
many safety benefits. Experts can also plan and rehearse patticularly complex tasks before

to practise
nd this has
they begin

practising on a patient. Simulators that only provide visual feedback miss many of the most important parts of

orming an examination or surgical procedure and haptics can be used to allow touch-based
rned in a safe way.

pe
lea

Mir
flex
vid

imally-invasive surgery (MIS), which is a very difficult skill to learn, can greatly benefit from hag
ible tools are inserted through small incisions insthe patient. Surgeons see what they are doin
b0 cameras inserted along with the tools. The tools reduce the feeling that the surgeons get

skills to be

tics. Long,
gy via small
from open

gery, but touch is critical in identifying otherwise obscure tissue planes, blood vessels, abnor

alities and

ging optimal forces to be applied for tissue manipulation. Coupling MIS tools to tactile/haptic devices and

cormplex graphical models means that training can be given in a very realistic way. Surgeons can lgarn how to
mapipulate the tools without causing.damage, the types of forces to be applied and the sensorimotor skills

neg¢ded. Recordings can also be made of their virtual surgery that can then be played back for lat
All this can be done without any-harm coming to patients during the learning process.

In the veterinary domain; researchers have developed simulators for teaching palpation and

diapnosis in horses and.eows using force feedback. In these species, pregnancy diagnosis is

exgmination done purely through touch. It is difficult for students to learn and for teachers to teac
cannot see what ¢hey are doing and teachers cannot easily tell if a student is performing the
correctly. A mistake can have serious consequences for an animal. The simulators allow students
animal's ovaries to learn what to feel for and how hard to press. They also allow the students t¢
landmarks.within the animal so that they can find the correct locations to palpate.

Haptics has also been used for the pat|ents themselves Tact|le/hapt|c deV|ces can help people rele

r analysis.

pregnancy
an internal
h; students
technique
to feel the
learn key

arn control

ing drag to

an arm, e. g to help the patlent regaln control and accuracy in movements As the patlent gets stronger the

device can offer increasing resistance, so that muscle strength can also be regained.

5.7 Gaming

Haptic interaction technology is widely used in game application interfaces. The mass marketing of games has
led to a mass market for various types of tactile/haptic devices, many of which can be used for applications
other than games. Haptic interaction technology is finding its way into games played with a computer.
Whether games of chance or virtual adventure games, the sense of touch adds a new dimension of realism to
the experience.
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A typical game involving haptic controls is driving simulation. This might involve a steering wheel as well as
accelerator and brake pedals. The roughness and profile of the road can be transmitted to the user through
hands, feet or the whole body. Indeed, such interaction is also associated with large-screen productions
through the use of motorized seats. Due to the short range of motion of such devices, the primary means of
transmission is through acceleration and jolt effects. The degree of user control over the game, such as the
path of the virtual automobile, is a matter of design and complexity.

User interaction with games of chance can be enhanced by the use of a haptic panel, in which each button
press is associated with a particular mode of vibration. One button can feel like a soft spring, the next can be a
sequence of vibrations of different frequencies, and a third button can simulate the roll of a pair of dice.

In sports sjmulators, use is made of 3D locators that allow a player to simulate, for instance, the swing. af a
tennis racKet or a golf club or the striking of a pool or billiards ball. It is difficult, but not impossible, te.grodind
such devices so that the user presses against a fixed restraint. On the other hand, the impact felt oh|hitting| an
object can|be simulated using hand-held haptic equipment. The increased sense of realism in such’situatipns
is compellipg, as long as there is close association between all modalities, i.e. haptic, visual and,audible cues.

5.8 Art and creativity

Haptics makes possible a range of novel musical instruments. Based on sensors‘and reactive compongnts
such as leyers, the devices give artists new means of expression. A “thumb piano” consisting of protruding
rods that chn be struck allow the musician to try out different gestures. A tactile/haptic device can simulate fthe
action of albow on a violin string or mimic a percussion instrument.

A “haptic gaintbrush” can allow an artist to apply virtual paint to a canvas. Force feedback allows the artisf to
apply the paint using the sense of touch as well as the eye. It is¢possible to sculpt from virtual clay models
using tactile/haptic devices. Parts can be carved out of the models by feel and sight, and new “clay”’ can|be
added to the model.

Animation poftware uses many tools to make the development of cartoons more efficient. One innovation has
the sequernce of animation tied to a line in virtual 3D _space that can be pulled and pushed by a tactile/haptic
device. By|adding varying resistance to certain motions, the sequence can be “fine-tuned” using the predise
movement|of a tactile/haptic device. In principleif-would be possible for an artist to present a creation uging
graphics apd touch sensing. Tactile/haptic devices next to a presentation could allow the observer to both $ee
and feel a pculpture, whether in virtual space of some form of “augmented reality” that has a 3D virtual display
laid on top|of an actual 3D object.

From a commercial point of view, a.company could present product catalogues with the help of tactile/haptic
devices. Ope could imagine a selection of cloth fabrics that offered the possibility of feeling the texture of the
material, of power tools whose ‘6peration could be seen and felt.

5.9 Multimodal applications and simulators

2D and 3D force feedback displays enable interaction designers to provide other means of feedback. Drivérs,
skippers of pilots§;may be trained to control a vehicle in large-scale haptic displays (simulators). For example,
a flight simulator’is a cabin mounted on top of a mechanical system (electronic motion base or hydraulid lift
system). The=simulator reacts to user input and events within the simulation As the pilot steers the aircraft,
the module he or she sits in twists and tilts, giving the user haptic feedback. Some flight simulators include a
completely enclosed module, while others simply have a series of computer monitors arranged to cover the
pilot's field of view.

To increase the sense of presence in the virtual scenes, non-visual modalities such as speech, sound or
music may be added. For example, some entertainment parks create for visitors the sense of being present in
a film scene (and even emotion) by adding realistic fire effects, fog, sudden water streams or tornados. Haptic
feedback is created by shaking the vehicles the visitors sit in or by sliding the benches they sit on.
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Multimodality refers to interaction with systems that include multiple output channels and multiple input
devices. Typically, a multimodal interaction can be performed in many ways, either replacing some modality or
adding modalities in a redundant way. For example, in the “Put That There” study, pointing at some object in a
3D scene may be accompanied by spoken commands. Users experience multimodal interactions that are
more natural, they make fewer errors and the accuracy needed for recognizing input can be improved.

Multimodal interaction is also commonly found in assistive technology for blind people and people with low
vision. Braille displays are read by exploring and reading the tactile display with fingers. Speech output is
synchronized with Braille output and reduces the number of errors and misunderstandings in interactions.
Today, planar hapt|c dlsplays are often bunt as touch sensitive input dewces and aIIow Iocahzatlon of single or
ing. A blind
¢ the line in
order to create a gesture command for switching modality. Instead of reading Braille, the ‘computer will
generate speech, and the reader who has reached the end of a Braille bar will listen to spoken-outppt.

Tagtile maps present tactile information about geographical entities through audiohaptig, interaction|. Textures,
lings and other relief structures allow bimanual exploration. Touching a tactile map” with input facilities will
generate spoken output to inform the user about, for example, the names of places and streets. A pin-matrix
deyice with more than 7 000 pins can be used to implement a tactile mdpyand update the geographic
infarmation dynamically.

6 | Designing tactile/haptic interactions
6.1 Design guidelines for tactile/haptic interaction

6.11 Human-centred design

Tactile/haptic interactions should be designed. within the context of the human-centred desigh activities
degcribed in ISO 9241-210.

6.12 Design of individual interactions

Indjvidual interactions should be designed taking into consideration ISO 9241-110.

6.113 Design of tactile/hapticinterfaces

Tactile/haptic interfaces-should be designed based on available ergonomic guidance relating to the| applicable
handware and softwaré.user interface elements, including the following:

a) | the selectionof'the appropriate dialogue techniques for the interaction;
b) | the principles and design criteria for physical input devices from 1ISO 9241-410;

c) | the'characteristics of presented information from 1SO 9241-12.

NOTE 1 Current guidance on dialogue techniques can be found in ISO 9241-14 to ISO 9241-17.

NOTE 2  Although the characteristics referred to in c) above were developed for visual displays, they can also apply to
the design of tactile/haptic input and output.

NOTE 3 Use of haptic displays can mean that more time is required to comprehend the information than with a visual
display.
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6.2 Des

igning tactile/haptic space

6.2.1 General

6.2.1.1

Tactile/haptic objects and physical, temporal and logical spaces should be in accordance with

guidance of ISO 9241-920.

6.2.1.2
in which th

a) Physi
and to
space

b) Temp
wavef
freque

the

The design of tactile/haptic interactions should consider the physical, temporal and logical spaces

ey occur.

other objects that the user might interact with. Dimensions are important in the design of phys

bral space involves the use of temporal parameters in tactile/haptic interaction /Nincluding

ncy of the stimuli, and temporal use of several tactile/haptic actuators.

cal space Mvoives the tayout, position and configuration of tactiferhaptic objects Tefative to the gser

cal

the

brm of the stimuli, the rhythm and other temporal patterns, temporal changes in thelamplitude and

c) Logical space provides a conceptual understanding of how the user interacts with objects and

inform
relatio|
indep¢

The mappi
exploration

NOTE

dimensiona
with little co
The design
unlimited th

ation. The application being used generates the logical space. It contains structured informat
ndent of modality of the rendering. Relationships are important in the design of logical space.

hg of logical space onto physical and temporal spaces might‘be.constrained by the need to bala
and presentation.

The design of interactions with video displays involves (ayout of user interface elements in limited
spaces. Because of the limitations of this space, desigti\tends to focus on the visual aspects of this lay

of tactile/haptic interactions can involve the layout @f tactile/haptic user interface elements within potent
ee-dimensional space. It also involves the design-of user actions and reactions within this space.

6.2.2 Designing logical space

6.2.2.1

6.2.2.2

Logical space should be modality=free.

The design should exposé and clearly reflect the relationships within the information.

6.2.3 Designing physical space

6.2.3.1
spatial orie

6.2.3.2
should con

ntation and direction of movement provided by ISO 1503.

The dimensions and contents of the physical space where tactile/haptic interactions take pl
sider the ability of users to act and react within this space.

NOTE

elated ergonomic guidance includes 1SO 9241-5, which provides guidance on workstation layout

on,

nships (such as linear, hierarchical or networked) and interaction, techniques. Logical space is

nce

two
but,

nsideration for the user actions required to work with thé user interface elements that are located in this space.

ally

Relationships/within physical space should comply with the ergonomic guidance with regard to

pce

nd

postural requirements, 1SO 11064-4, which provides guidance on layout and dimensions of work stations for use within
control rooms, and EN 894-4, which provides ergonomic and safety guidance on the location and arrangement of displays
and control actuators.
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6.3 Addressability and resolution in tactile/haptic interaction

6.3.

1 General

Addressability and resolution should be considered in the design of tactile/haptic interactions.

A characteristic of a tactile/haptic sensory system is that information can flow both ways. Information flow is
necessary from device to user, but there can also be a flow from user to device.

From the system perspective, both user and device have their own output addressabilities and input

respiations.
EXAMPLE A tactile display presents stimuli to the fingertips using rods set on a rectangular grid;\the re
dimlensions of the grid are established by the design of the device.

Fo
exa
adq

ap
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dyn
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6.3

each information pathway there is an addressability of the sender and a resolution of the re
mple, in the case of a device that provides force feedback, the device generates. a force with
ressability and the user perceives this force with a specific resolution. At the Same time, the use
psition with a specific addressability and the device measures this with a particular resolution.

jressability and resolution apply to all parameters of tactile/haptic\interaction, including th
amics of signals.

with any type of display, the sensations set up by the individual data points can be, and are, intg
bnceptual image, e.g. a surface.

2 Tactile/haptic output addressability

The¢ addressability of a tactile/haptic device is a physical characteristic of the device itself. It esta

ind

vidual points at which data can be presented\{data points). The data points can be arranged

appropriate to the application, e.g. in a lineararray — straight or curved — as shown in Figure 2 a),

(or

Key

more) dimensional array, as shown in Figure 2 b).

1

PIHT

a) Linear b) Two-dimensional

y
data point (point at which data are either presented or sensed)
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ceiver. For
h particular
r moves to

b temporal

grated into

plishes the
n any way
or in a two

Figure 2 — Linear and two-dimensional arrays

The spacing of addressable data points can, therefore, differ from axis to axis and, indeed, even along the
length of any axis. However, addressability does not normally vary greatly between axes on the same display
device. This is especially true where a recognizable representation of an object is required.

The addressability of a user is fixed by the user's perceptual and motor control capability.
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6.3.3 Tactile/haptic input resolution

6.3.3.1 Device

The tactile/haptic resolution of a device defines the degree to which the physical output from a user can be
utilized by the device.

6.3.3.2 User

Resolution is directly related to the disposition of a user's touch sensors in, for instance, the fingertip. The
more sensprs-perunit-area,the o i ; -

Figure 3 shows addressable data points (taxels) being sensed by human touch sensors with resolu
capabilitieg of four and nine taxels respectively.

ion

Figure 3 — Addressable data points

6.3.4 Tagtile/haptic resolution and its relationship with tactile/haptic addressability

In most capes, as illustrated for instance in Figure 3, the addressability of a device is set to be at least as f{ine
as the avdjlable human ability to resolve the data points.~This means that data points, or the gaps betwgen
them, canrot be resolved individually.

In some applications, however, where each.data point needs to be sensed by the human user and
discriminated from another, it is important {o jhave an addressability that is more widely spaced than [the
resolution that the user is capable of. The ‘simplest example of this would be two points presenting diffefent
information, e.g. “Yes” or “No”, as shown:in'Figure 4.

1 . i\)z
AN

i

1 “Yes”

2 “No”

3 human touch resolution
4  addressable data points

Figure 4 — Two points presenting different information
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With tactile/haptic devices, there is not only the need for the human user to sense (feel) information displayed
by the tactile/haptic array, but also the need to be able to impart forces to the device in reaction to resistance
to movement from the tactile/haptic device.

The ability to impart forces is necessary in order to allow the user to explore the physical characteristics of a
virtual object. Characteristics such as hardness, roughness and elasticity can be explored by applying
pressure with the fingertip (i.e. force divided by contact area). The human addressability in applying force is
less than the addressability when merely sensing, since applying force is a less precise action than sensing.

7 Userinitiated-int ive-tast orimiti

7.1 General
Users can carry out application tasks by employing one or more task primitives enabled by the tgctile/haptic
deyice and its associated software. Task primitives are provided by system functiopality to users as tools for
carrying out the tasks for which the device is designed. In any task, the user shouldsbe able to
— | search,

— | gain an overview,

— | navigate,

— | target,

— | select, and

— | manipulate.

7.4 Searching

The system should allow users to initiaie a search for a specified tactile/haptic object, for part of gn object or
for|an item of information and, once, the search has been conducted, have the required result presented to
th

NOJTE This might be contrasted with “targeting” of an object (see 7.5). To “target” an object implies finding something
that is immediately apparent; to “search” for an object implies undertaking a task of longer duration than targeting.

EXAMPLE 1 Searching by a device that provides force feedback with a single point of contact for hapt|jc objects is
supported by creating.some force directed at the centre of a haptic object not so far visited.

EXAMPLE 2 Searching for text on a Braille display involves locating strings that are possibly separated by| large gaps.
Experienced Braille readers use one finger for searching the beginning of new text (the haptic objects), and anpother finger
for havigating on haptic objects.

7.3 Overviewing

The system should allow users to get a rapid overview of the tactile/haptic objects, their layout and
relationships to each other and the user.

NOTE Providing an effective overview is important for simplifying the navigation and exploration process but can be
difficult to do using single-point-of-contact tactile/haptic devices.

EXAMPLE An overview is provided through small-scale haptic objects. The overview makes clear whether
navigation starts from outside of the haptic object or from inside the haptic object.
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7.4 Navigating

7.41 The system should allow users to move in and between tactile/haptic objects in order to find an object
and to explore the space.

7.4.2 The system should allow users to identify their location in tactile/haptic space and find the optimal
path to get to required objects or information.

NOTE 1 Navigating can be difficult and failure can result in users becoming “lost in tactile/haptic space”.

NOTE2  See ISO 9241-920:2009, 6.1.

NOTE 3 In the case of tactile/haptic interaction, navigation task primitives can enable navigation in a large number of
dimensions|e.g. degrees of freedom in physical space and multiple points of contact, including multiple body parts;

NOTE 4 The provision of an overview to start the navigation process is important. However, this can\be difficult to
provide in the tactile/haptic display being used for interaction. An additional tactile/haptic display or altérnative modalities
can be used to provide the overview.

EXAMPLE Navigation is performed by tactile/haptic devices combining a pointing device with’ tactile feedback. This
might be dgne manually, using large arrays of tactile pins supporting a sweeping movement-of fingers, or by mecharical
arms provid|ng a point of contact to be touched by a finger.

7.5 Targeting

The system should allow users to identify and find an object or item of information accurately and rapidly.

NOTE 1 To “target” an object is to find it quickly and efficiently; to “seareh” for an object is to undertake a procesp to
uncover something that is not immediately apparent.

NOTE 2  |An object can be selected following either a search forwor targeting of the object.
EXAMPLE A device that provides force feedback carries-buttons or other sensors adjoined to a single-finger point of

contact such that the hand does not move and only one‘or more other fingers are needed to activate a sensor when
targeting objects.

7.6 Selgction

7.6.1 Genheral

The system should allow usersto.select objects singly or in multiples.

NOTE This will normally.result in the de-selection of any object, or objects, previously selected, except where a s¢rial
group selection is intendedr

7.6.2 Object or function selection

7.6.21 The ‘system should allow users to select any object or function to which they currently have
access.
7.6.2.2 The system should allow users to do this separately from performing any action on the object, for

example activation.

7.6.2.3 It should be clear to which objects or functions a user currently has access. Clear feedback on
selection should be given.

NOTE This involves being able to choose one object from many and implies the ability to recognize the correct one
by means of individual characteristics.

EXAMPLE On Braille displays, selection is possible through so-called routing keys. These sensors are located next

to a Braille cell, are triggered by a pin's movements when touched or by a touch sensor built into the surface of the device,
and can be activated for selecting a Braille character or activating a menu option.
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7.6.3 Group selection
The system should allow users to select any defined group of objects to which they currently have access.

NOTE This involves being able to choose a group of objects from many and implies the ability to recognize the
correct ones by means of classes of individual characteristics.

7.6.4 Space selection

The system should allow users to select any defined portion of the tactile/haptic space to which they currently
have_access

NOJTE This involves being able to choose a portion of space from the whole and implies the-ability to draw a
boyndary around the correct portion.

7.6(5 System property selection

The¢ system should allow users to select any property of the system to which they-currently have access and
chgnge that property where permitted.

7.1 Manipulation

7.711 General

The¢ system should allow users to operate on, manage or-etherwise influence an object in ways that are
apIropriate to the task.

7.712 Zooming

Thé¢ system should allow users to change the scale of the tactile/haptic space in which they are performing a
task.

NOJTE This will have the effect of changihg the magnification of the perceived “view” and everything in it.

7.713 Reorienting

The¢ system should allow users to change the orientation of the tactile/haptic space in which they are
pefforming a task.

NOJTE This will havesthe effect of changing the aspect, and possibly also the position, of the object relative to other
objects or markers.

7.714 Moving

Th¢ system should allow users to move an object within the tactile/haptic space.

NOFE Fhis—coutd-becarriedout Iuy attauilillg avirtoat IJUiIItCI tothe—setected ubjcbt aret app:yillg forces-ir the desired
directions until the object presents the required aspect in the required new position. The pointer will then be detached from
the object.

7.7.5 Sizing

The system should allow users to change the size of an object within the tactile/haptic space.
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7.7.6 Attribute inspection

7.7.6.1 The system should allow users to inspect the attributes of objects within the tactile/haptic space
without activating them.

7.7.6.2 The system should allow users to determine which properties are modifiable and which are not.

EXAMPLE The stiffness of soft objects is inspected without the haptic object's surface becoming unrecognizable due
to any reflecting force, as in rubber-band applications.

7.7.7 Creationand-deletion

The system should allow users to create and delete objects in the tactile/haptic space, where appropriatg to
the task.

7.7.8 Modifying attributes (attributes and relationships)
The system should allow users to modify attributes of tactile/haptic objects, where apprepriate to the task.

EXAMPLE Users are able to modify the texture of an object to suit their capabilities or preferences.

8 Tactile/haptic interaction elements

8.1 General

Tactile/haptic elements are software building blocks which can be combined to generate complex patterng of
tactile/hapfic communication to acquire information from, and\convey it to, the user.

Tactile/haptic elements have two parts: tactile/haptic effects and object properties. Within tactile/haptic effgcts
there are flinctional effects and time-dependent effects. Within object properties there are general properties
and surfacg properties.

NOTE When haptic effects are at a frequency“beyond the dynamic range of user interaction, especially when bging
run at such frequencies, haptic effects are unidirectional and only present information to the user.

8.2 Tactile/haptic functional effects

8.2.1 Genheral

Tactile/haptic functionaleffects alter the generated haptic feedback as a function of the measured reaction of
the user.

NOTE 1 Effects~based on kinaesthetic perception are usually bidirectional, whereas tactile effects are usually
unidirectionr ,

NOTE 2  Since tactile effects are unidirectional only, tactile devices are often referred to as tactile displays,
emphasizing the unidirectional properties of information presentation, as with acoustic or visual displays.

EXAMPLE With an impedance-controlled device, functional effects alter the force output of a device, depending on
the position of the probe, for example to simulate a spring effect.

8.2.2 Activation and deactivation of effects

All tactile/haptic functional effects available for a certain tactile/haptic device should be able to be activated
and deactivated independently and should not influence each other.
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8.2.3 Force vector

A force vector can be added to the tactile/haptic feedback at the probe's current position independent of the
current orientation of the probe.

NOTE Where a single-point contact is involved, in terms of orientation, it usually does not matter whether the user
wears a thimble or holds a pen.

8.2.4 Force field

space and

bf the virtual

EXAMPLE 1 A gravity well is a force field that is parameterized in cubic coordinates in!space and that 3dds a force
vegtor with exponentially increasing amplitude when moving the probe towards a defined point in space.

EXAMPLE 2 A magnetic field is a type of force field that is parameterized in field(lines in the space around ja magnet.

A dpring effect should generate a force proportional to a given factor and the distance of the probg's position
from a defined point.

8.2l6 Damping effect

A damping effect should generate a force proportional to a given factor and the velocity of the probe's
mojvement.

8.2l7 Mass effect

A mass effect should generate a farce proportional to a given factor and the acceleration of the probe's
mojvement.

8.218 Temperature field

A temperature field defings a certain temperature for the tactile/haptic feedback, depending on the probe's
pogition in the virtual’space.

NOJTE The low bandwidth of common temperature displays has to be considered when designing a temperature field
typ¢ of functionakeffect.

8.3 Tactile/haptic properties of objects

8.3.1 Properties of objects
Objects can be given tactile/haptic properties.

NOTE Haptic object properties in some respects parallel terminology and applications in the visual representation of
objects, especially concerning geometric properties such as position, size and shape. In other respects, such as weight,
temperature and material properties (soft-hard, smooth-rough), haptics might be unique and provide information not
available through vision or hearing.
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8.3.2 General object properties

8.3.21 Position, shape and size

Position, shape and size can be used to differentiate between tactile/haptic objects.

8.3.2.2 Stiffness

Stiffness represents the haptic response to interactions involving force normal to an object's surface.

NOTE 1
between thg
virtual objeg

NOTE 2

can be calc
inside the vi

NOTE 3

stiffness andl spatial resolution.

8.3.3 Su

8.3.3.1

The tactilg¢/haptic object's surface can be represented usingidifferent properties. For highly reali

impression
8.3.3.2

Tactile/hag

NOTE 1

at its beginfing, and dynamic friction, a force which ‘'works continuously in the opposite direction to the movement.

dynamic frig

NOTE 2

8.3.3.3

A magneti
falls below
example, if

NOTE

his response can be linear, with a factor proportional to the penetration depth. The depth can be calculd
initial impact point (between the probe and the object) and the instantaneous position of the probe within
t. It might also be calculated by an interpolation of the probe to the closest surface of the object.

A proxy object is sometimes employed. This proxy object rests at the point of initial contact se_ that the de
ulated as the distance between the proxy object and the instantaneous probe position. As-the probe mo
Ftual object, the proxy object might roll about on the undeformed surface of the virtual object,

Achievable stiffness could be affected by mechanical friction, haptic loop frequency, inertia, mechan

face properties

General

s of virtual objects, all properties can be implemented:!

Frictional surface

tic elements can have different levels of friCtion. Friction can be modelled by various means.
Those haptic effects resulting from a frictional surface include static friction, a force which hinders movent
tion can be dependent on the velocity,of the movement.

Friction can be modelled in yarious ways.

Magnetic surface
surface attracts'the contact point of the device when the distance between the probe and surf
a certain yalue. The attraction force can have a functional dependency on this distance —
might decréase linearly with distance.

Magnetic surfaces can also be described as “sticky”, depending on the parameterization of the force.

ted
the

pth
ves
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stic

ent
The

hce
for

8.3.34

Texture

Texture is a periodic alteration of the shape of the surface of an object on a small scale. The texture of a
surface can be actively explored by the user.

NOTE 1

NOTE 2

22

Texture can usually be described as an arbitrary basic element that is repeated periodically over the whole
surface to save computational power.

The ability of a tactile/haptic device to display texture depends on the resolution of the sensory system.
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8.3.3.5 Roughness

Roughness is presented as an aperiodic variation in the surface profile.

NOTE 1 Whereas texture has periodic properties, roughness normally is described with stochastic properties. See
Figure 5.

NOTE 2  Roughness can be implemented using bursts.

NOTE 3  Tactile/haptic elements might have different levels of roughness. Roughness sometimes is presented as a
sinusoidal or random variation in the surface profile.

Key
1 |texture
2 |roughness

Figure 5 — Relation between shape;texture and roughness

8.313.6 Thermal properties

A surface can have certain thermal properties, such as temperature and thermal conductivity.

NOJTE Defined thermal properties can lead-to improved realism of virtual environments.

8.4 Control elements

8.41 Elements with haptic feedback

The¢ workspace of tactile/haptic interaction might include control elements with haptic feedback, such as
buftons.

NOJTE In Braille_displays, these buttons are used for routing.
8.42 Elements without haptic feedback

Thée workspace of tactile/haptic interaction might include control elements without haptic feedbadk, such as

toukch=sensitive-surfaces

8.5 Using multi-point-contact interfaces

The use of device-body interfaces with multiple physical contact points between user and device allows
additional tactile/haptic interaction elements to be employed, thereby extending the range of information
transfer.

EXAMPLE 1 A display with two contact points can display shear forces to the user by producing two force vectors with
different directions.

EXAMPLE 2 Braille displays use multiple contact points to display a certain character.
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8.6 Combining elements and effects

All elements and effects mentioned above can be combined to create complex interaction patterns.
8.7 Distinguishability

All patterns created should be tested for distinguishability by the user.

NOTE It is intended that future parts of the I1SO 9241 “900” subseries deal with evaluation and measures of
tactile/haptic interactions.

9 The range of tactile/haptic interface devices

9.1 General

Tactile/haptic devices primarily interact either through the cutaneous (skin-based)csense or through a
combinatign of both cutaneous and kinaesthetic senses.

NOTE 1 See Annex A for an informative survey of tactile devices.

NOTE 2  [See Annex B for an informative survey of tactile/haptic devices providing force feedback.
9.2 Selgction criteria

9.2.1 Mopility
The mobilily required for the task should be considered when*choosing a tactile/haptic device.

NOTE 1 Portable devices can be grounded to the back;~the upper arm and/or forearm, or to the point of holding dr of
attachment o the body.

EXAMPLE An arm exoskeleton is used to adgment the strength of the human arm. It can be supported by the back
of the user, put tethered by a cable to a rack-mounted control system and power supply.

EXAMPLE 4§ A mobile phone in a pocket can be set to vibrate rather than to produce an audio ring tone, redug¢ing
disturbancelto others.

NOTE 2  |Non-portable devices eah be grounded to a desk, the wall, the ceiling or the floor.
EXAMPLE ] An arm exeskeleton is attached to the wall or to a floor-mounted service manifold behind the user.

EXAMPLE 4 Chairs'in a cinema are supported by mechanisms that vibrate, jolting the viewers in order to increase|the
sense of injolvementin'the motion picture.

EXAMPLE § A user grasps the pen-like handle of a tactile/haptic device to the right or left of his/her visual display.

9.2.2 Device-body interface

The point(s) of contact between the body and the device should be considered when choosing a tactile/haptic
device.

NOTE 1 A haptic stimulus can be received through both touch and kinaesthesis. If information is to be conveyed
primarily through touch rather than through the action of sensed muscles, then a tactile device can be considered.

EXAMPLE 1 A deaf user wears a tactile display that conveys audio frequencies to the skin of his abdomen.

NOTE 2  There can be multiple points of contact. These can include fingertips, two or more whole fingers, the right or
left hand in various grips, both hands, one or two arms, the feet, or merely the ball or heel of each foot.
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EXAMPLE 2

Musical instruments typically involve multiple points of contact to allow a wide variety of gestures in the

production of music. The console of a pipe organ presents a multiplicity of piano-like keys for both fingers and feet. Each

key is analogous to a 1 DOF (degrees of freedom, see 9.2.3) tactile/haptic device.

NOTE 3
body and passively sensed.

EXAMPLE 3
haptically enabled virtual scene.

EXAMPLE 4 A user places her finger on a pin array to sense Braille characters sweeping by her finger.

A tactile/haptic device can be actively touched and actively or passively sensed, or passively attached to the

A desk-mounted tactile/haptic device is typically held and manipulated as the user interacts with a

EXAMPLE 5 A mobile phone indicates the identity of the caller with a specific vibratory haptic signal.

NO[TE4  Tactile devices can be integrated into clothes or wearable components. It is impoftant
mecthanically stable coupling between the actuator and the skin during any body movement. It islimport
coypling does not encumber or irritate operators when performing other tasks. If the actuator becomes uncoup

Frequency information is presented by vibration inax DOF lever.
Route information on a highway map is explored by haptic cues to a 2 DOF device.

Seismic data in an oil field is presented with varying resistances to motion displayed by a 3 D

wel| as force.

NO[TE2  The number of degrees of freedom with haptic feedback can be smaller than or equal to the
dedrees of freedom of the contact point.

EXAMPLE 5 A 6 DOF tactile/haptic device has a 3 DOF translation stage with force feedback, surmg
harldle stage with 3 DOF sensed fotation but with no torque feedback.

NO[TE 3 A device with a small number of DOF with haptic feedback typically gives a task metaphor, while 3
a Idrge number of degrees of-freedom typically attempts to recreate a task more realistically.

EXAMPLE 6 A 3'DOF device simulates a point of contact that provides a convincing haptic represe
toppgraphic map shoewing an area of the earth's surface.

EXAMPLE 7 A 7 DOF device (3 DOF translation, 3 DOF rotation, 1 DOF grip) simulates the action of a pa
forgeps being used to gently grasp and remove a severed polyp during a routine colonoscopy.

NO[TE4

A tactile device can be fixed in location or mounted on a tactile/haptic device with one or more DOF.

D ensure a
ant that the
led from the

ctile/haptic

The number of degrees of freedom is related to the dimensional nature of the information to be presented or

DF device.

A simulation of hand tools for aircraft engine maintenance involves a 6 DOF device to display torque as

number of

unted by a

device with

htation of a

r of surgical

EXAMPLE 8
array back and forth in order to actively scan lines of Braille text.

NOTE 5
receptors in the skin. Each stimulus may be considered an independent DOF.

EXAMPLE 9
the upper arm.

EXAMPLE 10
density of stimulators.
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A tactile Braille display composed of an array of pins is mounted on a rail to enable the user to slide the

The size, density and number of stimuli in a tactile display can be governed by known distributions of haptic

An array of pins is denser because it is designed for fingertip use rather than for use applied to skin on

A tactile array designed for the back of the torso is larger than one designed for a fingertip, and has a low
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imum stiffness

The maximum stiffness required for the task should be taken into consideration when choosing a tactile/haptic

device.

NOTE 1

Stiffness relates to the feeling of rigidity or tautness when exploring a virtual surface. Both rigid and flexible
virtual objects can exhibit stiffness.

NOTE 2  Stiffness might be perceived as three separate qualities in a haptic simulation — the crispness of initial contact,
the hardness of surface rigidity and the cleanliness of final release from a surface. Some of these are under software
control.

NOTE 3 High maximum stiffness in a haptic display is the result of a number of device design factors — sp:latial
resolution, temporal resolution, mechanical stiffness and friction. Mechanical stiffness typically relates to a lack of.spuripous
movement i joints, rigidity of mechanical links and lack of stretch in belts or tendons.

EXAMPLE 1 A device with poor spatial resolution only displays soft virtual surfaces.

EXAMPLE ? A device with good spatial resolution can display a hard virtual surface. The same surface can| be
modified to f soft one under software control.

NOTE 4 A convenient test for maximum stiffness is to present the device with a virtual wall with adjustable spfing
constant and no damping. The maximum stiffness is the highest spring constant of the wall that can be explored by|the
device withqut generating vibration.

NOTE 5  |Gripping the handle of a device tighter can improve the stiffness of a-haptic presentation. Devices need tq be
compared uking the same grip as much as possible.

NOTE 6 |Adding physical damping to a device can increase the stiffness of the wall that can be displayed without
vibration. Adlding virtual damping might increase wall stiffness, depending on the digitalization rate.

EXAMPLE 3 Controllable physical damping is implemented by\magnetorheological fluid braking, by reversing curfent
in a d.c. motor, or by varying the magnetic field applied to a rotating aluminium disc.

EXAMPLE 4 A tactile/haptic device is built using variable,braking only. Without motors, the device cannot send engrgy
back to the pperator. This limits the haptic effects that can be displayed, but it does guarantee stability.

9.2.5 Motion range

The motion range appropriate to the task should be taken into consideration when choosing a tactile/haptic
device.

NOTE 1 Motion range is also known as workspace. The appropriate device motion range is typically determined by|the
planned range of motion of the-device-body interface. This range of motion is determined in large part by the fulcrum of
motion of the human body.

EXAMPLE In the case of the motion of the human arm, the fulcrum can be the shoulder, the elbow, the palm sidg of
the wrist or the outer lateral side of the hand (as in holding a pen to write). This list represents a decreasing workspace|but
an increasirnlg precision in holding an instrument.

NOTE 2 Motion range typically consists of translational and rotational components. These can be partitioned, af in
serial devic i i

NOTE 3  The definition of motion range can vary according to the degrees of freedom of the device.

In a 1 DOF device, motion range can be the maximum distance or angle that can be reached.
In a 2 DOF device, it can be the dimensions of the maximum area or solid angle that can be reached.

In a 3 DOF device, it can be the dimensions of the maximum volume that can be reached.

with an appropriate description of the rotation limits of the other degrees of freedom.

26

In a >3 DOF device, it can be the dimensions of the maximum volume that can be reached in translation, together
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NOTE 4  Itis convenient to use simple geometrical shapes to describe the range of translational motion.

EXAMPLE 2 The workspace of a 3 DOF device could be described by a box, a sphere or an ellipsoid.

NOTE 5 With some devices, the handle rotation can be restricted towards the limits of the workspace.
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Th¢ maximum continuous force and torque. ‘required for the task should be taken into consider
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The minimum displayable force and torque required for the task should be taken into consider

chd
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.6 Force and torque

.6.1 Peak force and torque

lile/haptic device.

TE 1 Allowance can be made for the capabilities of the intended operator. Peak force can be sustaing
rt time before muscle fatigue sets in.

TE 2 Force generally applies to 1 DOF, 2 DOF and 3 DOF devices; both force and. torque genersa
ices with more than 3 DOF.

A\MPLE 1 Simulating both the torque and thrust of a screwdriver involves multiple DOF.
TE 3  Peak force torque can occur during a transient lasting as little as 10ms.
AMPLE 2 Tapping on a simulated bone involves high transient forCe,

TE 4 Some tasks can require that peak force be considered for'times as long as 5 s.

6.2 Maximum continuous force and torque

osing a tactile/haptic device.

TE 1 Fatigue and discomfort are ‘reduced if continuous forces are a small fraction of the maximu
traction. At higher fractions, the work-to-rest ratio becomes important.

TE 2 In an electromechanical tactile/haptic device, a sustained force or torque puts a motor into stall, g
uild up. The limiting parameter is the sustainable temperature of the motor.

6.3 Minimumidisplayable force and torque

0:2011(E)

thoosing a

d for only a

lly apply to

AMPLE 3 Pressing vertebrae to displace the spine in a-surgical simulation could represent a sustained high force.

htion when

m voluntary

ausing heat

htion when

E
cou

osing a tactile/haptic device.
TE 1 The use of light force is appropriate to some delicate tasks.
P EE Simutating-the—useoftoots—to—assembte—a—watch-invoives—the—useof-smat-forces—Certain
Id be damaged if gripped too hard.

EXAMPLE 2 Neurosurgeons work with very sensitive tissue and consequently apply light forces
ruments.

inst

NOTE 2 A tactile/haptic device with low friction is appropriate to the display of low forces.
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9.2.6.4 Force and torque resolution

The displayable force and torque resolution appropriate to the task should be taken into consideration when
choosing a tactile/haptic device.

NOTE 1 In some tasks it is appropriate that levels of force and torque be distinguishable.

EXAMPLE There might be slight differences in forces involved in palpating anatomical tissue (i.e. examining tissue
at a surgical site to determine its condition).

NOTE 2 A tactile/haptic device with low friction is appropriate for producing good force resolution.

9.2.6.5 Pynamic force and torque range

The dynanjic range of displayable force and torque appropriate to the task should be taken into consideration
when chodgsing a tactile/haptic device.

NOTE [Dynamic range is the ratio of the peak force to the minimum force.

EXAMPLE The simulation of orthopaedic surgery involves both high force to simulate touching a bone and low fgrce
to simulate fouching tissue in the vicinity of the bone.

9.2.7 Free-space motion resistance

The free-gpace resistance appropriate to the task should be taken¥into consideration when choosing a
tactile/hapfic device.

NOTE 1 Low free-space motion resistance indicates the ability to,move the tactile/haptic device with minimal opposition
throughout the workspace. Ideally, the device will not exert forces_on'the user's hand when there is no interaction with] an
object in thg virtual world.

EXAMPLE A tactile/haptic device with gear noise, might introduce haptic effects that mask the intended hgptic
display.

NOTE 2 Free-space motion resistance can belcomposed of both steady forces and variable forces. Steady forces [can
include gear ratio, friction and inertia; variable forces can include gear noise, backlash (unwanted free motion in gegrs)
and elasticitly in transmission.

EXAMPLE 4§ A brushless motor typieally exhibits torque ripple, a variation in resistance that is felt periodically as|the
output shaft|of the motor is turned.

NOTE 3 |t is possible to have different values of free-space motion resistance for each DOF.

EXAMPLE ] A device-can have more inertia in the translation of its handle than in its rotation.

9.2.8 Ineftia

The inertig of/the device-body interface in the device should be taken into consideration when choosingy a
tactile/haptic device.

NOTE 1 Inertia shows itself in free-space motion resistance as a perceived mass at the device-body interface.
EXAMPLE A tactile/haptic device with high inertia is harder to start pushing and more difficult to stop.

NOTE 2 Depending on the DOF and the design of the device, inertia can be translational inertia, expressed in units of
mass, or rotational inertia, expressed in units of mass multiplied by distance squared.

NOTE 3 Inertia can be eliminated partially by control algorithms such as force or acceleration feedback, but these can
bring with them other dependencies such as variation with frequency.
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9.2.9 Peak acceleration

The peak acceleration of the device-body interface in the device should be taken into consideration when
choosing a tactile/haptic device.

NOTE 1 Peak acceleration is peak force derived by inertia.

NOTE 2 High peak acceleration is evident in contacts and impulses that involve rapid changes of velocity.

9.2.10 Friction

9.210.1 Static friction
The static friction limits of a task should be taken into consideration when choosing a tactile/haptic device.
NO[TE 1 Static friction is resistance to moving the device-handle interface from a standing position.

NOJTE 2  Static friction leads to stick-slip behaviour at low velocity. This can cause instability when attempting to model
a virtual wall.

9.20110.2 Kinetic friction

The kinetic friction limits of a task should be taken into considerationiwhen choosing a tactile/haptic|device.

NOJTE 1 Friction shows itself in free-space motion resistance. {f\is'a perceived drag at the device-body|interface. It
alwpys opposes motion.

NOJTE 2  Kinetic friction is typically divided between Coulomb friction (friction independent of velocity) gnd viscous
friclion or damping (friction proportional to velocity).

NOJTE 3  lIdeally, a tactile/haptic device has minimatkinetic friction, allowing the user to add software-contrdllable virtual
fricfion if it helps in rendering the virtual environment.

EXAMPLE Some control algorithms.add-virtual damping to improve the feeling of touching a virtual surface. Others
have experimented with controllable physical damping to absorb energy and render a virtual wall passive.

9.2111 Temporal parameters

9.211.1 Bandwidth
Thé¢ bandwidth appropriate to the task should be considered when choosing a tactile/haptic device.

NO[TE 1 Bandwidth refers to the frequency range over which the tactile/haptic device provides feedback [to the user.
Coimmonly, we also refer to the upper frequency as the bandwidth, but the lower frequency is also part of the gpecification
of Handwidth.

NO[TE?2  The human haptic sensing capability has a much higher bandwidth than the muscle-driven output handwidth.

EXAMPLE 1 The human tactile sensory system typically receives signals from the skin at a frequency range of 0 Hz
to 1 000 Hz (although higher rates have been reported).

EXAMPLE 2 The human kinaesthetic sensory system receives signals from the muscles and joints at 20 Hz to 30 Hz.
Fingers and hands can be moved with a 5 Hz to 10 Hz bandwidth.

NOTE 3  Fatigue and other physiological effects can be a factor affecting the human sensing bandwidth.
EXAMPLE 3 Signals presented rapidly at the same location on the skin may mask each other.

NOTE 4  The bandwidth of a tactile/haptic device typically refers to the whole haptic feedback loop. It is the number of
times that the haptic loop can be implemented per second (also known as the update rate).

© 1SO 2011 — All rights reserved 29


https://standardsiso.com/api/?name=e42db3f1a38ac519ba8a2a792ec2f9a0

ISO 9241-910:2011(E)

EXAMPLE 4 In an impedance tactile/haptic device, the haptic loop includes, in sequence, sensing position in the
device, iterating the haptic simulation, computing force and/or torque and sending force/torque instructions back to the
tactile/haptic device.

EXAMPLE 5 In an admittance tactile/haptic device, the haptic loop includes, in sequence, sensing force in the device,
iterating the haptic simulation, computing position and sending position instructions back to the haptic device.

NOTE 5  The bandwidth is affected by factors such as the rate of digitization of sensor signals in the tactile/haptic
device, latency in the communications between the tactile/haptic device and the control computer, and the time taken to
iterate the haptic simulation and compute information to be returned to the tactile/haptic device. There can also be limits
on the ability of the device to display force and torque over the required frequency range.

EXAMPLE ¢ Suppose a tactile/haptic device is able to generate a force between 0 Hz and 1 000 Hz. If the position
measurement is made at 10 kHz, then control signals are generated at a higher rate than that at which the~devicg is
capable of generating forces. This can diminish instabilities that originate in resonance between the simulation, jthe deyice
and the usef.

NOTE 6 [The mechanical impedance of the user's body at the device-body interface can affect the pefceived bandwjdth
of the tactilg/haptic device.

EXAMPLE 7} A user grasps the handle of a tactile/haptic device rigidly, with hand and arm stiff, thereby reducing|the
ability of thg device to display force over a wide frequency range. The skin sensors themseélves might be overwhelmed by
the grip and|not be sensitive to small vibrations in the device.

9.2.11.2 PBystem latency
The system latency may be considered as an alternative expression ofithe bandwidth of a haptic system.

NOTE System latency is the total time lag of the components of thé’haptic loop. System latency is the inverse of|the
update rate

EXAMPLE In an impedance controller, system latency\includes the time to compute the forward and invgrse
kinematics f the device, any delay in communications between the device and the control computer, and the tim¢ to
compute thg force and torque output from the haptic simulation to the user.

9.2.11.3 Pevice latency
The devicq latency may be considered.as-a device-specific contribution to the bandwidth of a haptic system.

NOTE 1 Device latency is the time ‘delay between sending a command to a tactile/haptic device and receiving a
response frgm that device. It typically.includes the forward and inverse kinematics, which could in fact be calculated on|the
control computer.

NOTE 2 Device latency¢an’ be affected by the speed of the control computer, as well as by any delays inherent in|the
tactile/hapti¢ device itself;<The control computer speed may include central processing unit calculation rates, memory
access timep and timg.to access any input/output cards on a secondary computer bus.

9.2.12 Enyvironmental factors

9.2.12.1 Acoustic noise
The acoustic noise of the device should be considered when choosing a tactile/haptic device.
NOTE 1 High acoustic noise from a tactile/haptic device can make for an uncomfortable working environment.

NOTE 2  Acoustic noise can originate in cooling fans or in mechanical vibrations that arise during the execution of the
task.

EXAMPLE If the task requires the display of virtual hard surfaces, then acoustic noise could be generated as a
tactile/haptic device with poor spatial resolution attempts to display those surfaces.
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9.2.12.2 Weight

The weight of the device that might have to be transported during the task should be considered when
choosing a tactile/haptic device.

NOTE 1 Heavy weight might be necessary for device stability, but it does make device transport more difficult.

EXAMPLE Displaying high peak forces in a lateral direction requires a heavy base, and/or a wide base, and/or
clamping of the device to a fixed support.

NOTE 2 Electronics boxes and cables might also be considered in the weight budget.

9.2112.3 Size

The size of the device should be considered when choosing a tactile/haptic device.
NOJTE 1 The size of a tactile/haptic device might affect its location in the lab or office work'area.
NOTE 2  The size is dictated to some extent by the workspace of the tactile/haptic device.

EXAMPLE A larger workspace implies a larger device, since a solid base.and a long mechanical linkage might be
nedded to allow the device-body interface to be moved throughout the workspace. The mechanical linkage ¢ould sweep
out|a large volume during the task.

NOJTE 3  Electronics boxes and cables might also be considered in the'size of the device.
9.2113 Safety

9.213.1 Mechanical safety
9.213.1.1 The mechanical safety of the device-should be considered when choosing a tactile/haptic device.

9.2113.1.2 The risk of actuators propelling parts of the device into violent contact with a user|should be
avgided or reduced.

EXAMPLE 1 A user sitting outsiderthe workspace of the device in order to avoid being struck by the handle might still
be [n the path of linkages.

EXAMPLE 2 If the force(ofithe tactile/haptic device is limited, then contact force on a user's body will be requced.
9.213.1.3 Ways of shutting down the device when it is not being held should be considered.

EXAMPLE 1 Adactile/haptic device is equipped with a contact sensor to determine when the user is holding the device
harldle. When~the hand is not present, the device is automatically held under braking or deactivated to prgvent it from
moYing underpower without control.

EXAMPLE 2 Control software for the tactile/haptic device has a “runaway” detector that shuts down the motors when
undantrolled motion is detected in one or maore deqrees of freedom

9.2.13.1.4 The user of the device should be able to disengage from the device.

EXAMPLE If a tactile device over-stimulates a user's skin, then skin irritation or damage could occur, in which case
the user will normally withdraw to prevent further irritation or damage.
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9.2.13.2 Electrical safety

9.2.13.2.1 The electrical safety of the device should be considered when choosing a tactile/haptic device.
9.2.13.2.2 It should be ensured that the user of the device is shielded from dangerous electrical voltages.
9.2.13.2.3 Internationally recognized electrical codes (rules) should be followed to ensure the device's safety.

EXAMPLE The power supply of a device drawing heavy current from the electrical supply line employs an approved
connector with a pin connecting to the electrical ground of the building.

9.2.13.2.4 | If the electrical power fails, the device should enter a safe state.

EXAMPLE An exoskeleton may be supported on a stand and encompass the arms of a user. The device) should be
so balanced that if electrical power fails, the felt weight of the device will not endanger the user.

9.2.13.3 [Thermal safety
The thermal safety of the device should be considered when choosing a tactile/haptic device.
NOTE Actuators and auxiliary electronics might get hot during the operation of a tactilé/haptic device.

EXAMPLE If the device is held against a virtual wall, then no work is done by,the motor, and power to the motgr is
turned into feat.

EXAMPLE 4 Care is taken to ensure that the user is not exposed to hot surfaces.
9.2.14 Postural considerations

9.2.14.1 Working position
The working position required by the device should be“considered when choosing a tactile/haptic device.

NOTE 1 Some devices might be designed with/the 'expectation that the operator will stand while using the device, while
for others it may be expected that he or she is in.a sitting or prone position.

EXAMPLE A vibrating chair is desigied for the user who assumes a sitting position during a task.
EXAMPLE ? An exoskeleton is designed for the user who stands while operating the device.

NOTE 2 [Some positions can~be more tiring than others. For a task of long duration, it is important to consider|the
comfort of the user. The device)might allow him or her to change position during the task, for example.

9.2.14.2 Limb support

Human linlb stipport to assist the user during the task should be considered when choosing a tactile/haptic
device.

NOTE For some haptic tasks, the operator might be expected to extend an arm or a leg while operating the device.
For the comfort of the operator, it is important to consider elbow rests or footrests, as appropriate.

EXAMPLE It might be expected that while operating a 3 DOF device, the user will raise her hand off the desk for

extended periods of time. If a raised and relatively fixed position of the hand is expected for the task, a forearm support is
provided.
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9.2.15 Adaptability

9.2.15.1 Modification
Modification of the device required by the task should be considered when choosing a tactile/haptic device.

NOTE Research work sometimes involves modifying devices in order to comply with a new situation that has arisen
during the course of the research.

EXAMPLE 1 In order to test a new algorithm, a novel handle with a load cell (force sensor) is added to the device-
bodyinterface

EXAMPLE 2 To simulate the feel of surgical instruments in the hand of the surgeon, a new handlenis [fitted to the
tacfile/haptic device in place of the original handle.

9.2115.2 Controllability

Special control of the device appropriate to the task should be considered when choosing a tgctile/haptic
deyice.

NOJTE Modification of the operation of a tactile/haptic device can be aided by the use of buttons on the Handle, or by
soffware commands that change selected characteristics of the device.

EXAMPLE 1 A button is pressed that allows “indexing” — moving thé device to a new location in its virtugl workspace
so {fhat the real workspace of the tactile/haptic device is in a more convenient position relative to the virtual workspace.

EXAMPLE 2 Where recalibration of sensors is necessary, it iSs\easy to do, and is preferably not a frequen occurrence
dur|ng the execution of a task.

EXAMPLE 3 There is a storage position for a device handle that also serves as the reference position for dlevice angle
sensor calibration.

9.2115.3 Installation
Ease of installation should be considered when choosing a tactile/haptic device.
NO[TE 1 In most cases, a tactile/haptic device is installed and left in place for a long time.

NOJTE 2 If it is a requirement to move devices, the ease of interchanging control computers can be gn important
corysideration in the selection.of the device.

9.2115.4 Reliability
The reliability-of the device should be considered when choosing a tactile/haptic device.

NOJTE 1 It is preferable that tactile/haptic devices operate for many hours between repairs, giving trouble-free operation
in the-selected conditions of use.

NOTE 2 It is important that manufactured devices are well tested before being delivered to the customer.

NOTE 3 It is important that tactile/haptic devices withstand transportation without damage when transported according
to the manufacturer's instructions.
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9.2.15.5 Maintenance

9.2.15.5.1 The ease of maintenance of the device should be considered when choosing a tactile/haptic
device.

NOTE Repair to a tactile/haptic device is to be expected.
9.2.15.5.2 The required time and difficulty of carrying out maintenance should be assessed.

9.2.15.5.3 Ideally, routine maintenance tasks should be carried out locally, while more complex tasks should

be undertaken h\Jl an qpprnprmfn service with minimal time HQ'Q\JI

9.2.15.5.4| When purchasing a device, there should be a clear understanding as to the details, of [the
manufactufer's warranty — what is covered and how long the warranty lasts.

9.2.16 Fidelity

The fidelity of the device in the carrying out of the task should be considered when choosing a tactile/haptic
device.

NOTE 1 Fidelity is the ability of the haptic system to simulate real-world interactions» This is sometimes termed|the
“transparengy” of the haptic system — the ability of the system to convince the user that he or she is interacting dirdctly
with the hagtic scene.

EXAMPLE Tactile/haptic devices might be part of a walk-in, virtual-reality. simulation that immerses the user infthe
context of gnother world, a virtual environment, e.g. a microscopic surgicaksite, a coal mine or a vessel in outer space.
The imprespion of “being there” in person is heightened by the sense\of touch together with other human sensing
modalities.

NOTE 2 A high-fidelity device has good sensor resolution, fast;-low-noise actuator response, low computer latency pnd
transparent ffransmission of force, torque and/or tactile sensations’to the user.
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Figure A.1 — Vibrating motor with eccentric mass
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A.3 Linear tactile actuator

Another method of creating single-point vibrations on the body is the linear actuator. The contactor in the
device shown in Figure A.2 is the moving mass itself, which is mounted above the housing and pre-loaded
against the skin. This provides localized feedback, as only the contact point (the dot in the centre) vibrates
and not the whole surrounding device (which occurs in a typical mobile phone containing a pager motor).
Such devices typically resonate at around 250 Hz but are designed to be able to produce a range of
frequencies, unlike many basic mobile phone actuators which have a limited frequency response.

Figure A.2 — Linear tactile actuator

A.4 Vibrating handheld controller

Vibrating Handheld controllers are widespread in the area’of console games. These devices contain ong or
more actuptors comparable to that of a vibrating. pager but with a larger mass and, therefore, mpre
mechanicdl power. The control of the actuator is dependent on actions happening within the video gaqne.
When mulfiple actuators are mounted within one-handle, even directional information can be encoded within
the pattern| of vibratory bursts.

A.5 Pindased displays

Pin-based [displays have their ©origin in the application of the alphabet in Braille. The tactile elements (pins)
used in thgse kinds of displays.are located normal to the surface of the skin. Usually every pin is connected to
an actuatgr, which responds”according to one particular physical principle, e.g. thermal, electromagnstic,
electrodyn@amic, electrostatic, piezoelectric, ultrasonic, pneumatic or hydraulic. The actuator is able to change
its height accordingto¢a control signal. The change is usually discrete, having two digital stages (raiseq or
lowered), Qut can alse’be continuous to encode an additional level of information within it. Typically, pin-based
displays afe made-up of sets of actuators closely mounted to build up a large area for haptic interaction with
many pins [(see‘Figure A.3).

NOTE The actual resolution for the lateral distance of pin-based displays is subject to intense discussion and not yet
finally settled. Also, the combination of the sensation of shear and the fact that users can be trained very well in the
perception of pins still poses difficulties for deterministic design criteria.
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Figure A.3 — Braille display as part of a computer keyboard

There are two possible designs for tactile devices with respect to motion and informationsshown to the user. In
the| first variant, the device displays time-dependent information and the finger moves relative to the device to
scgn the information. In the other variant, the finger rests on the tactile component; which is part ofla movable
deyice for scanning distributed information by movement of the device. An example of the latter yariant is a
tactile display incorporated into a mouse (see Figure A.4). The arrays in the.moeuse have a higher resolution
than those in a Braille display and can be used to present other forms of information, such as icong, diagrams
or [naps.

Figure A.4 — Tactile mouse

A.6 Shear displays

Shear displays aredevices which generate shear on nearby skin areas. The use of shear is motivated by the
obgervation that{the  detection of single raised pins of pin-based displays increases if lateral motign between
the| pin itself-and the skin is permitted. Shearing of the skin is a very relevant factor of everyday life in the
sequre grasping and holding of objects. Combining shear with normal deflection results in increased sensitivity.
Seyeral technical realizations of shear displays exist, including rotating drums over vibrating piezoelectric
disgs-and surface waves. The sensation of shear can also be used to generate sensations similar to those
experienced when exploring raised pin-based displays

A.7 Vibrating vests and belts

When addressing body parts with two widely separated points of contact, it is possible to use discrete
actuators instead of banks of actuators to provide spatially distributed tactile information. Vibration actuators
are often chosen for this purpose. Studies have investigated adding vibrating actuators to vests and belts,
allowing surface or spatial information to be projected on to the body surface (see Figure A.5). The resulting
applications range from navigation and orientation to the teaching of complex movements. However, the
number of vibratory events that a user can process in parallel is limited.
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Tactile/haptic devices that provide force feedback
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P Knob-based haptic devices

bb-based haptic devices (see Figure B.1) are a typical choice for interactions in one degree
DF). They contain one actuator driving a handle in the form of a knob ‘er-wheel, either directly or
N a small transmission ratio. The torque versus angle characteristic*is programmable, depend
k to be performed. Typically, these devices are programmed with«one or more specific character

nts to the system's host in the event that a certain functien‘is selected. They are commonly u
the combination of controls for radio, air-conditioning and.multimedia functions in one operating

D

Figure B.1 — Rotary haptic knob

B8 Joysticks that provide force feedback
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Joysticks that provide force feedback (see Figure B.2) are control devices aimed especially at the gaming
industry. They contain several actuators for altering the stiffness and damping of movement in at least two
control directions. Additionally, these actuators can generate a force output to the user. The position in these
control directions is measured and given to the host system, which is usually a personal computer. Typical
applications generate haptic events in one or more of the kinaesthetic DOF to simulate the impact of weapons

on

the virtual character or a collision with objects within the gaming scenario.
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Figure B.2 — Joystick that provides force feedback

B.4 Stedring wheels and pedals that provide forcefeedback

Steering wheels and pedals that provide force feedback are control devices resembling the steering-whee] of
a car and fts gas and brake pedals (see Figure B.3). These products are motivated by the gaming industry
and interface with personal computers as a host system. They contain several actuators generating a torque
and force |output on either one of the controls.and provide information about the angle steered and [the
intensity with which the pedals have been moved.

NS =787
]

Figure B.3 — Steering wheel that provides force feedback
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B.5 Point-based haptic devices

The class of point-based haptic devices combines three DOF in one idealized point (see Figure B.4). This
point is usually physically represented by a handle that can be exchanged to adapt to different usages. Due to
typical demands including high stiffness of the technical system and a limited workspace for the user, such
devices are often designed as parallel mechanisms. The number of actuators is identical to or higher than the
number of degrees of freedom, with kinaesthetic feedback driving the kinematic chain. These point-based
haptic devices usually interface with personal computers. They receive information about the force to be
generated and provide positioning information back to the host computer.

Figure B.4 — Point-based haptic devices
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B.6 Stylus-based haptic devices

Stylus-based haptic devices (see Figure B.5) control a point in three-dimensional space via an attached stylus.
The orientation of this stylus is measured in addition to the positioning information of the point and —
depending on the system — partly or completely equipped with kinaesthetic feedback. Stylus-based haptic
devices are widely used in 3D applications for the design, film and modelling industries. They allow control of

a virtual pe

n which represents the real tools for sculpting, painting or writing.

Figure B.5 — Stylus-based haptic device

B.7 Hand-based haptic devices

Hand-basd

d haptic devices (see Figure B.6) are complex mechanical devices providing kinaesthetic feedback

to one or more finger. They differ in functionality and tomplexity in regard to the degrees-of-freedom availgble

for each fi
from the m

compensate for the mechanical load on the user.

nger and the absolute number of finders with kinaesthetic feedback. Due to their weight resulling
echanical setup, they are sometimes combined with additional point-based haptic devices, which

42

Figure B.6 — Hand-based haptic device
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B.8 Mouse that provides force feedback

A mouse that provides force feedback (see Figure B.7) is a device which adds kinaesthetic feedback to the
two-dimensional movement of a computer mouse on a surface. Actuators are included which typically hinder
movement during interaction. Possible applications for this function include the impact of a cursor on buttons
or other areas of specific functionality within a computer program. However, variants of this type of mouse
exist with active kinaesthetic properties including a vibratory element or a tactile pin matrix.

Figure B.7 — Mouse that provides force feedback
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