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Abstract
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wavetable synthesis and assess the perceptual dimensions of the feedback when coupled with
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illusion of real textures with a simple vibrotactile actuator and motion sensor. Modiﬁcations
in texture ridge length and spatial density lead into large variation in subjective evaluations of
texture roughness, bumpiness, stickiness and pleasantness. In study III, mobile device was
used to search for targets in the environment. Tactile feedback turned out to be an efﬁcient way
to indicate target directions. The ﬁnding hints that vibration could be efﬁciently used as a
private and transparent signal to indicate directions and target locations in augmented reality
interaction. In study IV, dynamic tactile feedback was provided when playing a gesture
controlled virtual musical instrument. The feedback reﬂecting the distance to a virtual control
surface assisted the temporal accuracy of the playing. In study V, vibrotactile feedback was
provided proportionally to the applied force on a rigid surface. In a force repetition task, all the
dynamic feedback models assisted the accuracy of the force control. On contrast, in a force hold
task, the feedback did not assist the performance.
Dynamic tactile feedback appeared to be a powerful tool to create illusions of real textures
and it improved the motor accuracy in repetitive gesture- and force based interaction. The
ﬁndings make a contribution to research focusing on touch and gesture based user interfaces
as well as psychophysics research dealing with augmented feedback. In order to apply the
ﬁndings in future user interfaces of mobile devices, more studies are needed. In further work,
system latency should be minimized and tactile feedback should be design in parallel with
visual and auditory feedback.
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Tiivistelmä
Ihmisen tuntoaistia voidaan hyödyntää tehokkasti mobiililaitteiden käyttöliittymissä
käyttämällä laitteen värinäaktuaattoria palautteen antamiseen. Tämän lisäksi käyttäjän
syötteitä, kuten eleitä ja kosketusta, voidaan helposti mitata laitteeseen asennetuilla liike- ja
voima-antureilla. Tässä työssä esitellään erilaisia tapoja tuottaa dynaamista värinäpalautetta
joka syntetisoidaan reaaliajassa käyttäjän antaman syötteen perusteella. Näiden
palautetapojen hyödyllisyyttä ele- ja kosketusvuorovaikutuksessa tutkittiin viidessä eri
tutkimuksessa.
Kahdessa ensimmäisessä tutkimuksessa tarkasteltiin aaltomuotosynteesin avulla tuotettua
palautetta, joka on suhteutettu käyttäjän käden liikenopeuteen. Tutkimukset osoittivat, että
tällä tavalla voidaan tehokkaasti synnyttää illuusio virtuaalisesta tekstuurista yksinkertaista
värinäaktuaattoria ja liikeanturia hyväksikäyttäen. Tekstuurin tiheyttä ja kuvioinnin leveyttä
muuttamalla voidaan saada aikaan erilaisia vaikutelmia tekstuurin karkeudesta,
epätasaisuudesta, tahmeudesta ja miellyttävyydestä. Kolmannessa tutkimuksessa
mobiililaitetta käytettiin virtuaalisten kohteiden etsintään ympäristöstä. Värinäpalaute
todettiin tehokkaaksi tavaksi osoittaa kohteen suunta. Tässä vahvistetun todellisuuden
käyttöskenaariossa tuntopalaute toimii siis oivallisesti henkilökohtaisena signaalina kohteiden
sijainnin paljastamiseen, eikä se sido käyttäjän näkö- ja kuuloaistia käyttötilanteessa.
Neljännessä tutkimuksessa dynaamista palautetta annettiin eleohjattua virtuaalirumpua
soitettaessa. Värinäpalaute, jonka amplitudi voimistui virtuaalista rummunkalvoa
lähestyttäessä paransi merkittävästi suoritusta rytmistä tarkkuutta vaativassa tehtävässä.
Viidennessä tutkimuksessa dynaaminen palaute suhteutettiin voimaan, jolla sormi painoi
laitteen pintaa. Voimatasojen toistotehtävässä kaikki dynaamiset palautetavat auttoivat
käyttäjiä voiman kontrolloinnissa. Toisaalta, dynaaminen palaute ei auttanut voimatason
ylläpitotehtävässä.
Dynaaminen palaute osoittautui tehokkaaksi työkaluksi illuusioiden muodostamiseen
oikeista tekstuureista ja se paransi motorista tarkkuutta toistoa vaativissa ele- ja
voimainteraktiossa. Löydökset ovat merkittäviä sekä ele- ja kosketuskäyttöliittymien
kehittämisen että vahvistettuun palautteeseen keskittyvän psykofysiologisen tutkimuksen
kannalta. Jotta tuloksia voitaisiin hyödyntää tulevaisuuden käyttöliittymissä, tarvitaan
lisätutkimuksia. Niissä tulisi minimoida systeemin viiveet ja tuntopalaute tulisi suunnitella
yhdessä visuaalisen ja auditorisen palautteen kanssa.
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1. Introduction

The sense of touch plays an important role in human computer interaction.
Input devices, such as keyboard and mouse, are in physical contact with
user's hands. Therefore, keyboard dimensions, surface properties, button
locations and shape have big influence in interaction efficiency and
ergonomics. In fact, if the keyboard is properly designed, it allows eyes-free
usage; the buttons can be located and operated solely based on sense of
touch.
In mobile interactions, the computer and the input devices are integrated
into one single hand-held device. In addition, the most recent mobile
devices are operated through touch screen without any physical buttons.
The user interface is typically based on visual icons on the screen which can
be directly touched with a finger. This sets a challenge for interaction with
touch screen devices: how can the icons be located and operated if their
edges and dimensions cannot be felt through sense of touch? On the other
hand, the mobility of the device introduces possibilities that are not
available on desktop computers. Firstly, a user can move the device in hand
and the movements can be measured. The movement patterns - gestures,
can be used as input method for the user interface e.g. the device can act as
pointing device [1, 2]. Secondly, the device can be vibrated with inbuilt
vibrotactile actuator. Specific vibrotactile patterns can be used as design
elements both for touch screen and gesture interaction.
This thesis introduces some methods to provide the vibrotactile feedback
dynamically i.e. proportionally to the applied input in real-time during the
interaction. In five studies it is investigated how the feedback influences
interaction in touch- and gesture interfaces. The main contributions of the
thesis are the method for generating the dynamic feedback and a set of
guidelines how to use it in touch and gesture based interfaces. The thesis
starts with introducing the user scenarios and applications that are the
basis for the studies. Then an overview on the existing models of human
motor control process is presented. Next, the human haptic perception
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system is introduced followed by a section dealing with augmented
feedback. Then, all the five studies are described followed by general
discussion and conclusions.

1.1

Haptics in Human Computer Interaction

Haptic technology provides an interface to a system via sense of touch. Of
course, sense of touch plays an important role in perception of the physical
properties of a device e.g. a computer keyboard, but when the system
converts a piece of digital information into physical sensation, role of the
mediating technology changes. For example, the system can alert the user
of an incoming message by a pattern of vibration. First of all, the user needs
to be able to sense the vibration, which necessitates that she/he actually has
a physical skin contact to the device. Secondly, the user needs to be able to
interpret the vibration pattern and recognize it as an incoming message
alert. So, the user may not expect the vibration to occur and the type of the
vibration may be unfamiliar for the user. The expectation refers to activity
or passivity of the sensation and the unfamiliarity refers to virtuality. This
thesis attempts to narrow down the gaps between the physical and virtual
[3] as well as active and passive sensation [4, 5]. The approach is taken by
using dynamic haptic stimulation in which the feedback is generated
proportionally to the applied input of the user. This resembles the setup in
physical sensation where the user’s activity is important. In addition,
dynamic feedback could create an illusion of physicality although still being
purely virtual.
Haptic stimulation in human computer interaction can be divided into
force feedback and vibrotactile feedback based on the method that the
stimulation is provided with. By definition, force feedback is a stimulation
that either moves user’s hand or resists the movements with force. There
are a number of commercial solutions available providing force feedback
such as PHANToM [6], where the force is applied to the user’s hand
through a stylus that is connected to the main device with robotic arms.
This mechanical grounding enables an accurate simulation of virtual
surface that can be touched point by point. It can be used e.g. for creating
virtual textures with similar properties that real textures have [7-9].
However, the user scenarios in this thesis are related to mobile interactions
which set limits to the method for providing the haptic feedback. The force
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feedback devices are designed to be used in office conditions with a
mechanical grounding e.g. to the table. Therefore, only vibrotactile
stimulation is considered in the following.
The vibrotactile stimulation is generated with vibrotactile actuators that
can vibrate the object that the user is either holding or touching. In human
computer interaction, the stimulation is provided with vibration motors or
piezo actuators that will be discussed more in detail in section 2.2. The first
applications of vibrotactile stimulation were mobile alerts that informed the
user about incoming calls or messages, system states or state changes [1013]. In these applications, the rhythm of the vibration patterns as well as
amplitude was used as design parameters. The importance of the tactile
stimulation rose considerably when the touch screens came popular in
mobile devices. In touch screen device virtual buttons do not provide the
tactile sensation similarly as real button. Because the touch screen surface
is completely flat, the virtual buttons (or any interactive elements) cannot
be explored and manipulated as real buttons on a keyboard. Therefore,
there are basically two challenges: how to locate the buttons on the screen
and how much force should be applied on them in order to trigger the
function. An example of tactile touch screen interaction is presented in
Figure 1.
Tactile feedback in touch screen interaction has found to be very efficient.
As demonstrated by Hoggan et al. [14], the tactile feedback when applied to
a virtual keypad on touch screen can enable as good text entry performance
as a physical keyboard. A virtual keyboard without the tactile feedback
yielded significantly worse performance. In addition, it has been shown [14,
15] that the quality of the tactile feedback plays a very important role both
in touch experience and typing efficiency. Furthermore, Rantala et al. [16]
showed that vibrotactile feedback can be used for presenting Braille
characters when coupled with strokes on a touch screen device. Although
these examples showed the usefulness of tactile feedback in touch screen
interaction, there are still much to improve in terms of feedback design. In
the above studies, the tactile feedback was just a burst of vibration
responding to a single key event e.g. when the applied force in certain
location exceeded a predefined threshold. It could be that the user could
benefit from feedback that reflects even more than just exceeding the
threshold. For example, the user could get feedback already before the
threshold is exceeded indicating the type of the function or action about to
be triggered. This approach could make the user more aware of the system
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behavior and help the user optimize the motor control accordingly. In this
thesis, study V investigates the effect of dynamic tactile feedback in touch
interaction.

***
Hotel

Henry’s
burger

Figure 1. Left: touch screen (Nokia Lumia 800) typing with visual feedback. Right:
augmented reality interaction

In mobile human computer interaction user scenarios, user holds the
device in hand during the interaction. Beyond touch and buttons, this
enables a particular method of interaction: gestures. User can move the
device in her/his hand and the movement can be tracked with sensors
embedded in the device. The motion characteristics could be used as an
input method in interaction e.g. pointing to certain direction or drawing a
particular iconic gesture in the air. This setup, especially when combined
with location tracking, provides a very natural way for user to interact with
the system and environment. The perception of the physical real-world
could be augmented with digital properties of the system enabling
augmented reality interaction. For example, a user could walk on a street
and find her/his way by pointing with the device forward and getting a
vibrotactile feedback when being on correct track or that something
interesting is in the pointing direction, as presented in Figure 1, [17, 18].
Alternatively, a user could stand in the middle of a room where a wall is
used as a display of an interactive system. The user could point the objects
on the display with the device and use it as a virtual reality interaction tool
[19, 20]. In these examples, tactile feedback from the device has two major
benefits to visual or audio presentation: 1) transparency [21]; user does not
have to look at the device while the interaction and 2) privacy; only the user
is able sense the stimulation.
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1.2

Closed Loop Interaction

Control systems can be divided into open- and close loop systems [22] (p.
8-16). In an open loop system, an input to a system is given without
analyzing the effect of the input in the system output. For example, a simple
car heating system can be controlled with a knob which directly controls the
temperature and the fan speed of the heater. If it set to its maximum, the
preferred temperature is reached quickly but most probably the user has to
manually reset it after a while to avoid temperature to rise too high. In a
closed loop system, the system output is taken into account when selecting
the input. In the car heating example, a closed loop control system could
take into account the real temperature of the car cabin. When the difference
between the intended and reached temperature gets smaller, the heater is
either switched off or set to lower gain. Simplified illustrations of open and
closed loop systems are presented in Figure 2.
noise
input

G

+

noise
output

input

-

G

+

output

Figure 2. Open loop control system (left) and closed loop system (right)

In human computer interaction, user provides the input to the system e.g.
by typing on the keyboard, moving the mouse or touching the screen. The
output is then provided visually on the screen, with sounds or tactile
feedback that could be generated with vibrotactile actuators. An example of
an open loop system in computer human interaction could be a case where
a desktop computer mouse is used without looking at the mouse pointer on
the screen. In this example, user could, based on prior knowledge of the
icon locations, be able to locate an icon on the screen and select it by
clicking the mouse button. This ‘blind selection’ use case becomes much
more realistic if it happens in mobile context of use with mobile device.
User could type a text message on a mobile device touch screen while
concentrating e.g. walking on a street. The effect of the input on the output
(typed text) is greatly influenced by the user’s prior knowledge about the
virtual key locations and experience on mobile touch screen devices. In the
same way, the result of the car heating example above greatly depends on
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the users experience on the heating system of that very car and typical
settings that could be applied in those very conditions.
It is apparent that the desktop interaction becomes easier if the user is
able to see the mouse pointer on the screen. In this case, even a person that
has never seen the system before is able to understand the mapping
between the mouse movements and the pointer location. In the mobile
interaction example, the solution could be to stop walking and concentrate
on typing. However, due to easy portability of the mobile devices, users
often face a situation beyond driving where they need to visually
concentrate on something else and still continue interacting with the
device. In these situations, auditory or tactile feedback can be used to close
a loop of interaction.
There are a number of ways to provide auditory or tactile feedback when
the input has been successfully interpreted by the system [14, 23, 24].
Typically, a user gets a discrete feedback, e.g. an auditory beep or tactile
burst when a touch screen button has been pressed. This necessitates that
the virtual button has been correctly located and a suitable amount of force
has been applied on it. In a typical use scenario, user familiarizes
her/himself with the system; presses the touch screen with different force
levels and learns how accurately fingers have to be positioned and how
much force is needed. Thus, the optimum motor control can be achieved
iteratively; user can press first very heavily and then step by step reduce the
force level until the feedback does not appear anymore. This thesis aims to
investigate whether a dynamic feedback could be used to optimize the
motor control, i.e. minimize the need for iteration in the close loop
interaction. The dynamic feedback can provide a cue of the system output
already before the target of the interaction has been reached. In above use
scenario, the user could get continuous feedback about how far the current
force level is from the needed force level. This way, the user could learn
faster to optimize the motor control.

1.3

Models for Human Motor Control

The dynamic feedback design in this thesis aimed to improve the
interaction in the selected applications. In human computer interaction, the
improvement is usually measured with reduced task completion time and
temporal or spatial accuracy. However, the human performance in motor
control tasks e.g. in computer interaction is a very complex set of processes.
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These include the human perception system responsible for registering the
environment and responses of the performed actions, memory contributing
in learning the system behavior, and motor programming that specifies the
motor commands that are needed for completing the task. In addition, the
motor neurons and muscles that actually execute the movement form a very
complex system on their own. Therefore, in order to model the human
performance, rough simplification is needed.
There are a number of models presented in research aiming to predict the
human performance in motor tasks. The models relevant for this thesis can
be classified based on the character of the tasks: target acquisition,
continuous tracking or movement timing. An overall model of the motor
control is presented in Figure 3, adapted from a book by Schmidt and Lee
[25] (p. 147). The model provides a good insight into the tasks mentioned
above as well as into the open- or close loop interaction division discussed
in the previous section.
Input
Executive
Stimulus
identification
Error

Response
selection

Response
programming
Reference

-

Muscles
Feedback (Muscle sensations)

Movement
Feedback (Movement sensations)

Environment

Feedback (Environmental sensations)

Figure 3. A simple model for human motor control. Adapted from Schmidt and Lee [25] (p.
147).
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1.3.1

Target Acquisition: Fitts’ Law

In target acquisition task, a common model for predicting the movement
time is Fitts’ law [26]. It states movement time for reaching a target follows
a logarithmic equation:
ଶ

 ܶܯൌ ܽ  ܾ ή ሺ ௐ ሻ

(1)

In the equation, D stands for the distance to the target and W corresponds
to the width of the target. The logarithmic term (log 2D/W) is often called
index of difficulty (ID) as longer distance and narrower target width makes
the acquisition task more difficult. The parameters a and b are system
specific constants. The Fitts’ model has been obtained empirically by asking
experiment participants to move a hand held stylus from a rest position
into the target area as fast as possible. In this simple task, participants
learned the movement pattern quickly and they were thus able to plan the
next movement very accurately even before the movement started.
Therefore, the model can be considered an open-loop system, because no
feedback is used for completing the task. In addition, since the movement
time in such a task is very short, the participant has no time to interpret the
feedback elicited by the movement. Therefore, Fitts’ law can be extracted
from the model presented in Figure 3 by ignoring the feedback loops
(muscles, movement, and environment). The movement is solely executed
based on target identification (distance and width) and motor response
programming. This ‘reference’ information can be considered feedforward
information which is the basis for movement planning.
Fitts’ law is the most widely used model in human computer interaction
studies investigating various input methods such as desktop mouse
interaction [27], applied force [28] or wrist rotation [29]. In above
examples, the feedforward information discussed above is visually
presented i.e. the user sees the target on the screen and then moves the
cursor from a rest position to the target as rapidly as possible with given
input method. Although the assumption for the model is that the
feedforward information is presented visually, there have been some
attempts to present the target location with audio [30] or even tactile
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feedback [31, 32]. These studies are indications that the target acquisition
could occur non-visually.
The role of the modalities is presumably rather different when the
interaction becomes explorative i.e. the user explores the targets that are
not visible in advance [33]. This is the topic for the Study III dealing with
augmented reality target selection. In explorative interaction, the location
of the target is revealed by probing movements and the feedforward
information is formed in user’s mind only. Instead of perception of the
target location on a screen (stimulus identification), the movements are
planned based on expectation of the target location. Therefore, the model
predicting the movement time may also be rather different from that of
Fitts’ law. Study III investigates the effect of target width and distance in
movement time, effect of modality in representing the target and
predictability of target location in movement characteristics and movement
time. The findings provide insight into suitability of Fitts’ model in
explorative interaction.
1.3.2

Continuous Tracking

If the interaction task is longer in duration, continuous feedback starts
playing more important role. For example, in car driving task the driver
needs to pay attention continuously e.g. to the road details, traffic signs and
other cars on the road (stimulus identification). In addition, the driver has
to be aware of the effect of the input (e.g. turning the wheel or hitting the
break) on the car behavior in the situation. The task of the user in this task
is to continuously minimize the error (Fig. 3) between the perceived state
and the intended state. In other words, user needs to continuously regulate
the provided input in order to get the intended output e.g. keep the car on
constant distance from the car driving ahead. [25] (p. 148).
The optimal tracking task can be divided into perceptual and control
component [22] (p. 205). The perceptual component corresponds to the
‘error’ term in the Figure 3 reflecting the difference between the intended
and realized outcome of the interaction. The perception may include
observation noise and the validity of the observation could be estimated by
a filter that takes into account the expected perception [34, 35]. In the car
driving example above the perceptual component is the observation of the
distance to the car driving ahead. If it accelerates, the ‘error’ term increases
and a corresponding action is taken to compensate it. The physical
limitations of acceleration and deceleration of cars set the limits for the
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expected observations; immediate stop of speeding are unlikely to happen
and thus they are less weighted in validity estimation. In this example,
misestimating may have dramatic impact.
The control component of the tracking task consists of the planning and
executing the regulating movement. In Figure 3, the control component
corresponds to the response programming. In a close loop system such as
continuous tracking, it is critical how the regulating action is executed
because any input propagates to the output which is then fed back to the
input through the feedback. This can make the system instable and more
regulating actions are needed to stabilize it. Therefore, the regulating
actions are always a tradeoff between the speed of correction and stability.
In the car driving example, the increased distance to the car ahead could be
corrected quickly by accelerating very aggressively. However, it would soon
lead into quick breaking and then rapid increase of the distance again.
In this thesis, continuous tracking is involved in all the studies. Whereas
perception of continuous feedback is investigated in studies I and II
(perception component), the effect of continuous feedback in motor control
(control component) is analyzed in studies III, IV and V. In augmented
reality interaction dealt with in studies III and IV, dynamic tactile feedback
was used as a guidance aiming to help the users to find the target area more
accurately. The acquisition task can be considered continuous tracking
because the user had to continuously observe and interpret the feedback to
complete the task. In study V, tactile feedback was generated proportionally
to the force that is applied by a finger. One of the tasks in the experiments
was to hold the applied force for a while, which is a continuous tracking
task as well.
1.3.3

Movement Timing

In target selection and continuous tracking, the optimum control is
basically a trade-off between speed and accuracy. Faster movements or
regulating control actions are rebounded as spatial inaccuracy. However, in
some cases temporal accuracy of the motor control plays a more important
role than spatial accuracy. For example, hitting a baseball with a bat
requires very precise temporal accuracy. The player must have a very good
idea how much time it takes until the bat reaches the coincidence point with
the ball. Of course, in this example spatial accuracy is very important as
well but without correctly anticipating the movement times of the bat and
the ball, it is impossible to hit the ball [36]. So, instead of asking to perform
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a movement as fast as possible we may ask to perform it within a specific
period of time. According to Newell et al. [37], the temporal accuracy is
directly proportional to the duration of the movement i.e. a longer target
period elicits higher error in the realized movement period.
Movement timing is particularly important in music performance.
Because musical piece is composed of individual notes that have very well
defined temporal relationship to each other (rhythm), performer must
control the instrument with very high temporal accuracy. And, whereas the
baseball player hits the ball just couple of times during the game, musicians
must be able to produce a sequence of movements, all in accurate temporal
alignment with the composition and with each other. The motor control
task of the musician is (typically) a synchronization of the movement with
external perceptible event such as metronome tick or movement of the
orchestra director [22] (p. 221). As found by Schmidt et al. [38], variability
of the temporal accuracy increased with the target movement time
suggesting that it is more difficult to synchronize with slower rhythm.
Study IV in this thesis investigates movement timing when playing a
gesture controlled virtual musical instrument. The task in the experiment
was to synchronize the controlling movements with external rhythmical
stimuli similarly as in studies by Schmidt et al [38]. The main aim was to
study whether a dynamic vibrotactile feedback hinting about the proximity
of the virtual control surface could assist the temporal accuracy of playing.
The feedback provided spatial information about the task and thus it was
expected to help the player in temporal control of the movements.

1.4

Haptic Perception

The sense of touch plays a significant role in human motor control. As we
move our limbs, there are a number of processes informing us about the
state of the muscles and joints as well as objects that we touch on the way.
These processes form the feedback loops introduced in the Figure 3. Vision,
of course, contributes a lot in motor control, especially in target acquisition
and tracking tasks. However, there is clear evidence that target acquisition
can occur as accurately with eyes open or closed [39]. In these studies,
experiment participant first saw the target and performed the movement
either with eyes open or closed. In the eyes closed conditions, the actual
target acquisition was done solely relying on the haptic sensation of
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movement. Similarly, audio cues elicited from the movement, e.g. touching
a textured surface, play a role in the interaction. But again, haptic modality
alone has been proved to be even more accurate cue than audio modality in
a texture identification task [40]. Although these examples show the
accuracy of the haptic sensation, it is evident that all the senses together
form the overall perception and contribution to the motor control.
The origin of haptic sensation in human body is in mechanoreceptors
located in joints, muscles and skin. There are basically six types of receptors
involved in the perception process: Ruffini-, Pacinian-, and Meissner
corpuscles, Merkel nerve endings, Golgi tendon organs (GTO) and muscle
spindles [41] (p. 85-92). The Ruffini- and Pacinian corpuscles are located in
the joints or in the tissue between the skin and muscles, former sensitive to
stretching of the tissue and latter sensitive to vibration around 200 Hz.
Meissner corpuscles and Merkel nerve endings are located in outer layer of
the skin and sensitive to pressure changes such as occurring in texture
exploration. Golgi tendon organs are responsible for sensing the tension
developed by the muscles and the muscle spindles monitor the length and
changes in the length of the muscles.
In addition to anatomic structure and location of the mechanoreceptors,
the haptic perception process can be organized based on innervation i.e. the
structure and type of the afferents (nerve axons) that connects the receptors
to each other and to the central nervous system [41] (p. 93-102). There are
two factors involved: size of the receptive field and adaption characteristics.
The afferents that are responsible for small receptive fields are called type I
and afferents responsible for larger areas are called type II. With respect of
the adaptation, the afferents are divided into slowly and fast adaptive
afferents. By their name, the afferents adapt either slowly or fast to
continuous stimulation such as static pressure when touching an object
with a finger. In a glabrous skin such as hand palm, Merkel nerve ending
are connected by slow-adapting type I afferents (SAI) and Meissner
corpuscles by fast adapting type I afferents (FAI). The mechanoreceptors
located deeper in the skin, Ruffini and Pacinian corpuscles, are connected
by slow-adapting type II (SAII) and fast-adapting type II (FAII) afferents,
respectively.
In all the studies of this thesis, the dynamic tactile feedback was
sinusoidal vibration of 250-260Hz. Therefore, the Pacinian corpuscles are
in a key role in the perception of the feedback. However, in all studies the
sensor and the vibrotactile actuation were co-located i.e. the feedback was
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provided from the same rigid device that sensed the applied input. Most
likely, all the above processes were more or less involved in the overall
interaction including the perception of the weight of the hand held device,
sensing the texture of the device surface, feeling the wrist position while
gesturing or sensing the finger skin stretching when pressing the force
sensor. Furthermore, adaptation of the haptic sensation may have played a
role in the studies, especially in study V dealing with force interaction.
According to Birznieks et al. [42], when force is applied with a finger pad on
a rigid surface, most of the adaptation of the receptors responsible for
pressure sensation (Meissner corpuscles and Merkel nerve endings) occurs
within 200ms from the onset of the stimulation. In study V, the press
durations were significantly longer and thus adaptation may have
interfered in the force control task.
Tactile feedback in human computer interaction is always a virtual
representation of a digital property i.e. it creates an illusion of a physical
property such as bending dome of a button on a touch screen [15]. The
illusion of haptic perception is created in the studies throughout this thesis.
According to a review by Hayward [43], an illusion consists of a constant
part, which corresponds to the physical haptic stimulation and a variable
part that modifies the overall experience. For example, the haptic
stimulation alone (constant part) may consist of a limited set of information
about the interaction. The constant part is then completed with additional
information to get satisfactory picture of the stimulus. The variable part
could be presented with other modality such as audio or it could be
established by an expectation of the stimulus experience in the context of
the interaction. Jousmäki and Hari [44] presented a study where the tactile
sensation of hands when rubbed together was modified by augmenting the
auditory cue from the interaction. In this example, louder sound of the
rubbing led into perception of drier skin. In a study by Kildal [45], a simple
vibrotactile feedback to applied force elicited an illusion of elasticity
although the touched surface was completely rigid. In this case, the
participants interpreted the vibrotactile bursts as crackling of a bendable
surface.
In studies I and II of this thesis, the aim was to create an illusion of a
texture. By definition, texture is a surface property that can be explored by
touching. However, the early trials showed that the method used in
synthesizing the feedback created the feeling of ridges and grooves of a
surface. The results of study II show that these virtual textures really can be
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described with attributes similar to those of real textures. In studies III and
IV, the dynamic vibrotactile feedback guiding the movement towards the
target may have established an illusion of a vibrating rubber ban that is
bound to the target. Although the illusion itself was not under examination,
the illusion may have influenced the usefulness of the guidance feedback. In
Study V, the feedback was generated proportionally to the applied force
similarly as in the study by Kildal [45]. Again, the illusion of elasticity of the
surface may have contributed to the results which indicated the usefulness
of the dynamic feedback in force control task.

1.5

Augmented Feedback

The feedback loops in the Figure 3 represent the perceptual outcome of the
motor control elicited from muscles, movement and environment. If a
person is performing the movement action without any external person or
system monitoring it, these can be called inherent feedback. Any additional
information about the action that she/he gets from outside can be called
augmented feedback [25]. Augmented feedback supplements or augments
the inherent feedback and may therefore influence the motor control
significantly. For example, teacher could guide a violin player by saying:
”You keep the index finger of you bow hand too up, move it towards the
middle finger and try again”. The augmented feedback can be considered an
additional feedback loop in Figure 3 which can provide additional
information about any of the action levels (muscle, movement, and
environment) to the control process. The augmented feedback can be
provided concurrently or after the movement, it can be verbal or non-verbal
depending on the type of the task and feedback system available. An
illustrative description of the dimensions of augmented feedback is
presented in Table 1.
In the studies of this thesis, the augmented feedback is provided with
vibrotactile actuator during the performance. Therefore, the type of the
feedback is concurrent and non-verbal. Because the feedback is nonverbal, a person needs to be able to interpret the feedback in order to use it
for improving the performance. In the study by Hurley and Lee [46]
augmented visual feedback in bimanual pursuit tracking task improved the
learning when compared to condition without the feedback. Similar
findings with audio feedback coupled with a tilting interface were presented
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by Rath and Rocchesso [47] and with pen interface by Andersen and Zhai
[48]. In a study by Jiang et al. [49] a continuous vibration responding to
grasp force assisted the performance of multiple sclerosis patients in a force
control task. Furthermore, in a study by Oron-Gilad et al. [50], the distance
to a target in an aiming task was augmented with continuous vibrotactile
feedback. They found that such a guidance cue that is different enough from
that of the target cue yields the best performance. This proves the
importance of the interpretation and that a reasonable amount of training
is needed to get the person familiarized her/himself with the feedback.
Table 1. Dimensions of augmented feedback [25] (p. 366)

Concurrent
Presented during the movement
Immediate
Presented immediately after the
relevant action
Verbal
Presented in a form that spoken or
capable of being spoken
Accumulated
Feedback that represents an
accumulation of past performance
Knowledge of Result (KR)
Verbalized (or verbalizable)
postmovement information about
the outcome of the movement in the
environment

Terminal
Presented after the movement
Delayed
Delayed in time after the relevant
action
Non-verbal
Presented in a form that is not
capable of being spoken
Distinct
Feedback that represents each
performance separately
Knowledge of Performance
(KP)
Verbalized (or verbalizable)
postmovement information about
the nature of the movement pattern

On the other hand, after the person have learned the use the feedback there
is a big risk that she/he gets addicted to the feedback i.e. cannot perform
the task properly without it. This challenge in skill transfer from condition
to another was brought out in an early study by Gordon [51]. In his study, a
simple visual augmented feedback yielded better skill transfer than
mechanical guidance in a rotary pursuit task. The skill transfer was also
investigated by Mononen [52] in a task requiring a high accuracy motor
control. In the rifle shooting aiming task, the person got concurrent
feedback from the aiming result (distance from the target) either visually or
with audio. It was found that the best skill transfer result was achieved
when the feedback was provided only half of the training sessions in order
to avoid addiction to the augmented feedback. Similar findings were
presented by Crespo and Renkensmayer [53]. In their study, steering of a
virtual vehicle was assisted with haptic guidance.
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In above examples, the overall aim of the augmented feedback was to
assist motor control, either in the learning phase or generally. In human
computer interaction the role of the continuous feedback is rather different.
In typical user interfaces, the aim of the feedback is to make the interaction
more efficient but at the same time it cannot be too dominating because it
can make the overall experience annoying. It can be that continuous audio
feedback could provide the best result in e.g. gesture interaction in
augmented reality, but using such a cue in real life in real context of use
could disturb the outsiders or could be annoying for the user on the long
run. Whereas studies dealing with motor control aim to teach the person to
do the action as accurately as possible eventually without the feedback, the
feedback in human computer interaction is part of the system being
developed. The motor control and movements associated with user
interfaces are such that are repeated over and over again during the lifetime
of the product. Therefore, the system design is always a trade-off between
the

optimization

of

the

efficiency

of

the

interaction

and

aesthetic/ergonomic design of the user interface.
In addition to the dimensions introduced in table 2, the type of the
augmented feedback could be classified based on the task and target of the
action. Here, a classification to input augmentation, target augmentation
and guidance is proposed:
x

In input augmentation, concurrent, non-verbalized feedback is
provided without relation to the target of the interaction. The feedback
reflects only the effect of the provided input in the system but does not
reveal how to reach the target. The target and the information how to
reach it are established by other means than the feedback but the
input augmentation can complement the sensation when the target is
finally reached. For example, in the study by Jiang et al. [49], the
participants got dynamic vibrotactile feedback proportionally to the
applied grasp force when lifting an object. The target of this action was
to lift object from table and hold it for 5 seconds without dropping it.
With the dynamic feedback, the participants were able to complete the
task better than without it. Apparently, they got better sensation of
how the target performance felt like and therefore were able to control
the applied force better.

x

In target augmentation an additional cue that the target has been
reached is provided. Again, the feedback does not reveal how to get to
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the target but it gives a wider spectrum to it. In a study by Akamatsu et
al. [54], mouse pointing was augmented with vibrotactile feedback
when the mouse pointer entered the target area on the screen. The
task of the participants was to move the pointer from rest position to
the target area and select it by a button press. The overall task
completion time was shorter with the tactile feedback because it
shortened the time interval between the entering the target area and
the button press. Thus, when the target was reached, the target
augmentation shortened the reaction time.
x

In guidance, the feedback is generated in proportion to the distance
to the target. A person needs to be able to interpret the properties of
the feedback in order to take an action towards the target. For
example, in the study by Oron-Gilad et al. [50] the frequency of
vibration pulses reflected the distance to an invisible target in a mouse
pointing task. The target itself was indicated by another type of
vibration when it was reached. The participants learned to interpret
the changes in the frequency when the mouse was moved and reached
the best performance when the guidance cue and the target cue were
as different as possible.

In this thesis, all the studies are projected to the above classification.
Studies I and II dealing with vibrotactile textures focus on the input
augmentation of the gesturing movements. The studies do not investigate
particular motor control task, but concentrate more on the perception and
interpretation of the continuous feedback. In Study III, vibrotactile
guidance is taken under examination in a target acquisition task similar to
that of Oron-Gilad et al. [50]. Study IV investigating the playability of a
gesture based musical instrument introduces both target augmentation and
guidance. Finally, the Study V dealing with dynamic tactile feedback in a
force control task focuses on input augmentation.

1.6

Aims of the Thesis

The inspiration for the thesis studies initiated from the idea of utilizing
typical audio synthesis tools for generating tactile stimulation. The tactile
actuators used in the studies function very similarly to audio speakers
which allowed them to be directly plugged into computer audio hardware.
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Selected audio synthesis tools can generate and modify output signals in
real time which made synthesis of continuous dynamic feedback possible.
The five studies introduced in this thesis are presented starting from
investigations on synthesis methods (I and II) and then moving into more
applied research in human computer interaction in gesture- and touch
interfaces (III, IV, and V). The motivation for focusing on these is twofold.
Firstly, the synthesis tools and selected sensors and actuators are standard
off-the-shelf components. Combining them with audio synthesis tools
seemed an attractive possibility to be explored. These widely used tools also
allowed the experiments to be replicated by anyone. Secondly, touch- and
gesture interfaces can be considered the next step of evolution in mobile
user interfaces. Any improvement in them, possibly enabled by dynamic
tactile feedback, would lead into more efficient interaction and better user
experience.
Key challenges in this thesis are related to haptic stimulation in the
closed-loop control process: how to tell a user “a bit more”, “2 cm down” or
“20 degrees to the left” with vibrotactile feedback? The challenges relate to
perception of the dynamic haptic stimulus and its role in high precision
motor control in gesture and touch interaction. The main research
questions are:
x

How to design dynamic tactile feedback in gesture- and touch
interfaces by using audio synthesis tools and a vibrotactile
actuator that is co-located with the sensors?

x

What are the principal parameters in the dynamic feedback that
make them perceptually distinguishable?

x

Does the dynamic feedback influence the interaction efficiency in
the selected tasks and applications?

By answering the above questions, the overall aim of the thesis is to form
a set of guidelines for designing tactile feedback for touch- and gesturebased interfaces for mobile devices.
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2. Methods and Results

This chapter describes briefly the experiments including results and
discussion. The methods common for all are introduced first. The
participants’ tasks in the experiments were derived from real use cases in
human computer interaction such as mobile augmented reality and touch
user interfaces. However, in order to keep the setups controllable, the
methodologies were modified for laboratory conditions. In all experiment
sessions, most of the ambient disturbances were eliminated or masked with
auditory noise and the participants’ movements were minimized. In real
context of use, these may play significant roles in the interaction efficiency
and user experience. This should be taken into account when interpreting
the results.

2.1

Sensor technologies

In the studies of this thesis, the focus was in gesture and touch interaction.
Sensor technologies related to both of these are discussed in the following.
2.1.1

Motion Tracking

In gesture interfaces there are a number of ways how hand movements
could be tracked by a computer. Since the use cases related to current
studies are from mobile human computer interactions, tracking techniques
that are non-grounded, i.e. not in a rigid connection to stationary object
(e.g. desktop mouse on table), can be considered. Basically, such tracking
techniques could be divided into optical and inertial methods. In optical
methods, the movements are captured by a camera which is placed in a
stationary location and the hand (or any object being tracked) features are
tracked with a computer vision algorithm. A recent example of computer
vision application is Microsoft Kinect [55] which uses two cameras, one for
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infrared and another for visible light, for detecting movements including
depth dimension. A challenge of machine vision is that for robust tracking
the camera(s) need to be placed in front of the user. This is not possible in
mobile augmented reality interaction scenarios considered in this thesis.
Also, camera based methods tend to suffer from long latency which is
problematic especially when applying haptic feedback in the interaction.
In inertial motion tracking methods the movements are measured with
small sensors placed in the device that is being tracked. Since the sensor
device is not stationary (as often in the optical tracking) the measurement is
relative. In the current studies, the tracking was done with accurate
accelerometer and gyroscope. Accelerometer is sensitive to acceleration,
initiated both from the movement and gravity. Thus with accelerometer it is
possible to measure translations of the device and tilt angle relative to
earth’s gravitation field. Current accelerometers can be very small and
cheap and they can be operated with very high sampling frequency.
Gyroscope is sensitive to angular velocity. The angular position can be
obtained by integrating the angular velocity over time. Therefore, the
tracked angular position (pointing direction) is relative to previous angular
position. Since gyroscope is not sensitive to any external field, it has to be
calibrated i.e. reset to a fixed direction. The errors in the angular velocity
tracking will lead into drift of the fixed direction. Therefore, a frequent
manual calibration or automatic calibration based on other sensors is
needed. Gyroscopes tend to be a bit more expensive that accelerometers
and they are also bigger in size.

Furthermore, gyroscopes are able to

measure only rotational movements.
Motion tracking can also be based on earth’s magnetic field. Since the
direction of the magnetic field is known (reference direction), the absolute
orientation of a device can be measured with a 3-dimensional
magnetometer. The strength of the magnetic field is measured in each
dimension and orientation is calculated as a vector subtraction from the
reference direction. The magnetic field is rather weak, 20,000–80,000 nT
[56], and the measurement is very sensitive to electromagnetic interference
introduced by e.g. power supply of the device. However, magnetometers
can provide an absolute heading of the device on earth’s surface which is
not possible with accelerometers or gyroscopes.
In the current studies, the motion of a hand held device was measured
with a sensor hardware consisting of accelerometer, gyroscope and
magnetometer provided by XSens [57]. The sensor type MT9 was selected
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due to its high accuracy and small size. The sensor hardware is presented in
Figure 4. In addition, the manufacturer provided a software developer kit
that was used for preprocessing and storing the sensor data during the
experiments. The sensor provided angular position values (yaw, pitch, roll)
within 100 Hz sampling frequency and 0.1° precision. The angular position
was calculated by combining the readings of all sensors with a sensor fusion
algorithm provided by the manufacturer. The algorithm compensated the
drift of the gyroscope with accelerometer and magnetometer. In all the
experiments, the sensor was placed in the same box together with a tactile
actuator which was heavily magnetic. This is why the magnetometer was
disabled for the experiments. The drift of the sensor due to the lack of
magnetometer was minimized by calibrating the sensor manually between
the experiment sessions.

55mm
Figure 4. Motion sensor [57] user in the studies I-IV in original chassis (left) and unpacked
(right). The sensor hardware consisted of 3D accelerometer, 3D gyroscope and 3D
magnetometer and it was connected to a computer with a serial interface.

The accurate angular position can be used for determining which direction
the user is pointing at. For example, if the exact location of a person in a
room is known, yaw and pitch can reveal which point on the wall the person
is pointing at. If the wall is used as a canvas for projected display, the
pointing can be used as an input method for the display. The objects on the
projected display may have haptic properties such as border sharpness and
surface texture. These could be presented by dynamic tactile feedback
provided by tactile actuator integrated into the pointing device as described
in studies I and II. Similarly, when walking outdoors, pointing into different
directions could reveal presence of virtual objects embedded into the
environment. The exact location could be provided by GPS receiver and the
inertial sensing could reveal which building the person is pointing at. The
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virtual object, object boundaries or proximity could be indicated by
vibration as described in studies III and IV.

2.1.2

Force Sensing

The maximum human capacity of producing force with a finger is within
the range of 35-45 Newtons [58]. However, in typical keyboard typing, the
applied force levels are usually around 1 N, but in touch screen interaction
even lower force levels can trigger virtual buttons [59]. If the force is
planned to be used as a control parameter for user interface [60-62], which
is one of motivations of study V, force levels around 1-7 Newtons could be
considered. Therefore, an accurate force sensor within the range of 0-10
Newton was needed. There are a number of ways to measure the applied
force on a rigid surface. One of the simplest ways is to use force sensitive
resistors (FSR), which namely change their resistance when force is applied
to the sensing area (Figure 5). In the pilot experiment of the study V, a force
sensing resistor was used. However, poor linearity and accuracy appeared
to be a limitation and the sensor type was changed for the main
experiments. The new sensor type was a capacitive load cell providing much
wider range and sensitivity compared to FSR’s. The selected sensor was
iLoad mini manufactured by Loadstar [63], presented in Figure 5. The
sensor force range was up to 40 N and the accuracy 0.004N sampled at
500Hz. The sensor was connected to a computer with a standard USB cable
through an interface module (DQ-1000U) provided by the manufacturer.
This made the system integration easy since no extra hardware for sensor
data acquisition was needed.

12mm

32mm

Figure 5. Force sensors used in study V. Force sensitive resistor (left) was used in the pilot
experiment and capacitive load cell (right) in the main experiment
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2.2

Tactile Actuators

In human computer interaction, tactile feedback can be provided with force
feedback devices or vibrotactile actuators. Force feedback devices, such as
PHANToM [6], consist of a stylus or probe that is connected to the main
device with rigid shafts. The stylus movements or the resistance of the
stylus’ movements can be controlled by servo motors attached to the shafts
of the device. A virtual object can be then explored with the stylus point by
point. These devices are attractive tools for creating properties such as
surface textures to virtual objects [9] but because the movement is
restricted or ‘grounded’ by the shafts, the approach does not suit the
applications considered in this thesis
Vibrotactile feedback in human computer interaction is generated with
vibration motors based on either eccentric mass or a linear electromagnetic
coil, or piezo actuators. Most commonly used actuator type in mobile hand
held devices is eccentric mass actuator due to its small size, power
consumption and low price [11]. The motor is rigidly attached to the device
and while it rotates the mass vibrates the whole body of the device.
Although the eccentric vibramotors are practical in applications were a
simple vibration alert is enough, they have limitations. Firstly, the
amplitude of the vibration is difficult to control because the eccentric mass
is always on constant distance from the center of the rotation axis.
Secondly, to control these actuators, a specific hardware driver is needed.
The recommended drive for them is pulse width modulated signal that
cannot be generated with the audio synthesis tools used in the studies of
this thesis. A typical vibramotor is presented in the left panel of Figure 6.
Linear electromagnetic actuators are based on a mass that is moved
linearly by altering the magnetic field around it induced by a coil. Due to
their construction, they are often called voice coil actuators. The benefit of
these actuators is that they are easily driven by an audio signal because the
construction resembles that of an audio speaker. Also, because the electric
current inducing the magnetic field controls the movement of the mass, the
amplitude of the vibration is easy to control. A challenge of voice coil
actuators is slow damp and rise time; because the mass has to be mounted
such a way that it can freely move within the magnetic field e.g. with
springs, it will take a while until the movement stops after the drive current
has been switched off. Also, because the springs basically hinder the
movement, it takes a while until the mass reaches its maximum amplitude.
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Typical actuators used human computer interaction research are TACTAID
[64, 65] and C2 Tactor (Engineering Acoustics, Inc. [66]). The latter one is
the actuator type that was used in all studies of this thesis. It has a rise and
damp time of 33ms and recommended drive signal is a 250Hz sine wave of
up to 0.5A amplitude. C2 is presented in the middle panel of Figure 6.

12mm

30mm

30mm

Figure 6. Different tactile actuators. Left: Vibration motor based on eccentric mass. Middle:
Linear voice coil actuator used in the studies of the thesis. Right: Piezo actuator.

Piezo actuators are based on piezoelectric phenomenon in which the
dimensions of material change when a voltage is applied on different sides
of an object. Because a relatively high voltage is needed to obtain noticeable
vibration amplitude, piezoactuators have some limitations in human
computer interaction applications. Firstly, the actuation has to be localized
e.g. to the display of the device because due to the small displacement, the
actuators are not able to vibrate the whole body of the device. The
localization of the vibration also causes some challenges in the construction
of the device. Secondly, due to the need of high voltage for actuation, longer
durations of continuous vibration are difficult to produce. On the other
hand, piezo actuators provide a very good temporal and frequency
response. As indicated by Ternes and MacLean [67], by a very large set of
distinguishable tactile patterns can be designed by modifying only the
rhythmical characteristics of the stimuli. An example of a piezo actuator is
presented in the right panel of Figure 6.

2.3

Tactile synthesis with Pure Data

In all the studies of this thesis, the audio- and tactile stimuli were generated
with Pure Data (PD) software. Pure Data (puredata.info) is a real-time
graphical programming environment for audio, video and graphical
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processing originally developed by Miller Puckette. Since the main objective
of the studies was to investigate the effect of real-time feedback to motion
and force, PD was a good choice for the platform. It has been successfully
used by a number of studies where a real-time synthesis of auditory- [68,
69] or tactile feedback [70, 71] is needed. PD provides suitable interfaces for
sensors (serial port, TCP/IP socket) and an efficient implementation of
wavetable synthesis [72], which was an essential part of the studies. In
addition, the tactile actuator used in all the studies was a voice coil that can
be driven like an audio speaker. Therefore, no specific drivers for the tactile
feedback were needed; the output of the PD was channeled to audio
hardware of the computer and amplified with a standard audio amplifier.
An illustration of the synthesis principle is presented in Figure 7. The
illustration reflects wavetable synthesis that was used in the studies
throughout the thesis.

Figure 7. Illustration of the tactile synthesis based on wavetable envelope sampling.

In PD, operations (functions) are represented as rectangles that can be
connected to each other with lines. A simple example of PD code is
presented in the left panel of Figure 8. The illustration represents a
synthesis of tactile feedback where amplitude of the vibration (260Hz
sinusoid) is increased proportionally to the input e.g. the applied force. The
sinusoid is generated by the osc~- function. The force values are received as
an input (ForceLevel), divided by 300 and then used as input for the
amplification function. The amplified output is then fed to the right channel
of audio hardware of the computer represented by the dac~-function. A
more complex example is presented in the right panel of Figure 8. The code
represents a simplification of wavetable synthesis where the input (inlet)
could be e.g. angular velocity of the movement as was the case in studies I
and II. The angular velocity is driven as an input to ‘phasor~’ –function that
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generates a saw tooth signal with frequency specified by the input. When
the output signal of the ‘phasor~’ function is multiplied by 3000, the peakto-peak amplitude of the saw tooth signal is increased from 1 to 3000. This
signal is then used as an input to a wavetable read function called
‘tabread4~’. The input signal is a sequence of sample indexes to a wavetable
that is stored in memory (table200) with corresponding length (3000
samples). Now, the ‘tabread4~’ –function reads the indexes of table200
with given frequency. The output signal is then mixed with 260Hz sinusoid
and fed to the audio hardware. The output of the example codes are
represented also in Figure 8. The signals correspond to an input signal
(force or angular velocity) that increases linearly with time.
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Figure 8. Tactile synthesis with Pure Data. The upper graphs represent the program code on
the Pure Data editing window and the lower graphs the corresponding output of the
synthesis with a simulated sensor signal. Amplitude modulation (left) and wavetable
synthesis (right). Output of the synthesis is presented below the code windows
corresponding to a steadily increasing input signal (ForceLevel or Velocity).

2.4
2.4.1

Study I: Dynamic Audiotactile Feedback
Introduction

The aim of the Study I was to investigate the potential of the vibrotactile
actuation when combined with audio synthesis tools motion tracking. Since
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this was the first investigation on the topic, the approach was rather
exploratory. The motivation for the research was derived from gesture
interaction and one of the applications for the continuous feedback to
gesture movements was to indicate the system states with the feedback
[73]. For example, when shaking a mobile device in hand the responding
tactile feedback could indicate the current user profile or the number of
received messages [74]. Furthermore, since the selected sensor provided
accurate angular position of the device, it could be used as a pointing device
for large visual displays or virtual environments. Thus, the dynamic
feedback could be used for creating virtual textures for the objects being
pointed at. In the experiments of the study I, both audio and tactile
feedback was used.
In above applications, it is particularly important that the user is able
distinguish the feedback patterns from each other. Therefore, a simple
change detection task was applied in the experiments [75]. The approach
was to select a set of control parameters that define the feedback
characteristics and then study how the changes of the parameters are
detected by the experiment participants. The main research questions for
the study I were: 1) how does the modality influence texture
perception? and 2) what is the role of users input (velocity) in
the texture perception?
2.4.2

Method

The experiment setup consisted of a hand held sensor-actuator device
where the sensor hardware and the tactile actuator (C2) were integrated
(See Figure 9). The device was connected to a laptop computer with a cable.
The sensor signal was preprocessed in computer to extract the angular
velocity of the movement and the values were sent to Pure Data (PD) for
feedback synthesis. The synthesis was based on an envelope signal that was
generated with a wavetable synthesis module represented in Figure 8, a
sine wave that was generated by the ‘osc~’ –function in PD or a noise signal
that was generated with ‘noise~’ -function. The frequency and amplitude of
the envelope signal was modified by the overall angular velocity of the
device. The envelope signal was mixed with noise signal to generate the
audio feedback and with sine wave to generate tactile feedback. This
ensured that tactile and audio signals were always synchronized. With this
approach experiment participant was able to modify the feedback by
controlling the angular velocity of the movement; slower velocity caused
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lower feedback frequency (also longer ridge length) and faster velocity
caused higher feedback frequency. The setup resembles a situation where
device is used for pointing and the feedback reflects the texture of the
canvas that is pointed at. And, a person has to move the pointer device to
feel the detail properties of the virtual texture, like with real textures. The
output of the synthesis is represented in Figure 9.

Figure 9. Sensor-actuator device consisting of a motion sensor and tactile actuator (left) and
audio+tactile synthesis output (right) corresponding to movement of the device with a
constant angular velocity.

Following the wavetable synthesis principle described in section 2.3, four
textures were designed. All textures were based on same envelope shape but
the spatial density and regularity was altered. The spatial density was
controlled by changing the linear mapping between the angular velocity of
the device movement and wavetable synthesis frequency. Three different
densities were selected: slow, medium and fast. To investigate the effect of
regularity in similarity perception, an irregular version of the slowest
texture was designed. The irregularity was implemented by adding random
numbers (from uniform distribution) to the synthesis input on every
sample.
29 subjects participated the experiments. The task of the participants was
to detect changes in the feedback. They were asked to move the device in
their hand to reveal the dynamic feedback and report when the perceived
texture changed by pressing a button. The duration of each texture
exploration phase was randomized from 5-8 seconds to avoid prediction.
The experiments were arranged in three blocks and each block was
represented with different modality: Audio (A), Tactile (T) or Audiotactile
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(AT). Each block consisted of 96 texture transitions; all the possible
transitions were repeated 6 times in random order. In blocks with tactile
modality only, masking noise was used to eliminate the effect of sound
elicited by the tactile actuator in the perception. The masking noise and the
audio feedback in the blocks with audio were played through headphones.
2.4.3

Results and Discussion

Modality condition had nearly significant effect on correct detection rate
revealed by Kruskal-Wallis analysis of variance (χ2=5.32, p=0.07). The
detection time in correct detections was significantly influenced by the
modality (χ2=157, p<0.01). Detecting the changes in tactile modality (T)
took significantly longer than with audio or audiotactile modality revealed
by Tukey LSD post-hoc test (p<0.05). Proportion of correct detections and
detection times by each modality are presented in Figure 10. Furthermore,
modality condition had significant effect on the velocity of the movement
(χ2=13.32, p<0.01). Audio feedback induced the slowest velocity whereas
tactile induced the fastest. Also, across the modality conditions, slower
movement yielded significantly better detection performance than faster
movement.
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Figure 10. Correct detections (left) and detection times (right) by modality condition in
change detection experiment in study I

The superiority of the audio feedback in the change detection task can be, to
some extent, explained by the method of generating the feedback. The
tactile actuator that was used in the experiments limited the bandwidth of
the signal whereas in audio representation there were no limitations. This
can also explain the reason for the better performance elicited by slower
movement. With higher velocities, the envelope frequency of the feedback
became so high that it started to be beyond the bandwidth of the tactile
actuator. Therefore, it may not be very insightful to compare the modalities
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to each other because the representation possibilities in virtual
environments are so different.
Study I showed the potential of the dynamic feedback. Although the
performance of the tactile feedback alone yielded slightly lower detection
rate in the change detection task, the results suggest that even alone tactile
feedback could be used to create number of distinguishable textures. Also,
because the comparison between the modalities appeared to be
problematic, the future studies of this thesis focus on tactile modality.

2.5
2.5.1

Study II: Tactile Textures
Introduction

Study II [76] focused on perception of virtual textures generated with
similar method as in Study I with tactile modality only. Study II took a
deeper look into perception of virtual textures and derived the methodology
from previous work with perception of real textures. The main principle of
generating the textures was similar to Study I; the sensor-actuator device
was used to explore textures by probing movements. The fundamental
difference of this setup to the exploration of real textures is that there is no
direct skin contact to the surface. With real textures, it is not only the
receptors that are sensitive to vibration (Pacinian corpuscles) that
contribute to the perception [77], also the receptors closer to the skin
surface (Merkel and Meissner corpuscles) play a significant role [41] (p. 8592). However, if the exploration of a real texture is conducted with a probe
without direct skin contact [78-80], the setup becomes very close to the
approach used in the current study. As investigated by Lawrence et al. [81],
perception of roughness of a texture is nearly as accurate with a probe as
with a bare finger. Therefore, vibrations and the force resistance of the
probe can accurately communicate the texture properties to the hand
holding the probe. With the approach taken in the current study, the
perception of the texture is exclusively based on vibrations because the
force resistance cannot be generated with the selected hardware. The force
resistance in texture exploration could be generated with force feedback
devices as shown by a number of studies [7-9]. However, mechanically
grounded devices are out of question in the applications considered in the
current studies.
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time

Figure 11. The experiment setup in Study II consisting of the sensor-actuator device, monitor
and a small keypad (left). The monitor guided the participant by indicating the phases of the
experiment session (right). The task of the participant was to explore two textures at the
time and then evaluate their similarity.

The aim of the study II was to widen the design space of the virtual textures
from Study I and concentrate only on tactile feedback. First, the textures
were designed using balanced set of parameters such as ridge length, spatial
density and regularity. Then, the perceived similarity was assessed in a pair
wise

comparison

experiment

and

data

was

visualized

using

multidimensional scaling analysis (MDS) [67, 82]. Finally, each texture was
evaluated by a set of attributes such as roughness and softness derived from
a pilot study. Thus, the main research questions for Study II were: 1)
which design parameters lead into perceived similarity or
dissimilarity? And 2) how do the texture attributes associate
with the design parameters?
2.5.2

Method

The experiment hardware was similar to Study I, only the chassis of the
device was redesigned to achieve good hand grip and durability (see Figure
11) Twelve textures were designed based on three parameters: ridge length
(Short/Medium/Long), regularity (Regular/Irregular) and spatial density
(Coarse/Dense). The naming of the textures was based on the initials of
each of these parameters, e.g. SRC standing for coarse and regular texture
with short ridge. The summary of the design principles is presented Table
2.
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Table 2. The design parameters (ridge length, regularity, density) and identifiers of the
textures used in the main experiment of study II.

The envelope shape was a simple rectangle in all textures, but as is
illustrated in Figure 12, the limitations in the bandwidth of the tactile
actuator smoothened the edges of the envelope. The upper left-hand graph
illustrates the output signal of the synthesis output whereas the other
graphs present the actual displacement of the device assessed with a laser
measurement system (Keyence LKG32 [83]). In addition, the limitations of
the actuator also lead into lower amplitude of the vibration with higher
frequencies of the envelope signal. As seen in the figure, the dense texture
(SRD) did not yield the same amplitude as the corresponding coarse texture
(SRC) because the actuator could not reach the intended amplitude within
the period of the envelope signal.
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Figure 12. An example of the drive signals (top left) and actual vibrations of the device
measured with a laser. As the figure suggests, the edges of the signal ridges are smoothened
due to frequency response limitations of the tactile actuator.

The study II was conducted in two phases. In a pilot experiment a set of
descriptive attributes were defined. Participants (N=24) were asked to
explore the textures and then freely describe what they feel. The main
experiment (N=16) was conducted in two parts; a pair comparison test and
attribute evaluation test. In pair comparison, each of the 12 textures were
compared to each other and evaluated based on their dissimilarity. In each
texture pair, both textures were available for exploration for 3 seconds and
the time interval between the explorations was always 1 second. After the
second texture of the pair, the participant was asked to evaluate the
similarity within a scale from 1 (very similar) to 5 (very different) by using a
simple number keypad on the table (see Figure 11). In the attribute
evaluation part, the participant was asked to evaluate each of the 12
textures based on following attribute pairs extracted from the pilot
experiment:
Smooth
Flat
Soft
Slippery
Pleasant

-

Rough
Bumpy
Hard
Sticky
Unpleasant
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The textures were presented in random order and the participant was asked
to evaluate each texture with respect of all 5 attribute pairs above.
2.5.3

Results and Discussion

In the pair comparison test, all the evaluations of the participants were
combined into one data set and a matrix indicating the perceived
dissimilarity of each texture pair was obtained. The dissimilarity matrix was
used as an input for multidimensional scaling (MDS) algorithm that can be
used for visualizing the perceived differences of the stimuli. Figure 13
illustrates the outcome of the MDS analysis. It suggests that the first
dimension of the MDS analysis corresponds to the ridge length and the
seconds dimension corresponds to spatial density. However, with longer
ridge (LID, LRD, LIC, LRC) the perceptual differences of the textures are
negligible because the texture markers in the graph are very close to each
other. In addition, corresponding regular and irregular textures were not
very well discriminated from each other.

Figure 13. Texture models mapped into perceptual space with multidimensional scaling. As
the figure suggests, the textures with different ridge lengths (S/M/L) are well distinguished
from each other whereas regular textures are mixed with their irregular counterparts.
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Table 3. Correlation between the perceptual dimension and attribute pairs in study II.
Dimension 1

Dimension 2

Smooth-Rough

-0.36

-0.66

Flat-Bumpy

-0.87

-0.35

Soft-Hard

0.22

-0.62

Slippery-Sticky

-0.48

-0.68

Pleasant-Unpl.

0.64

-0.67

The reason the poor discrimination with longer envelope ridge can be
explained by the limitations of the tactile actuator. Due to the slow rise and
damp time, short grooves in the continuous vibration tend to disappear as
is seen in Figure 12. The regularity, on the other hand, did not appear as
discriminable parameter due to its design. The proportion of irregularity
was rather low in the current study and therefore irregular textures were
often mixed with the corresponding regular textures as seen in Figure 6a.
Out of the five attribute pairs, the flat-bumpy appeared to be the most
descriptive when analyzing the correlation to the MDS dimensions. The
flat-bumpy pair had correlation of -0.87 with the first dimension of the
analysis as illustrated in Table 3, meaning that the textures with short ridge
were experienced bumpy and textures with long ridge were considered flat.

2.6
2.6.1

Study III: Dynamically Revealed Target Selection
Introduction

Whereas studies I and II introduced the method for generating the dynamic
feedback and assessed the perception of the feedback, study III took more
applied approach. The motivation for the Study III was originated from
augmented reality interaction. In mobile augmented reality, virtual digital
content can be embedded into physical locations in space. For example, a
building in a city could be tagged with some information related to a
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restaurant located in the basement of the building [84]. The information
could be revealed by pointing the building with a mobile device. The
recognition of the location and pointing direction could be based on GPS
coordinates, visual recognition when using mobile camera [84] or inertial
sensors [18, 85, 86]. The focus in the recent application development of
commercial systems [87] has been in visual representation of virtual
content. This approach necessitates that the user actually looks at the
screen of the device and simultaneously points the device into the direction
of interest. However, in some situations such behavior can be unpractical
and even intrusive. Continuous tactile feedback provides an interesting
alternative to visual presentation; it could provide a very subtle cue of the
direction of the information without letting the surrounding people to know
what the user is doing.
The interaction challenge in the above user scenario relates to target
acquisition; the targets (virtual objects) are not visible in advance so how to
find them? In studies dealing with (visible) target selection, a common
model for interaction is Fitts’ law [26] (equation 1). The model suggests that
when the target is further away, the movement is initiated with faster
velocity. Now, if the targets are not visible or their location is not known
when the movement starts, the interaction becomes more careful and
exploratory. This interaction challenge has been studied earlier in concepts
called peephole displays [33, 88, 89], where a small display acts as a
window to a larger display area. The targets that are outside of the window
cannot be seen until the window (or background) is moved so that the
target gets inside the window borders. In these studies the movement time
has been modeled with Fitts’ law although the targets are not visible. This
conflict forms the basis for the Study III. It aimed to show the potential of
representing the target only with tactile feedback and investigate the role of
uncertainty of the target location in movement time. The main research
questions for Study III were: 1) what are the effects of target distance
and width in movement time? 2) Can the interaction be guided
with tactile feedback? and 3) what is the effect of modality in
representing the dynamically revealed targets?
2.6.2

Method

The hardware used in the Study III was similar to that of the previous
studies consisting of a hand held device with motion sensor and tactile
actuator, a small keypad for reporting the target selections and a monitor
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for presenting experiment related information (see Figure 14). In the
current study, the sensor reading of interest was the horizontal angular
position of the device reflecting the pointing direction as a compass
heading. The targets were represented as sectors that were placed on a
virtual circle around the experiment participant (see Figure 14). The
participant got continuous feedback when the pointing direction was within
the boundaries of the target. The study consisted of two experiments; the
first one [90] concentrated on tactile targets only and investigated the effect
of target width, target distance and a simple tactile guidance [50] on total
movement time.

Distance
0°

-45°

Target

45°

Figure 14. Experiment setup and representation of the targets in study III. The targets were
10° wide sectors on a virtual circle around the user. A continuous feedback was presented
when the pointing direction was within the target boundaries.

In the first experiment, the targets were represented as a continuous
vibration of 250Hz modulated with a 30 Hz envelope signal when the
pointing direction was within the sector (see Figure 14). The targets were
5°, 10°, 15°, 20°, or 25° wide sectors around the user. A guidance cue was
continuous vibration of 250Hz that appeared 10° before entering the actual
target. The amplitude of the guidance cue started from 0 and just before the
target reached 20% from the amplitude of the target cue. The distance
between the consecutive targets was 15°, 30°, 45°, 60°, 75° or 90°. The task
of the participant was to search the target by rotating the device into correct
direction and press a button while being on the target. The next target
appeared on different direction from the previous one, i.e. the correct
movement direction was always opposite from the previous direction. Each
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distance/width pair was presented once in an experiment block yielding 60
targets. The order of the pairs was randomized. The experiment consisted
of two blocks, one with the guidance cue and one without. Eight healthy
subjects participated the first experiment.
The second experiment [91] continued the first experiment by focusing on
the effect of predictability of the target location and modality
(tactile/audio/visual) on the movement time. The setup was similar to
experiment 1 with the following exceptions: 1) the target width was always
the same 10°, 2) there were nine distances used but the range of the
distances was varied between the experiment blocks (16°, 32° or 64°) and 3)
the target was presented with either continuous vibration of 250 Hz (as in
first experiment), a continuous auditory beep of 400 Hz played through
headphones or a visual indicator (a solid red circle) appearing on the screen
when the pointing was within the target. 36 healthy subjects participated
the second experiment.
2.6.3

Results and Discussion

In experiment 1, the influences of guidance cue, target distance and target
width in the movement time data was analyzed with 3-way ANOVA. The
target distance and width had significant effect on the movement time
(F=13.96, p<0.01 and F=71.91, p<0.01) but the presence of guidance cue
did not (F=0.04, p=0.84). The effect of target distance and width on the
movement time is illustrated in Figure 15. As the illustration suggests, the
movement time is not continuously increasing along with distance;
selection of the closest targets appeared to take more time than the next
closest targets.
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Figure 15. The effect of target distance (left) and width (right) in the total movement time in
experiment 1 of study III

The correlation with the Fitts’ model was investigated by calculating the
index of difficulty (ID) from the data and fitting it to a linear curve. The
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fitting was based on linear least squares method yielding a poor result: R2=
0.149. The movement times as a function of index of difficulty is presented
in Figure 16.
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Figure 16. Movement time as a function of index of difficulty (ID) in experiment 1 of the
study III

In the second experiment, effect of feedback modality and distance range
was analyzed with 2-way ANOVA. The modality did not have significant
effect on the movement time (F=2.01, p=0.13) but the distance range did
(F=77.55, p>0.01). The movement times increased systematically with
distance range, the difference between all the distance range groups was
significant (p<0.05). The averaged movement time patterns in all distance
range groups are presented in Figure 17. With the widest distance range
(σ=64°), the movement time pattern seem to approach the same form as
the data in the first experiment (Figure 15).
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Figure 17. Movement times by each distance range in experiment 2 of study III.
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The reason for the ‘J’ -shape of the data pattern can be found by analyzing
the movement velocity and the number of secondary submovements
(direction changes) during the target exploration. Within the widest range
of distances, the shortest distance seems to yield much higher frequency of
secondary submovements. Furthermore, if the movements are classified
based on their average velocity during the exploration and divided into 10
groups of equal size, in the fastest group the frequency of secondary
submovements is nearly twice as high as in the other groups. These details

No. Sec. Submovements

are illustrated in Figure 18.
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Figure 18. Effect of target distance in the number of secondary submovements (left) and the
number of submovements as a function of movement velocity (right). The error bars indicate
95% confidence interval.

The results of the experiments in Study III hint that tactile feedback
provides a very efficient way to indicate the target direction e.g. in
augmented reality interaction. The average movement times in both
experiments were approximately 2 seconds. The movement time, however,
did not follow the model of Fitts’ law that is commonly used in target
selection interaction. The reason for this was found to be the
unpredictability of the target location. In experiment 1, selecting the closest
targets took relatively more time than selecting the next closest targets. The
phenomenon was replicated in experiment 2 where the predictability of the
target location was altered. Furthermore, the modality of representing the
target did not influence the movement time because the predictability was
dominating. The results suggest that a new model for selection of
dynamically revealed targets is needed. The findings of this study hint that
the model should take into account the uncertainty of the target location in
addition to distance to the target and width of the target.
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The vibrotactile guidance that was introduced in experiment 1 had no
effect on the movement time. The result suggests that in a simple selection
task, distinguishing the guidance and target cues from each other takes too
much time and effort. Similar conclusion was made by Oron-Gilad et al.
[50] in their study related to vibrotactile guidance. With the vibrotactile
actuator used in the current studies, it is challenging to make these cues
more easily distinguishable. With richer actuation method such as force
feedback, predictive guidance could improve the interaction as indicated by
Forsyth and MacLean [92].

2.7
2.7.1

Study IV: Rhythmic Interaction
Introduction

In the target selection studies above, the location of the target was varied in
between the trials and the task of the participant was just to find it as
rapidly as possible. The setup was derived from augmented reality
interaction scenario where the location of the user and the target could be
unpredictable.

However,

gesture

based

interaction

in

augmented

environment can occur with predictable target location as well. For
example, a virtual user interface could be placed in front of the user and
gestures could be used to interact with it. The objects in the interface could
be represented with audio cues as proposed by Marentakis and Brewster
[30, 93] or with tactile feedback. A potential application for such an
interface is gesture based musical instrument where user’s hand
movements could control sound. In musical instruments, tactile feedback
plays a very important role since the temporal and spatial accuracy is
relevant. Some prototypes of tactile virtual instruments have been
presented in research [94-96]. However, these prototypes are based on
force feedback devices and therefore out of scope of this thesis. When the
player’s movement is not restricted with grounded device, the instrument
can be more expressive. But at the same time, motion tracking technology
may introduce some other challenges. As demonstrated by Mäki-Patola et
al. [97, 98] latency of the motion tracking and lack of tactile feedback
disturbs the playability and playing experience.
In musical expression, temporal and rhythmical accuracy of the
movement are very important. This is not always the case with typical
human computer interaction scenarios. Therefore, also vibrotactile
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feedback either acting as guidance or target augmentation could play a
different role. Virtual musical instruments are often based on a virtual
control surface that is used to trigger or manipulate the sounds. This study
[99] investigates tactile augmentation of the virtual control surface and
vibrotactile guidance applied to a gesture based musical instrument. The
main research question is: Does vibrotactile target augmentation or
guidance assist temporal or spatial accuracy when playing the
instrument?
2.7.2

Method

The sensor-actuator device used in the study IV was the same as in the
previous studies. The instrument designed for the study was a simple
virtual drum that was played with the sensor-actuator device. The
instrument was based on a virtual control surface that was a plane in front
of the player inclined 10° upwards from horizontal plane (see Figure 19).
The instrument produced a sound when the pointing angle of the device
crossed the control surface. The sound was a burst of white noise
resembling a sound of a snare drum.
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Figure 19. Experiment setup and illustration of virtual control surface (left) and tactile and
sound cues (right) in study IV.

Two different tactile cues were designed: a static cue (S) that was a simple
burst if vibration presented simultaneously with the sound cue (A) and a
dynamic cue (D) that a vibration increasing in amplitude when approaching
the control surface. It started 20° before the control surface and the
amplitude increased linearly from 0 to 25% of the amplitude of the static
cue. The tactile and sound cues are presented in the right panel of Figure
18. The illustration corresponds to movement of the device downwards with
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constant angular velocity (60°/s) and the control surface is crossed at 0.32
seconds.
The task of the participants (N=6) in the experiment was to follow a
rhythmical pattern that was presented through headphones to the
participant. The pattern consisted of series of short beeps that were
arranged in 2/4 time setting so that a lower beep (400Hz sine wave)
corresponded to the first beat and higher beep (800Hz sine wave)
corresponded to the second beat. The participants were asked to strike the
virtual control surface on the second beat of the measure as accurately as
possible. A block in the experiment consisted of eighteen 6-measure
sections of different tempos. The tempos were 80, 90, 100, 110, 120 and 130
beats per minute (bpm). The order of the tempo sections was randomized
and each tempo section was presented in a block three times. The
experiment consisted of three feedback conditions: A with only audio
feedback (sound cue), AS with audio and static tactile cue, and ASD with
audio, static and dynamic tactile cues. There were three blocks in the
experiment, each presented with different feedback condition. The order of
the blocks was counterbalanced across the participants. In addition to
tempo follow, the participants were asked to keep the movement amplitude
low in order to avoid the effect of system latency in the performance.
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Figure 20. Raw data of the experiment illustrated together with the metronome beeps (left)
and temporal and periodic accuracies in all feedback conditions in study IV (right).
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2.7.3

Results and Discussion

The data from each experiment session consisted of raw sensor data and
corresponding time stamps of the beats. An example of raw data is
presented in the left panel of Figure 20. The bigger downward pointing
triangles represent the second beat of each measure and the curve
represents the movement of the device. The zero-crossing of the declining
curve corresponds to the instance of the triggering of the sound. Following
parameters were extracted from experiment data: 1) temporal accuracy
calculated as overall deviation of the strikes from the beat, 2) periodic
accuracy defined as deviation of the movement period from the beat period,
3) movement amplitude and 4) movement velocity. The effect of feedback
condition, tempo and variations in tempo on these dependent parameters
was analyzed using 3-way ANOVA.
The illustration of temporal and periodic accuracies with respect of
feedback condition is presented in the right panel of Figure 19. Feedback
condition had significant effect on all these parameters. The condition with
static and dynamic tactile cues (ASD) yielded significantly the highest
temporal and periodic accuracy and lowest amplitude and velocity
compared the A and AS conditions. These results suggest that when the
target location is predictable, the user is able to utilize the guidance cue for
optimizing the movement which was not the case with non-predictable
targets in Study III. It can be that when the location of the target remains
the same, the user has better chances to familiarize her/himself with
different cues.

2.8
2.8.1

Study V: Force Control
Introduction

Controlling applied force is very important in touch based interfaces. In
touch screen interaction, it is often very difficult to estimate how much
force should be applied in order to trigger a virtual button. Controlling force
of touch is rather different from controlling position or velocity of
movement. First of all, visual feedback from touch is quite minimal since
there are not necessary anything moving during the interaction. Secondly,
the surface that the force is applied against provides tactile feedback on its
own. Therefore, it could be expected that additional tactile feedback could
play a very important role in controlling the interaction.
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In study V, accuracy of force control was examined in two different tasks:
force repetition and force hold [100]. These tasks were derived from
realistic use cases of touch interaction such as text/number entry and long
press of a virtual key and drag-and-drop interaction. Whereas in the studies
III and IV the focus was in tactile guidance i.e. how to provide the feedback
so that it guides user to the target [50, 52, 53, 99], this study focused on
augmentation of the user’s input without any cues of how to reach a target
[46, 49, 76]. The methodology was adapted from studies assessing force
control accuracy with precision grip [101, 102], finger and elbow flexion
[103] and finger press [104]. In these studies, the target force level was first
guided visually and then participants were asked to repeat or sustain the
force level without the guidance. They were expected first to learn how the
target level feels like during visual guidance and then recall this feeling
when the visual guidance was not available.
This approach had two aims: firstly, with dynamic feedback the user could
become more aware of the system behavior and sensitivity increasing the
feeling of control. Secondly, the dynamic feedback could increase the
degrees of freedom in user interface design. For example, some buttons on
the screen could feel more elastic [45] if the function that it triggers is
available. Therefore, the main research question in the Study V was: Does
the dynamic vibrotactile feedback assist the force control in
force repetition and hold tasks?
2.8.2

Method

There were four feedback conditions in the experiments: 1) amplitude
modulated feedback (A) where the amplitude of a continuous vibration
(250Hz sine wave) increased linearly with the applied force, 2) frequency
modulated vibration (F) where the frequency and the amplitude increased
linearly with force, 3) grained feedback (G) where small grains of vibration
where provided when the applied force changed and 4) control condition
(N) with no tactile feedback provided. An illustration of the feedback
conditions is presented in the right panel of Figure 20.
The study consisted of a pilot experiment and a main experiment. The
force sensor in the pilot experiment was a simple force sensitive resistor
(FSR) with a dynamic range of 0.7-9 N. The sensor was attached on the
surface of a box containing the sensor acquisition hardware. The box was
connected to the computer by a USB –cable. The tactile actuator (C2) was
attached to the bottom of the box with double sided tape. There were 10
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target force levels in the experiment varying from 1.4N to 7.7N. The task of
the participant (N=24) was to reach a target level with a help of visual
guidance (indicator bars reflecting the applied and target force levels) for
five times. Then, they were asked to reach the same target level for another
five times without the visual guidance. In the main experiment, the force
sensor and the visual feedback were modified from the pilot experiment.
The sensor was changed to a more accurate capacitive sensor (Loadstar
iLoad mini) providing better temporal and force resolution. It was firmly
packed into a small box together with the tactile actuator. In order to lower
the physical load during the experiment, the target force levels were
lowered from pilot experiment to 0.7-4N. The visual feedback was
simplified in order to minimize its role in the force control. Only an
indication of reaching a target zone (±20%) was provided on the screen.
The experiment setup is illustrated in the left panel of Figure 21. There were
two tasks in the main experiment: repetition and hold. The repetition task
was similar to that of the pilot experiment. In the force hold task, instead of
repeating the force level number of times, participants (N=24) were asked
to hold the reached target force level. During the hold period of 3 seconds,
there was no visual guidance available.
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Figure 21. The sensor-actuator device and experiment setup in study V (left) and illustration
of the measured vibrations of feedback conditions in study V (right). The signals correspond
to a steadily increasing force from 0 to 4.6 N within 4 seconds.
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2.8.3

Results and Discussion

In the repetition tasks of the pilot and main experiment the repetitions
were extracted from the sensor data by detecting the maximum of each
press. In the pilot experiment, the error was calculated as a difference from
the target force level. In the main experiment, the reference force level was
the average level obtained during the visual feedback period and the error
was calculated as the difference from that. In the hold experiment, the error
was calculated as the mean error from the reference force level during the
hold period. Figure 22 represents an example of sensor data in repetition
and hold tasks in study V. The gray areas in the graphs reflect the period
when the visual guidance was not available.

Figure 22. Example of raw force sensor data in force repetition (left) and force hold tasks in
study V. The gray areas in the graphs reflect the period when the visual guidance was not
available.

In the pilot experiment and the repetition task of the main experiment, all
the feedback conditions (A, F and G) assisted the force control significantly
compared to the control condition without the feedback (N) revealed by the
Kruskal-Wallis analysis of variance. In addition, in the repetition task of the
main experiment, the grained feedback condition (G) yielded significantly
smaller error than other conditions. In the hold task of the main
experiment, there was no difference in the error between the conditions
including the control condition. The obtained error in each experiment is
presented in Figure 23.
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Figure 23. The error in repetition test in pilot experiment (left), repetition test in the main
experiment (center) and hold test in the main test (right)

The results indicate that when the force level is repeated several times, the
participants were able to use the dynamic feedback to improve the force
control accuracy. During the first presses with the visual guidance, they
most probably learned what the target force level feels like and remembered
it better even after the visual guidance was not available. In continuous
control of force, the dynamic feedback did not assist the performance. The
finding may be explained by challenges in interpreting the feedback,
sensory adaptation and system latency. In force repetition, the force level
was repeated several times and the participants got familiarized with the
corresponding feedback even though the duration of the press was rather
short. The interpretation of the feedback was done most probably between
the presses rather than during the press. In force hold task, there was no
chance to interpret the feedback because there was only one long press on
each target force level. During the hold period the continuous feedback may
have caused some damping of the receptors contributing to the pressure
sensation [42]. In addition, the system latency (~60ms) could have
confused the interpretation of the feedback even more.

2.9

Methodological considerations

Although all the studies were conducted in a controlled laboratory
conditions, there were several limitations in the experiment setups. The
most significant sources of interference in the results were caused by
system latency and limitations in the tactile actuator bandwidth.
The system latency was introduced by sensor data acquisition, serial
communication, feedback synthesis buffering and audio hardware
buffering. To get an idea of the latency it was measured with a method
introduced by Kaaresoja and Brewster [105]. In case of both input methods,
gesture and force, the latency was measured with a microphone and
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accelerometer. The sensor-actuator device was placed on a rigid surface and
microphone and accelerometer were attached to it with double sided tape.
The system was configured so that a very small impulse in the sensor
reading (movement or force) would trigger a small burst of vibration. The
sensor was triggered with a rapid poke of a pen. Both the poke and the
following vibration burst were recorded and time interval in between them
was measured. The system latency appeared to be in between 50 and 85 ms,
depending on computer model and synthesis buffers used in different
experiments. This is quite remarkable latency and most probably
influenced the results [106]. However, there is evidence that in touch screen
interaction users are quite tolerant to latency on the tactile feedback [107].
Only if the latency does not remain constant throughout the interaction it
has significant impact in the interaction efficiency [108].
The tactile actuator used in all the studies of this thesis had a rise time of
30-40ms and rather limited frequency response within 200-300Hz. This
limitation had a significant impact in the resolution of the stimulation.
Especially in study I and II where the task of the participants was to
discriminate different dynamic textures from each other, the stimuli did not
appear as it was intended in the synthesis phase. In case of the textures
where the ridge length became shorter (<30ms) due to higher velocity of
gesturing or spatial density of the texture, the actuator did not reach the
intended amplitude. Therefore, the vibrations of the dense textures were
perceived lower in amplitude compared to those of the coarse textures.
The rise time and bandwidth may have played a role in force control task
in study V as well. The individual presses during the repetition task were
rather short, 0.7-1.1 s. For example, in case of the grained feedback the
synthesis model aimed to provide up to 50 grains of vibration during the
press. The limitations of the actuator may have caused the grains to both
get mixed to each other and get lower in amplitude.
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3. General Discussion

3.1

Design and Perception of the Dynamic Feedback

Studies I and II introduced a method for providing dynamic tactile
feedback for gestures. The results indicate that the selected method of using
a motion sensor, a simple vibrotactile actuator and wavetable synthesis can
create illusions that are similar to physical sensations such as roughness
and bumpiness of a texture [82]. In addition, when the velocity of the
movement was mapped to the frequency of the tactile feedback, the haptic
modality got spatial characteristics. Because the tactile stimulation was
generated in real-time proportionally to the user’s input, it made the
sensation active similarly as a real texture exploration with a finger. It is
possible that the active character of the stimulation also made the illusion
of the texture realistic and physical; the presented virtual textures were
associated with real texture attributes such as roughness and bumpiness. It
is still to be investigated in further studies whether or not the active
stimulation adds any value to the interaction when compared to completely
passive stimulation. For example, it could be studied how many different
distinguishable textures could be designed with active and passive
approach. It has been found that active exploration of texture leads into
better identification result both with real and virtual textures [5]. It is still
to be studied whether that is true with the method introduced in this thesis.
However, it is quite clear that the passive and active approaches have quite
different applications; whereas passive stimulation could be used for
alerting the user of something [10-12], the active stimulation could be
applied when the user is already focused on the interaction. Therefore, the
design approach should be different as well.
The studies I and II also showed that a large number of distinguishable
textures could be generated by altering the frequency mapping and the
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ridge length of the texture model. This finding, especially if combined with
possibilities of auditory design, suggest that the textures could be used in a
number of human computer interaction applications. The different textures
could indicate a canvas property when pointing at a large display of an
interactive system [1]. Or, similar texture model could be applied in touch
screen interaction [109]. Finger movements on the screen and tactile
feedback presented by vibration motor could be coupled in a similar
manner as presented in studies I and II. Furthermore, it was found in study
I that slower movements led into better discrimination. The finding is most
probably caused by the selection of the mapping between the gesturing
velocity and the frequency of the feedback. However, it indicates that the
parameters of the dynamic feedback influence the motor control. To take
this approach further, it would be worth investigating how different kinds
of feedback models influence the controllability of movement velocity.

3.2

Target Acquisition

Studies III and IV focused on acquisition of targets that were located in
virtual space in front of the user. The targets were presented either with or
without a guidance cue that appeared already before the target area was
entered. Whereas in study III the targets were always in different place and
user had to search for them, in study IV the target location was predictable
and the user task was to optimize the temporal accuracy in striking the
target. This fundamental difference can explain the results. In study III the
guidance cue did not improve the interaction in terms of target acquisition
time, but in study IV it assisted the temporal accuracy. Most probably in an
exploration task, such as in study III, the attention of the person was paid
to the main feature of the target relevant to the task (location) and the
secondary features (modality, guidance cue) were ignored. When the target
location was predictable, the attention may have been more focused on the
detail features in addition to the main feature. This finding is similar to that
of study by Lederman and Klatzky [110] investigating exploratory
procedures when identifying haptic features of an object.
The both target acquisition studies, III and IV, showed the potential of
tactile feedback in the applications. In study III, the target selection times
were considerably low, order of 2 seconds, suggesting that the points of
interests in augmented reality could be very efficiently found when
presented with tactile feedback. The tactile feedback has benefits over
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visual and auditory presentation. First of all, it is private; only the user of
the system is able to sense the feedback. Secondly, it is transparent; user
does not need to look at the device while interacting with it. However, the
bandwidth of presenting information through vibration is very low.
Therefore, in an application such as augmented reality interaction, other
modalities are also needed in order to achieve a satisfactory user
experience. For example, the direction of relevant information in space
could be indicated by tactile feedback similarly as examined is study III. If
the user wants to retrieve more of the information, it could be presented
with speech through headphones or shown on the display of the device. So,
the tactile feedback could play an important role in the beginning of the
interaction. Similarly, the main modality of a musical instrument is
naturally audio. But, as the study IV indicated, the tactile feedback can
significantly improve the playability and controllability of the instrument. It
fills a small, but an important gap in the overall interaction process.

3.3

Repetition and Iteration

Study V investigated the role of dynamic feedback in controllability of force.
The dynamic feedback assisted the force control in repetition task. During
the repetition test, the participants had a chance to iteratively improve the
performance i.e. analyze the experience sensation in between the presses
and then adjust the motor control for the next press. It was possible
because the target level remained the same for ten presses in a row. This
process is very similar to that of the virtual instrument playing in study IV;
success of each stroke may have been analyzed in between the strokes. The
press durations in the repetition task in study V were 0.7-1.1 s. In study IV
the strokes of the instrument were synchronized with the reference beat
that limited the stroke duration to approximately 0.5-0.75 s. The
interpretation of the feedback and planning of the adjustment in motor
control may have taken much longer time so that it could have been
impossible to adjust the motor control during the press or stroke.
Therefore, it is very probable that the presses in study V and strokes in
study IV were executed in open-loop manner as discussed in section 1.2. On
the other words, due to short duration of individual trials in rhythm followand repetition tasks, they turned into target acquisition tasks instead of
continuous tracking tasks.
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3.4

Duration of the Task and Latency

In the force hold test in study V the participants were not able to utilize the
dynamic feedback for improving the accuracy although the duration of the
hold period was several seconds. This result was considered to be caused by
the challenge of interpreting the feedback and sensory adaptation. Indeed,
it could have been difficult to sense slight changes in the feedback if the
applied force changed and immediately adjust the force accordingly. In
addition, the adjustments may have caused some oscillation in the applied
force appearing as increased error. So, the tactile feedback may have caused
some confusion during holding although it could have helped to reach the
intended force level. The same confusion with details of the feedback may
have been present in study III with the guidance cue. In the target
acquisition task, the participants had to interpret the difference between
the target and the guidance cue, which appeared to be challenging.
Duration of one trial in study III was approximately 2 seconds and duration
of the hold period in study V was 3 seconds. These durations are much
longer than strokes in rhythmic follow task in study IV and presses force
repetition task in study V hinting that the tasks actually were continuous
tracking instead of target acquisition.
In tasks with short duration, perception of the tactile feedback may have
been impacted by temporal summation of the stimuli. As indicated by
Gescheider et al. [111], the perception threshold is lower when short
vibration pulses are temporally close to each other (<400ms) compared to
being apart from each other. Thus, stimuli that are temporally close to each
other are summarized into one stimulus with higher intensity. In studies IV
and V, during the strokes and presses the feedback elements (grains of
vibration or amplitude- and frequency modulated vibration cues) may have
summarized into one sensation. Therefore, it can be that in the tasks with
short duration the feedback was just perceived as more intense and
therefore assisted the performance in the control tasks.
In continuous tracking tasks, system latency may also play more
significant role than in shorter tasks with several repetitions [106]. In such
a task, corrections are made immediately when an error in the output is
perceived. If the feedback is late, also the adjustment is late which may
amplify the oscillation effect introduced above. In shorter tasks, there was
not this risk because the adjustments were done incrementally repetition by
repetition.
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3.5

Design Guidelines

Based on the above discussion, the findings of the thesis could be
formulated into a set of design guidelines for dynamic vibrotactile feedback.
The following guidelines answer the main research questions stated in the
beginning of the thesis (Ch. 1.6):
1. Vibrotactile feedback can be generated by using classical audio
synthesis methods such as amplitude- and frequency modulation,
wavetable- and granular synthesis. When coupled with motion
tracking or force sensing, the synthesis output can help the user to
optimize motor performance and create an illusion of virtual
texture.
2. When creating dynamic virtual textures, ridge length and spatial
density are distinguishable design parameters. These could be used
to indicate different virtual canvas textures in pointing interaction.
3. In target acquisition tasks, the dynamic tactile feedback assists the
performance only if the target location remains the same in between
the trials. In augmented reality interaction this is not the case and
therefore dynamic tactile feedback reflecting the distance to the
target does not assist the performance. On contrast, in a predictable
virtual user interface such as a virtual musical instrument, the
dynamic tactile feedback can assist the performance.
4. In touch interaction, force control accuracy can be assisted with
dynamic tactile feedback. The best result is obtained with a granular
feedback model where small burst of vibration is provided when the
applied force changes.
5. Dynamic tactile feedback assists motor performance when
individual trial in interaction is short in duration and repetitive in
character such as a key press on touch surface or a stroke of a virtual
musical instrument. In these cases, the characteristics of the
feedback are learned trial by trial and the improvement can be done
incrementally.
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4. Conclusions

This thesis introduced a novel way to generate vibrotactile feedback
dynamically based on user’s input. The effect of the feedback in gesture and
touch interaction was investigated. First two studies introduced the method
for providing the dynamic feedback based on wavetable synthesis and
assessed the perceptual dimensions of the feedback when coupled with
gesture movements. The studies indicated that the method is a powerful
tool for creating an illusion of physical textures with a simple vibrotactile
actuator and motion sensor. The experiments revealed that texture ridge
length and spatial density were easily distinguishable design parameters. In
addition, modifications of these parameters lead into large variation in
subjective evaluations of texture roughness, bumpiness, stickiness and
pleasantness. These findings make a contribution to earlier research with
virtual textures which is solely based on force feedback devices.
Tactile feedback turned out to be as efficient as visual and audio feedback
in acquisition of dynamically revealed targets. This is a significant finding
because vibrotactile feedback has not been used as a target cue in
augmented reality interaction in earlier research. The results hint that
vibration is an efficient, private and transparent way to indicate directions
and target locations in augmented reality. However, due to low information
transfer capacity of vibrotactile stimulation, other modalities should
complete the interaction to achieve a satisfactory user experience.
Dynamic tactile feedback appeared to be useful in repetitive tasks with
short duration and predictable target location. In rhythm follow task with
gesture controlled musical instrument and force repetition tasks in touch
interaction, dynamic tactile feedback reflecting the distance to the target
improved the interaction efficiency. With the dynamic feedback, the
experiment participants were able to learn how a target performance feels
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like and recall it during the repetitions. In tasks with longer duration such
as target selection in augmented reality and force hold in touch interaction,
dynamic feedback did not turn out to be useful. The reason for this was
considered to be latency of the experiment setup, sensory adaptation and
their impact in continuous tracking task. This result makes a contribution
in research focusing on touch and gesture based user interfaces as well as
psychophysics research dealing with augmented feedback. The findings also
hint that any latency of the system and limitations in the feedback
bandwidth have impact in the interaction. They should be taken into
account when interpreting the current results as well as when planning
further studies.
The findings of this thesis form a set of guidelines for designing tactile
feedback in future mobile user interfaces. Because touch- and gesture based
interaction is becoming more common in mobile devices, feedback will also
have increasingly important role. The studies of this thesis focused on
dynamic tactile feedback and showed its benefits in interaction scenarios
derived from real use cases. In order to apply the findings in user interfaces,
tactile feedback should be designed in parallel with audio feedback and
visual representations.
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