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ABSTRACT

With the emergence of pen-enabled tablets and lenakevices, stylus-based
interaction has been receiving increasing attentimfortunately, styluses available in the
market are all passive instruments that are prignased for writing and pointing. In this
research, we describe a novel stylus capable pfagisig certain vibro-tactile and inertial
haptic effects to the user. Our stylus is equippét two vibration actuators at the ends,
which are used to create a sensation of up and dlownalong the stylus. The stylus is
also embedded with a DC motor, which is used tatera sense of bidirectional rotation
about the long axis of the pen. Through two psyblgsjzal experiments, we show that,
when driven with carefully selected timing and ation patterns, our haptic stylus can
convey flow and rotation information with high acagy. Results from a further
psychophysical experiment provide insight on how #hape of the actuation patterns
effects the perception of rotation. Finally, expental and subjective results from our

interactive pen-based game show that our haptigssiy effective in practical settings.



OZET

Kalem ile kontrol edilebilen tablet ve mobil aygrin ortaya ¢ikmasi ile birlikte,
dijital kalem kullanilan ara-yuzler ve insan ilenletkilgimi artarak 6nem kazanmaktadir.
Ancak, mevcut dijital kalemler pasif aygitlar olumlnizca yazma ve secme gibi
aksiyomlar icin kullaniimaktadir. Bu atamada, kullanicilara titggm ve eylemsizlik
prensibi kullanilarak dokunsal geribildirimler vbien yeni bir dijital kalem
sunulmaktadir. Tasarlagoldugumuz bu dijital kalem, uclara yakin olarak yeti&mis
iki adet titrgim motoru sayesinde kalemin uzun ekseningiBlave yukari yonde akma
efekti olwturabilmektedir. Ayrica, govdeye entegre edgnalan DC motor sayesinde
kalemin uzun ekseni etrafinda her iki yone donmektefolusturabilmektedir. Onerilen
dokunsal hisler, iki ayri psiko-fizik deneyi ilesteedilmi ve denekler belirlenmiolan
parametrelerde yuksek daai oranlari ile verilen hisleri algilagiardir. Bir bgka psiko-
fizik deneyinin sonuclari ile DC motorun gdirilma seklinin dénme hissinin algilanmasi
Uzerinde etkisi oldgunu gosterilmitir. Son olarak, tasarlagiolduzgumuz dijital kalem,
kullanicinin gorsel ve dokunsal algilar ile etkite halinde oldgu kalem bazl bir oyunda
test edilmg ve deneyin sonuglari da verilen dokunsal his dugua kullanicilar tarafindan

etkin birsekilde algilandiini gostermektedir.
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Chapter 1

INTRODUCTION

The emergence of tablets and mobile devices malkgss as a popular input
device. Although the stylus is a favored input deyithe sense of touch is missing.
Haptics, sense of touch, conveys information thhotgctile channel and enables the
electronic devices to generate tactile feedback [f@] this research, we introduce
HaptiStylus, a stylus that can display haptic dffethrough the tactile channel for
immersive and enhanced interaction.

HaptiStylus is equipped with two vibration motgresitioned at the ends of its
casing. Asynchronous actuation of these motorslteesu a sensory illusion known as
“apparent tactile motion” [2]. With appropriate cbimation of stimulus duration and inter-
stimulus onset interval (ISOI) of the vibration @ators, we show that a flow effect can be
displayed along the body of the stylus.

The other effect that HaptiStylus is able to digpk rotation effect about the long
axis of the stylus. A high torque rated DC motarsiponed underneath the fingers enables
us to create a sense of clockwise and counter wisekrotation. Powering up the DC
motor leads to a torque on the casing of the styhtf the motor reaches its maximum
rotational speed. When the voltage pulse is cut aife to the law of inertia, the motor
displays a reaction torque in the opposite directio the casing. In our primary studies, we
showed that the torque created during startup datesnover the reaction torque, and

creates a sense of rotation in the intended daed®]. Here, we further investigate the
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effects of the input waveform patterns on the tergreated by the motor and the perceived
sense of rotation.

In this thesis, we report detailed results frome¢hpsychophysical experiments that
explore the effects of timing and actuation pattewn the perception of flow and rotation
effects. In particular, we explore the main effeatsl interactions of parameters including
duration of actuation, inter-stimulus onset intérfea the flow effect, and the onset/offset
durations and input waveform patterns for the rotaeffect. In addition, we report results
from our assessment of our haptic stylus in a gdemgned to take advantage of the
proposed haptic effects in an interactive virtuaVimnment setup. This assessment is
carried out by a more compact version of our stieptiStylus 2.0), which is fitted with a
Bluetooth module for communication and an activgust tip to enable fine grained
tracking on a digitizing tablet. The results ofe@rpsychophysical experiments and the
game indicate that, with carefully selected paransgtwe can create highly perceptible
flow and rotation effects. We do so not only iraegeted perception experiment, but also in
an immersive game where users’ primary focus isomoperceiving effects, but is on the

game dynamics.
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Chapter 2

LITERATURE REVIEW

2.1 Overview

There are a few studies in literature about displaying haptic effects on styluses
through tactile channel. The proposed haptic styluses mostly include single haptic actuator
and are capable of displaying simple tactile effects to the user. Lee et a. developed the first
novel haptic stylus that displays forces along the longitudina axis of the stylus by a
solenoid actuator at the tip [4]. Kyung and Jun-Seok designed Ubi-Pen which provides
vibration stimulus on the body of the stylus and additionally, displays texture information
at the fingertip through an embedded pin array [5]. Wintergerst et al. proposed a stylus with
a magnetically operated brake structure at the tip capable of displaying tactile illusions by
controlling the level of friction [6]. Withana et al. suggested a haptic stylus that
dynamically changes its effective length to display the illusion of submerging into the
display [7]. Finally, Kamuro et a. proposed a pen-shaped ungrounded device to provide
kinesthetic feedback through fingertips [8]. Our work complements this body work by the

virtue of focusing on an entirely different set of effects (flow and rotation effects).

2.2 Flow Effect

There are bodies of work that focus on displaying flow effects. Sherrick and Rogers

were the first to create the tactile illusion of continuous motion also known as apparent
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tactile motion by adjusting stimulus duration of actuators and inter-stimulus onset interval
(ISOl) between two actuators [2]. Kim et al. introduced sensation of vibration flow
between two vibration actuators by adjusting magnitude of vibration and timing of the
actuators [9]. Israr and Poupyrev proposed an algorithm that displays continuous two-
dimensional dynamic tactile effect at the user back through matrix of vibration actuators
[10]. In addition to magnitude and timing parameters, Lim et al. used frequency modulation
to display apparent tactile motion between both hands [11]. Tan and Pentland proposed a
wearable tactile directional display by using a sensory phenomenon known as sensory
saltation [12]. All these systems have focused on situations where the stimulus is displayed
to the user through actuators that directly contact the human skin. In our case, however, the
actuators do not come in direct contact with the skin, and vibrations are transmitted
indirectly through the stylus casing. Furthermore, our work is the first to explore the

apparent tactile motion illusion with a stylus form factor.

2.3 Rotation Effect

Other authors have suggested achieving rotation effect through various means. For
example, Amemiya and Gomi generate direction cues through abrupt actuation of arotating
flywheel [13]. Porquis et al. proposed to create a torque illusion by altering strain energy
distribution on the fingertip while holding a stylus [14]. Based upon gyroscopic effect,
Winfree et al. proposed iTorqU 2.1 including a flywheel inside of two-axis gimbal to create
directiona torque feedback [15]. Unlike these studies, we use consecutive torque pulses
through a motor attached to the casing of the stylus to generate the sense of bidirectional
rotation.
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Chapter 3

METHOD

3.1 Design of HaptiStylus

Our haptic stylus consists of a plastic cylindricasing and three physical
actuators: one DC motor for creating a sense @ftioot, and two vibration actuators for
generating flow effects. Two physical embodimeriteur design are shown in Figure 3.1.
The pen in Figure 3.1(a) was designed as a low-®odtodiment, which doesn’t include
any circuitry inside, whereas the embodiment irurég3.1(b) was designed as a standalone
device with an embedded digitizing stylus tip, cohtcircuitry for actuators, and a
Bluetooth module for wireless communication (TaBl&). The first design was used to
evaluate the effectiveness of our approach for igeing flow and rotation effects, which
was further verified with the second design in aemaractical computer game setting. The
second design was also used to further investigatethe perception of rotation effect is
influenced by the shape of the waveform that drihesactuators.

To generate vibro-tactile stimulus, we utilize eric rotating mass (ERM) to
display a flow effect through the stylus. Coin typeM actuators are compact, lightweight
and have a larger frequency and amplitude bandwidittn compared to other vibration
actuators. Two coin type ERM actuators are postibolose to the ends of the styluses
(Figure 3.1). We used specialized haptic driversimprove the performance of the

vibration actuators. The vibration actuator drivefier shorter start-up duration (0.1 ms)
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using only a single-ended pulse width modulatioWP) input signal. The use of
specialized driver circuits proved to be criticad fichieving the targeted effects.

In order to display the rotation effect, we used@ motor. The DC motor is
positioned to coincide with the position of the gams while holding the stylus. Our
preliminary studies showed that using specializiecuitry to drive the DC motor is also
critical for displaying the targeted haptic feedhadence, we used special purpose motor
drivers for both designs (Table 3.1).

Components HaptiStylus 1.0 HaptiStylus 2.0
Haptic Driver DRV8601, Tl DRV 2603, TI

DC Motor Generic Re-max 13, Maxon
DC Motor Driver L293D, ST DRV 8835, TI
Microcontroller ATtiny2313-PDIP ATtiny2313-QFN
Communication Wire Bluetooth 2.0
Dimensions @30mm, L=170mm @18.5mm, L=192mm

Table 3.1: Physical components and specificatiémoth HaptiStylus designs



Chapter 3: Method

Cylindrical
Mass
DC Motor

Vibration Casing

Actuators

Bluetooth D‘?S?ﬁ“_"f
Circuitry

Module \\

Vibration ______, 4
Actuators =

Driver

pe . \ Circuitry
zc\/ '

Rechargable
Battery
DC Motor

Digitizer
Tip

Figure 3.1: a) Physical components of HaptiStylds 1
b) Physical components of HaptiStylus 2.0
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3.2 Generation of Tactile Effects

The HaptiStylus can generate two tactile effed¥sup-and-down flow effect along

the stylus, (2) rotation effect about the long afishe stylus.

3.2.1 Flow Effect

We achieve the flow effect by actuating the twioration motors while preserving a
carefully selected delay between their actuatioresi. Sherrick and Rogers observed that
actuating two vibration motors placed in close oty of the skin leads to one of three
sensations depending on the delay between theugtatimes of the actuators [2]. In
particular, depending on this delay, defined as ititer-stimulus onset interval (ISOI),
subjects perceive either a single stationary tatget discrete stationary targets or a single
moving target as shown in Figure 3.2. When ISQbasmall, it leads to the perception of
a single and stationary stimulus (Figure 3.2 / Birf§fationary). If the 1SOI value is too
large, it leads to the perception of two discraiendi near the actuators (Figure 3.2 /
Discrete). Using a set of carefully selected 1S@lles it is possible to create the sensation
of stimulus moving from one vibration motor to thther (Figure 3.2 / Continuous).

Previous studies focused on identifying optimahati duration and 1SOI values
for generating a flow effect, but focused only @nsation through human forearm and
back [10, 12]. To our knowledge, our work is thestfito investigate the perception of flow
on a stylus through human hand and fingers. Mone@aglier studies only considered the
cases where the vibration motors are in full canteith the skin. Here, we show that
humans can perceive the sense of flow even wher tiseno direct contact with the
vibration motors.
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Figure 3.2: Effect of ISOI for constant duratior) ¢oh flow effect

3.2.2 Rotation Effect

Unlike torque feedback devices, a stylus is arraumgded apparatus, thus it is not
possible to generate torque feedback using coror@itimeans (e.g., grounded motors).
Instead, we attempt to induce a sensation of mytdiy powering the DC motor along the
casing of the stylus through discrete pulses. Theates a short, but perceivable sensation
of rotation about the axis of the pen (Figure 3¥)e torque generated by a motor is
proportional to derivative of the angular velocity well as the total inertia of the rotating
armature.

The phenomenon that leads to the rotation efectasely related to what happens
when a DC motor is powered up. When a DC motorinst fpowered up, the rotor
experiences non-zero angular acceleration untddathes a terminal angular veloaityax
(i.e, during the on-time statd)his non-zero acceleration causes a corresponaigger in

the casing of the motor in the reverse directiohictv approaches to zero as the angular
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velocity approachesmax. When the motor is powered off, (i.e, during tliietione state), a
reaction torque is generated in the opposite doeciGenerating successive pulses with
carefully selected frequency and duration createsnse of rotation that is perceivable by
the user. We report a comprehensive analysis ofeffexts of these parameters in the
evaluation section.

Another parameter that affects the perception atétion is the shape of the
waveform that drives the DC motor. Based on thiseotation, which became evident in
our preliminary experiments, we designed and cordlu@ controlled psychophysical
experiment to compare three alternative waveforiitse results are reported in the

evaluation section.

Balanced Intended Torque
Cylindrical on the Casing \ DC
I — b Motor

/
/ » Reaction Torque
off-time on the Casing

Input |“'_"| | |
Signal _____ | e e  —
+——p

on-time

Figure 3.3: During on-time, motor generates torgioeut intended direction and during
off-time, reaction torque is generated on the @péiBalanced cylindrical mass was
used for HaptiStylus 1.0 to achieve greater amotiimitended torque)
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Chapter 4

EXPERIMENTAL RESULTS

For each tactile effect, we conducted separatehaphysical experiments to
determine the effective values of stimulus paramsetéxperimental methods and general
procedures for the experiments were the same andgdthe first two experiments, the
HaptiStylus 1.0 was used. Two separate groups ofsdijects participated to the
experiments. In the first experiment, 5 female &ndale participated with the average age
of 24+2 and in the second experiment, 6 femalentale participated with the average
age of 24£3. The participants did not have any kmgensory impairments and they were
all right handed. During the experiments, partinigaused their right hand to hold the
stylus and left hand to enter their responses leggimg the keys on the keyboard. The
subjects sat comfortably on a chair facing towatds computer screen displaying the
experimental protocol and put on headphones traedl “sounds of nature” to block
auditory cues. In the second experiment, a visaaldr was placed to prevent the subjects

from visual cues by seeing their hand and the stylu
4.1 Experiment |
The goal of the first experiment is to determihe effective values of stimulus

duration and ISOI for displaying the tactile floWfext. Depending on our preliminary

studies, we selected five different values, 50,, 1810, 300, and 400 ms, for stimulus
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duration and ISOI. Along the long axis of the pie, flow effect moves from the tip of the
stylus to the end of the stylus and vice versa. @&geriment consisted of a total of 500
trials: 50 trials (5 stimulus durations x 5 ISOIZ xirections) with 10 repetitions for each
trial. The subjects completed the experiment in $&ssions with a break of at least 3 hours
between the sessions and each session took natimaor20-25 minutes. The subjects were
asked to characterize the tactile stimuli displajr@dugh the vibration motors as “single
stationary”, “discrete”, and “continuous” for eatifal. To eliminate any bias during the
experiment, the trials in each session were rangesniBefore starting each session, a
training session was applied to the subjects anthgluhe training session, all possible

combinations of the parameter values were presented

4.2 Experiment |1

The goal of the second experiment is to deterraifective values of on- and off-
time durations of the input voltage pulses for igmg rotation effect. Depending on our
preliminary studies, we selected six different ealu25, 75, 175, 275, 375, and 575 ms, for
on- and off-time durations. About the long axis tbk stylus, rotation directions of
“clockwise” and “counter-clockwise” were presentetlring the experiment. The
experiment consisted of a total of 720 trials: ff&g (6 on-time x 6 off-time x 2 directions)
with a 10 repetitions for each trial. The subjezdmpleted the experiment in three sessions
with a break of at least 2 hours between the sessaiad each session took no more than
20-25 minutes. The subjects were asked to diffexentthe directional rotation as
“clockwise” and “counter-clockwise” in each triaBefore starting each session, a training
session was applied to the subjects and presertedossible combinations of the

parameter values.
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Figure 4.1: Tactile Flow Effect: Mean percentageates for two directions of
flow. The contour graphs on the top row displayglkeecentage of the votes given
by users to each rating class (single stationgryd{screte (b), and continuous (c))
for combinations of various ISOI and stimulus dimatvalues. The bottom graph
combines these plots and shows the rating of thet daminant effect at each
point in terms of percentages. Note how the valleythe combined plot clearly
divide the space into three distinct regions cqoesling to distinct effects.
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4.3 Results

Figure 4.1 shows the results of the first expenin&sing the mean percentage of
votes for two directions of flow (from tip to thae of the stylus or vice versa), the concise
graph shows the effect of stimulus duration and [IS@ues on the perception of
vibrotactile stimuli. The figure also clearly illwates the three perceived effects by the
subjects: the bottom left region representing thimdle stationary”, the top left region
representing the “discrete”, and the middle righgion representing the “continuous”
stimuli.

We investigated the effects of stimulus duratik@0QI, and the direction of tactile
flow on the perception of three possible cases. fHsponses of the subjects were also
analyzed by a Three-Way Repeated Measures Anabysiéariance (ANOVA) and the
significance level o6=0.05 was used throughout the analysis. Due t@palysis, duration
of vibration stimulus is a significant factor [F84)=102.64, p<0.05] for perceiving the
flow effect. Paired t-tests suggested that thegg@ion accuracy of the tactile flow effect is
higher as duration of stimulus increases (p<0.0Be ANOVA analysis also suggested
that ISOI was a significant factor on perceptiorthed flow effect [F(4,36)=7.18, p<0.05].
Paired t-tests and Figure 4.1(c) suggest that3id alues between 50 and 200 ms were
perceived as “continuous” stimuli. The directiontloé tactile flow as a third parameter had
no effect on the perception of the tactile floweaff due to results of the analysis
[F(1,9)=0.03, p=0.86]. In conclusion, the analyssults show that stimulus duration and
ISOI are effective parameters on perceiving thev fedfect whereas the direction of flow
has no effect.

The Figure 4.2 shows the effect of on- and offetidurations on the perception of

rotation effect displayed in the second experim@mtthe graph (mean percentage of votes



Chapter 4: Experimental Results 18

for two directions of rotation), the color diagraepresents the accuracy of successfully
perceived directional rotation by the subjects.tl@mr analysis was utilized with Three-
Way Repeated Measures Analysis of Variance (ANOMA) investigate significant
parameters of this haptic effect such as on-tintatéhn, off-time duration and direction of
rotation. A significance level of=0.05 was used throughout the analysis. The amalysi
results suggested that both on- and off-time domatf stimulus are significant factors
effecting the perception of rotation effect and thmntitative results of on-time duration
[F(5,45)=4.49, p<0.05] and off-time duration [F(5)413.32, p<0.05], respectively. As
shown in Figure 4.2, the subjects have identifiedarsuccessfully the directional rotation
effect at higher values of on- and off-time dura§0ANOVA analysis also suggested that
the direction of rotation has no effect on the ppton [F(5,45)=0.03, p=0.86]. In
conclusion, the perception of rotation effect odgpends on the on- and off-time duration
parameters.

In addition to the results presented above, furdmalysis of the flow effect reveals
that the stimulus duration and flow direction fastanteract ([F(4,36)=141.85, p<0.05],
multi-way ANOVA). In particular, optimal stimulusudation depends on the direction of
the flows effects (e.g., longer durations yieldHag accuracies for the downward flow
effect). This observation is noteworthy, becausiggests that exploring optimal duration
parameters for the two directions independentlyagth the effort.

Similarly, in addition to having main effects, tbha- and off-times also interact. In
other words, while perceiving sensation of rotation- and off-time do not collectively
explain all the influence of test values. The vaoias of percentages of successful votes in
Figure 4.2 can be based on this interact (i.e.gméage of successful votes for fixed 275ms
and 375ms on-time values). Further investigatiometdtionship between the perception

and independent variables are beyond the scopesoftudy.
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The Experiment-l also revealed that the effecpagameter values for obtaining
apparent tactile motiom a hand-held stylus differs from the values régarin previous
studies performed on the human forearm and the [2adQ]. This result can be explained
by the differences in the sensitivities of the harhand, the fingertips, the forearm and the
back.

575

? 375 - 190
£
=
= 275 185
O

175

75

25 __

25 75 175 275 375 575

On Time (ms)

Figure 4.2: Rotation Effect: Mean percentage ogsdor two directions of
rotation. The color bars next to the plots indidateaccuracy of perceived
direction.
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Chapter 5

WAVEFORM USER STUDY

Rotation effect is successfully generated by sgishaped input pulses as described
in the second experiment. In this experiment, wehér investigate how various input

waveform patterns affect the perception of the trataeffect. Due to our preliminary

studies, we carefully selected three significaptinvoltage waveforms to investigate in the
third user study. As shown in Figure 5.1, three @fasm patterns are tested during the

experiment; square shape, increasing pattern aoakeng pattern. The goal of the user

study is to determine the most effective wavefoordisplay rotation effect through the

HaptiStylus 2.0.

10

Increasing Pattern

Decreasing Pattern

Square Shape

Magnitude
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Figure 5.1: "Square Shape”, “Increasing” and “Dasiag” input waveform
patterns for rotation effect
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5.1 Experiment 11

The same experimental procedures were appliecheéophrticipants as second
experiment and the experiment was conducted usiaptiStylus 2.0. There were 10
subjects (5 female and 5 male) and the averagefate subjects was 2512, respectively.
We selected three different values, 50, 200, ar@ir3% for on- and off-time durations for
two directions of rotation about the long axis loé stylus. There were a total of 180 trials
in this experiment: 18 trials (3 on-time duration8 off-time durations x 2 directions) with
10 repetitions of each trial. The subjects complatee experiment in two sessions in the
same day and each session took no more than 2Qewirin each trial, the subjects were
asked to differentiate if the torque displayed tiyto the casing as “clockwise”, or
“counter-clockwise” with respect to the long axistlee stylus. The trials in each session
were randomized to eliminate any bias. Before is@rthe experiment, the subjects were
presented a training session including all possibl@binations of the duration values and

waveform patterns.

5.2 Results

In Figure 5.2 concise graphs show the effect puinvoltage waveform to the
perception of directional rotation in the third eximent. In each plot, red colored region
represents the parameter space in which the directif rotation was perceived
successfully by the subjects. We also analyzeddbhponses of the subjects by One-Way
Repeated Measures Analysis of Variance (ANOVA).ignsicance level ofu=0.05 was
used throughout the analysis. ANOVA results suggkshat input voltage waveforms
significantly affect the perception of rotationet [F (2, 26) = 41.96, p<0.05]. The results
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also showed that subjects have identified the timecf rotation more successfully with

decreasing pattern waveform compared to squareesshppt waveform. The results of the
third experiment clearly suggest that, besides amd off-time durations, input voltage

waveform is another significant factor on percapiod rotation effect. For example, at 200
ms on- and off-time values, the accuracies of thegved direction are 90%, 78% and
95.5% for square shaped, increasing, and decreasingforms, respectively (Figure 5.2).
The reason behind the increase from 90% to 95.5%eptage correct choice of directional

rotation requires additional psychophysical expernta that are out of scope of this paper.
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Figure 5.2: Percentage correct choice of "Squaep8&h “Increasing” and
“Decreasing” waveform patterns
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Chapter 6

SPINNING TOP GAME

To evaluate the effectiveness of the proposedihaffiects in an application, we

developed an interactive pen-based game in 2-DedcdEpinning Tops”, using a game

engine (Game Makenhttps://www.yoyogames.com/studlioNe conducted the game with

15 subjects and the average age of the subject23¢ds respectively. During the game,
tactile flow effect and rotation effect were disgd to the subjects through HaptiStylus
2.0. Due to the previous psychophysical experimethis most effective parameters are
selected while displaying both effects. As showm fEigure-8, the game scene involves 3
tops, spinning in 3 different speeds, 2 directi@m] 3 boxes on each side to drop the tops.
The boxes on the left and right were labeled asWC@nd “CW”, indicating the direction
of spin as “counterclockwise” and “clockwise”, resfively. The goal is to identify the
spinning direction of each top, then drag and dirég the appropriate box using visual and
haptic cues. The subject selects the appropriatdbbeed on the spinning direction of the
selected top (hence it drags the top either tdefieor right hand side), but one of three
boxes must be available to drop the top. The doeabf the spin (CCW versus CW) is
conveyed to the user via the visual and tactileafion effect) cues while the availability of
the box (open versus close) is conveyed to theestitirough the haptic flow effect only.
The box is open (closed) for the drop if there aptic flow from the distal (proximal) end

of the stylus to the proximal (distal) end of thiss.
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Figure 6.1: Screenshot of Spinning Top Game

6.1 Experiment | & Results

We investigated the effect of haptic cues on tbecgption of spin direction and
availability of the boxes when the visual cues lie scene are not sufficient to make
decisions about them. For this purpose, the tope waated 90 degrees per frame in the
visual scene and the visual scene is updated aB@s per second. Since the symmetrical
pattern on the surface of tops repeats itself ed@§ degrees, the subjects could not

differentiate the direction of spin.
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The experiment was performed under two differemissry conditions: a) NVH: no
visual and haptic cues were available to the stdbjaicout the direction of spin (CCW vs.
CW) and the availability of the boxes (open vs.selo b) OH: only haptic cues are
displayed to the subjects about the direction of §ga rotation effect) and the availability
of the boxes (via haptic flow effect). There wef@ tdials in this experiment (2 sensory
conditions x 2 spin directions x 10 repetitionsheTtrials were displayed to the subjects in
random order.

The results of Experiment | are given in Figurarler “NVH & OH” and “Flow
Effect” subfigures. As shown in the figure, the jgalbs make random decisions under NHV
condition (the percentage of correct response 43 % and 32 £ 10 % for the direction
of spin and the availability of the box, respedjydNote that the expected percent correct
response is 50% (one out of two directions) fordimection of spin and 33% (one out of 3
boxes) for the availability of the box. Howeveresie values were increased to 81+19% and
65+24%, respectively when the subjects were pravidegh haptic cues (OH condition).
Further analysis, One-Way Repeated Measures Asabjsvarience (ANOVA), suggests
that percentage of correct choice of NVH and OHesaare significantly different
[F(1,14)=27.7, p<0.0001].
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Raotation Effect: MNYH & OH
100 T

FPercentage of Correct Choice

Mo Haptic Cue Haptic Cue

Figure 6.2: Percentage of correct choice for NVIDE

6.2 Experiment |1 & Results

We investigated the effect of haptic cues on thegption of spin direction when
there are already sufficient visual cues in thened® make a decision about it. For this
purpose, the tops were rotated at 45 and 135 degerdrame in the CW direction and the
visual scene is updated at 30 frames per seconén\Whie tops were rotated at 45 (135)

degrees per frame, it was visually perceived ayg there spinning in the CW (CCW)
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direction (this is known as wagon wheel effect iterhture). It was straightforward to
differentiate the direction of spin by visually pecting the scene.

The subjects played the game under 2 differens@gnconditions: a) OV: only
visual cues were provided to the subjects aboutlitestion of spin, b) VH: Both visual
and haptic (via rotation effect) cues were providedhe subjects about the direction of
spin. As shown in Figure-9 / “OV & VH”, the resulsiggest that the subjects were 100%
and 98% correct in their response under OV and dfhtitions and there is no significance

between these two sensory conditions.
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Figure 6.3: Percentage of correct choice for OVI& V
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6.3 Experiment 111 & Results

We investigated the performance of the subjectsnathere is a mismatch between
the visual and haptic cues. For this purpose,dpe were rotated at 45 and 135 degrees per
frame in the CW and CCW direction. When the topsewetated at 45 (135) degrees per
frame, it was visually perceived as they were spigin the CW (CCW) direction or vice
versa. During mismatch between visual and haptidition, the haptic cues were provided
to the subjects in the direction opposite to theuaily perceived one, hence causing a
mismatch between the visual and haptic cues (MVititmn).

As shown in Figure-9 / “MVH”, under ambiguous serysconditions, the subjects
prefer the visual cues significantly more than tiagtic ones in making a decision about
direction of rotation. Also, One-Way Repeated MeaswAnalysis of Variance (ANOVA),
suggests normal and MVH conditions are significadifferent [F(1,14)=38.7, p<0.0001],

respectively.
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Raotation Effect: MywH
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Figure 6.4: Percentage of subject preference foAVH
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Chapter 7

FUTURE WORK & CONCLUSION REMARKS

7.1 Future Work

In our experiments, we explored a comprehensive set of values for parameters that
create a sense of rotation about the long axis of the stylus. However, we did not attempt to
build a mathematical model of the relationship between the parameters and perception
ratings. The challenge in relating input values directly to the perceived sensationsliesin the
fact that both the input parameters and the sensation ratings are discrete labels, however
they are connected through a time varying torque signal, which is continuous. Hence, a
feasible strategy might involve building a mathematical model of the relationship between
input parameters and generated torque, as well as the relationship between the torque
profiles and the perceived effects. In order to assess the feasibility of thisidea, we collected
torque data for combinations of input parameter values by attaching a torque sensor on the
stylus casing. Preliminary results from a set of system identification experiments show that
it is possible to obtain a mathematica model of the relationship between the input
parameters and torque response. This leaves the task of relating the perceived user
sensations to the displayed torque profiles as an interesting piece of future work. This may
potentially lead to aframework for inferring optimal actuation parameters.

Another piece of future work involves improving the physical and ergonomic
characteristics of the stylus. Although our second design is substantially more compact
compared to our origina stylus, more improvement is needed to achieve the form factor of

aregular stylus. Thisis partly because all used parts (actuators and the batteries) were off-
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the-shelf items. Replacing these with custom-made versions with smaller form factors is
likely to lead to an improvement. The improved form factor is likely to improve the
ergonomic character of the stylus; however we believe that ergonomic factors deserve
further exploration. A possibly direction might involve investigating parameters such as

stylus length, center of gravity, casing texture, and pen-skin contact area.

7.2 Conclusion Remarks

We introduced a novel haptic stylus capable of displaying two tactile effects to the user: the
flow effect and the rotation effect. The flow effect was displayed by asynchronously
activating two vibration motors positioned two ends of the stylus. The rotation effect was
displayed through a DC motor creating torque pulses in intended direction. We explored
the effective parameter spaces for both tactile effects through psychophysical experiments
and in an interactive pen-based game. The results of psychophysical experiments using
both Hapti Stylus designs proved that the proposed tactile effects are successfully perceived
by the subjects with high accuracies.

Our design opens new avenues for exploration in the pen-based computing and
haptics communities. We believe that HaptiStylus can be used in variety of mobile
applications including games, entertainment, and education. For example,
injection/discharge of fluids (e.g. simulating needle injection in a game), trajectory of a
moving object towards/away to/from the scene (e.g. approaching a fire engine in a video
scene), and penetration into a soft object (e.g. touching and feeling the softness of organsin
the scene) can be displayed to a user using the flow effect. Similarly, opening and closing
of valves and screws, sense of rotationa inertia in spinning (e.g. feeling winds during

climate visualization) and rolling of objects (e.g. flying an airplane in a game) can be
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conveyed to the user via the rotation effect. This is not an exhaustive list, but serves as

evidence of abundant potential uses.
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INSTRUCTIONSUSED DURING THE EXPERIMENTS
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EXPERIMENT I: FLOW EFFECT

* Please note that:
o This study constitutes the central part in my regeét is a matter of
graduation or not)
o0 Hence, it will be appreciated if you focus on taskt during the experiment
* The Experiment:
o0 This experiment requires you to respond the sehs®tion you get from
the pen
0 You will use keyboard to answer questions
o The aim of the experiment is to respond the giversation as:
= If this is a single vibration, illusion like motiaor sequentially two
vibrations at sides of the pen
= [f it is motion or sequential, then which directigimulus goes
* On the screen:
0 You will see this simple window on the screen

a5l Forml |ﬂlﬁd‘
Enenad | [ Temng | [ St | Finish

DOWN

Flow/Motion: Press "A"
Two Vibrations: Press "S"
Single Vibration: Press "D"
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* Interface:
0 You will be using a pen with two vibration actuaan it
0 The pen will give you sensation of motion
0 You will be only holding the pen with one hand nthenswer the type of

vibration and the direction using keyboard

* Instructions:
o0 Before starting experiment, there will be 2minnrag session. You will be
presenting some of stimuluses
o During the experiment, there will be 10 repetitadrthe test
0 Each repetition expectedly takes 2 min and thelieb&i2 blocks as
following
= 10 repetition (20min)
= 10 repetition (20 min)
0 As you used to experiment, duration of a block teKe less time

o There will be 1-2 min break between each trial
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0 Hold the pen as showed below during the trainirsgis@ and the

experiment

"

o Thank you for participation
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EXPERIMENT II: ROTATION EFFECT

* Please note that:
0 This study constitutes the central part in my regeét is a matter of
graduation or not)
0 Hence, it will be appreciated if you focus on thgkt during the experiment
* The experiment:
o This experiment requires you to respond the sehssation you get from
the pen
0 On the screen, you will see 3 buttons only
0 You will use keyboard to answer questions
0 The aim of the experiment is to respond the givarsation as if this is a
clockwise rotation or a counter clockwise rotation
* On the screen

0 You will see this simple window on the screen
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& Form1 [E=SEE

* Interface:

(0]

(0]

You will be using a pen with inertial feedback

The pen will give you a sensation of rotation inakwise and counter-
clockwise directions

You will be only holding the pen with one hand ardwer the rotation

direction with other hand using keyboard
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* Instructions:
0 Before starting experiment, there will be 2minriag session. You will be
presenting some of stimuluses
o During the experiment, there will be 10 repetitadrthe test
o0 Each repetition expectedly takes 6 min and theliebi3 blocks as
following
= 3 repetition (18 min)
= 3 repetition (18 min)
= 4 repetition (24 min)
0 As you used to experiment, duration of a block veKe less time
0 There will be 5-7 min break between each block
0 Hold the pen as showed below during the trainirsgis® and the

experiment

'
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o | will be leading you for each block but when addatarts no more talking!
o Step 1:
* Press “Open Port” button on the left top
o Step 2:
» Press “Start” button at center
o Step 3: Use keyboard to answer
= Press “D” for clockwise
= Press “A” for counterclock wise
o Step 4.
= Press “Finish” button at the below to finish a loc

o Thank you for your participation
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EXPERIMENT I1l1: WAVEFORM USER STUDY

* Please note that
o This study constitutes the central part in my regea
o Hence, it will be appreciated if you focus on taskt during the experiment
* The experiment
o This experiment requires you to respond the sehs#ation you get from
the pen
0 You will use keyboard to answer questions
0 The aim of the experiment is to respond the givesation as if this is a
clockwise rotation or a counter clockwise rotation
* On the screen

0 You will see this simple window on the screen

o Forml =] E s

Cpen Port

Training | Start |

| Finish
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* Interface

You will be using a pen with inertial feedback

The pen will give you a sensation of rotation inakwise and counter-
clockwise directions

You will be only holding the pen with one hand ardwer the rotation

direction with other hand using keyboard

* Instructions

o

o O O o

Before starting experiment, there will be 2minriag session. You will be
presenting some of stimuluses
During the experiment, there will be 10 repetitadrihe test
Each repetition expectedly takes 4 min and theheb&i3 blocks as
following:
= 3 repetition (12 min)
= 3 repetition (12min)
= 4 repetition (17 min)
As you used to experiment, duration of a block teike less time
There will be 5-7 min break between each block
I will be leading you for each block but when adi®tarts no more talking!
Step 1:
= Press “Open Port” button on the left top
Step 2:
= Press “Start” button at center
Step 3: Use keyboard to answer
=  Press “D” for clockwise

=  Press “A” for counterclock wise
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o Step 4:
=  Press “Finish” button at the below to finish a oc

o Thank you for participation
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EXPERIMENT IV: SPINNING TOP GAME

PART I

* Please note that

0 This study constitutes the central part in my resea

0 Hence, it will be appreciated if you focus on thski during the experiment
* Instructions

0 This game requires you to drop the spinning topgkéacorresponding boxes

0 You will use a stylus (digital pen) during the game

0 The aim of the experiment is to drag and drop fiersng tops into boxes
according to their direction of rotation (CW or CGW
0 The sense of direction of rotation will be givenailigh visual channel only

during the game
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o0 Before starting experiment, there will be a tragngession with 2 repetitions
to get used to the game

o During the game, there will be 10 repetitions facle part

o You will take a 2 min. break aftef'Sepetition

PART 11

* Instructions
0 The aim of the experiment is to drag and drop piersng tops into boxes
according to their direction of rotation (CW or CECW
0 The sense of direction of rotation will be givendiligh visual and tactile
channel during the game

o On the next page, you will experience spinning topsvo directions
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o During the game, sometimes the boxes do not atice®pinning tops

0 Availability of the boxes will be given through tde channel only

o If a box available, you will receive a flow efféebm end to the tip of the
stylus

o If abox is not available, in this case you wilteéve a flow effect from tip

to the end

o Before starting the experiment, there will be @niray session with 2

repetitions to get used to the game
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o During the game, there will be 10 repetitions faclke part

o You will take a 2min. bereak aftel"Bepetition
PART Il

* Instructions
0 Same procedures will be applied as Part Il

0 There won't be a training session in this part




