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ABSTRACT

One of he challengs with using mobile touchscreen d-
vices isthat they do not provide tactile feedback to theru
Thus, the useris required to look at the screen toaratct
with these devices. Inthis paper we presentSemFeel,a
tactile feedback system wdhi informs the user about the
presence of an object wieeshe touchesn the screen and
can offer additional semantic informatiorabout thatitem.
Throughmultiple vibration motos that we attachetb the
backsideof a mobile touckscreen device, SemFeelcan
generate different patterns of vékion, such anes that
flow from right to left or from top to bottomto help the
user interacwith a mobile deviceThrough two user st
dies, we show that users can distinguish ten reiffe pa-

terns, including linear patterns and a circular pattern, at
apprximately 90% accuracy, and that SemFeel supports

accurateeyesfreeinteractions.

ACM Classification: H5.2 [Information interfaces and
presentation]: User InterfacésHaptic 1/0.

General te rms: Design Human Factors

Keywords: Tactile feedback, mobile device, touch screen

multiple vibration motors

INTRODUCTION
Mobile touchscreen devices have bea®nincreasingly

touchscreen devies because it is often hard the user to
devotevisual attention to theevices, particularly in a oa
bile setting L5].

Auditory feedback is one way of conveying semantic i
formation tothe user about the objeshe istouching on the
screenFor example, earPo@%] alows the useto traverse
menus by tellinghe user wiich item she isseleg¢ing. How-
ever, auditory feedback is not always an appetprform
of output for mobile devicesebausethe usermay want to
interact with applications irnilence.

Haptic vibration has beensed asan alternateway of pro-
viding tactile feedbackn touchscreen evices[5, 7, 8, 10,
17]. Whenthe user touchsobjectson the screersuch as a
button, a webpage link, or an item on a linear listjbsa-
tion motorembedded inhe deviceactivates This helpsthe
user perceive whetheshe istouchingany object or not.
Previous studies have showthat this @hancement can
improve user performancef different tasks on mobile
touchscreen devices8[ 17]. However, unlike auditory
feedback, thisasicform of haptic fedback does natelp
the user identify the objecthe istouching Although diffe-
ent vibration patternse(g, different rhythns or different
strengthlevelg can be used to conveyomesemantic -
formation [1], additionalways of conveyng richer datathat
can be perceivel and undersbod easily over the tactile

more common in recent years. These devices typically dochanneremains tdbe explored

not needo include a large number physical keys to su

port user input, and thus they can devote more of the su ;

face area towards providing the user wittaaer display
screen. However, interactions with a completely flatuch
screendisplay surfacelack the cleartactile feedbaclavail-
ablewheninteracing with physical keysThis hanpersthe
usels ability to perceive theobject thatshetoudcheson the
screen when not loakg atit. Thus the user musview the
screen regaltess of how long or shohterinteraction might
be Thisproduces significantchallengewith usingmobile
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Time to say ¢ 2odbye

vibration motors

Figure 1: The SemFeel system concept: a) Multiple
vibration motors are embedded in the backside of a
mobile touch-screen device. b) The system gene-
rates vibration from right to left as feedback in re-
sponse to when the user touches the fprevious
trackobutton.



We developedsemFeela tactile user interface for mobile  Alternatively, multiple actuators can be embedded o+ m
touchscreen devicethat informs the user about the e bile devicesto produce a richer set efbration patterns that
ence of arobjectwhich she touches on the screen and-pr  could be used to provide users with tactile feedback
vides additionalsemantic information about that itefig- fibackgr ou nFbroexampieddoggamdt al deman-
urel a)shows the SemFeel system concept, which has fivestrated this concept by using tactile feedbackntorim us-
vibration motos embedded in different laions in the ers about the progress of file downloads while theyk on
backof a mobile touch screen dee, specifcally the top, other tasks 10].

bottom, right left, and centeof the device. Thisplacement  ag 4 third option, mobile devices can provide users with

a_llpws thg system tanodtjce singlepqint.vibraﬂonir_‘ Spe- tactile feedback through vibration motors that are attached
cific locatiorsas well as @ f | o w oatiam {e.g,\a iviber to the user rather than the device itsétir example, Brown

tion moving from the top of the device tbet bottom). ot 5 explored the effectivensof using multiple vibration
These patterns aistended to beasyfor the useto pere- motors attached to h e i r p aarmtas @ way af@t s 6

ive andto associatewith a specific meaningasedon the cessing calendar informatiof3]. They designedheir ca-
currentapplication contextrigurel b) presents an example  gngar apritationto associatehe rhythm, roughness, and
use of SemFeelin a music player gplication. When the  gaia| lo@tion of the vibratiors with the type, priority and
usertouck s t he i pr etton, sheeskvibratianc k 9endhlbf an event, respectively. Ghiaial. developed a
flowing from the right of the evice to the leftin the palm 4 ije systenwhich usestwo strips with vibration motors
and fingers of her hand. worn by people with visual impairmenn thér index fin-

In this paper, we first discuss the relevant research@n ta ger and thehumbof the hand holding the devi¢6é]. They
tile feedback for robile touchscreen devicesand tacte used vibration motors to present the direction to terg,(
feedbackechnologiego convey rich informatiorNext, we vibrationfrom the right sideneansiturn righo).

present our prototypBemFeel systenand eleven vibration
patternsdevelopé in this project. We thenedcribe two
experimentsthat we conducted to examinte accuracy
with which users are ablto distinguish the eleven different
vibration patterns anthe effect of SemFeel othe uses
ability to perform eyedree interactions with a mobile
touchscreen devicerinally, we show some potentiappi-

The projectsdescribed above hawtemonstratg that dif-
ferent vibration patterns can help users in performing-a v
riety of tasks. The different vibration patterns can be gene
ated by controlling the strength, frequency, ahdation
used by the actuator itself, but a richer set ¢fgpas can be
producedby using multiple actuatotbatcan be strategita

: l'y placed in the deHoiweweetheo r
cationsfor the SemFeebystem addition of more actuators to mobil@vites requires an
RELATED WORK understanding of how their specific placement impasts u
Tactile feedback has been recognized commonly asani €r s 6 a b i ive diffgrenttvibetion patterns that they
portant user interface feature for totsdreen devices$|[ 8, would now be able to suppoBalami et al examined how
17]. In this section, we review previous tactile deack accurately users can distinguish vibratiomeyated by six
technologies for mobile devices arfdcus onthose aired vibration motors locatedlong the left and right edges of
at conveying richer information thgmsta simple vibation. the back of cellphongwithout a taich screen[18]. Their

experiment showed that the paipints coulddistinguish

Tactile Feedback Technologies for Mobile Devices eight vibration patterns at 7080 % accuracy, but they had
Touch screens are used in a variety of mobile devices today

o . difficulty identifying the lo@tion of the vibation source

such as cellphonesegsonal digital assistants, and portable . . . X

. i D whentheir system actiiad only one of the vibration on
music players.These devices often rely oribvatiors to tors at a time (36%n aveagd
provide users withtactile feedbackising thebuilt-in vibra- '
tion motor.Fukumoto and Sumurawere perhaps the first  Tactile Feedback with Semantic Information
researcher$o demonstrate tha vibrotactile actuatorem- Semantic informatiorcan beprovided over theactile feed-
beddedn a mobile touckscreen avice can be used to let a  back channel using differentvibration paameters such as
person know that she has registered a touch event on &equency rhythm, strength,and texture For example,
screen in thie Active Click system[5]. Because it allows Brewster and Brownshowed that their Tactons system
uses to know thatthey aretouchingan item on the screen, could usedifferent rhythms and frequenciés provide -
this form of tactile feedbackelps userspaform a variety ers with richer information than a simple vibrati].
of tasks, such dst item seletion [7] andtext entry B]. Hogganet al demonstrated thahe texture of physical bu
tonscould be mappeahto parametershat areused later to

Even with only one actuator, it isgssible toproducedif- !
y *® P be produced asactile feelbackfor buttons on touciscreen

ferentvibration patternsusing different strength levels and . . :
frequenciesPoupyrewet al. showed that differentilration devices 9]. Their study showed that different aatiors and

patterns can be used to convey information, such as the{hythmst can Ige l‘l'lsad ernulate differentt tglxture? Oftﬂmils
userds scrolling rate ealpsd B?é%ufopsi' Y Xvﬁ ap%%rewge(ﬂusérgerg Aand

users to dectitems in a linear list 22%aster than when no P mf_ormatlon can be cnveyedthrough a mouse with
tactile feedback was providéti7]. tactile pin arrays41]. The systenusestactile feelbackto
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vibration motors

Figure 2: The SemFeel prototype: a) the circuit
board and mobile touch-screen device with five vi-
bration motors on the backside; b) the front side of
the mobile device.

inform the userwhensheis touchng bars in thegraph as
well as how highthat bar is byvertically moving the pn.

Recently,Rantalaet al deveéoped a method for presenting

Braille characters on a mobile tousbreen dvice [18].

Their systenmuses different peaks of the pulses to generate

raised and lowered dots. Their expegnt with three diffe

ent presentation methods of Braille tactile feedbagk r

vealed that experienced Braille users caeldgnize letters
at 911 97 % accracy.

As described in the previous section, another way of pr

viding users with tactile feedback isrough vibration ro-

tors that are attached to the user rather than the désade i

For exampleActiveBelt is a wearable devideatincludes

eight vibration motors evenly spaced around the &ser

waist [20]. Combined \ith a GPS module, the devicepsu
ports user navigation by aeating the vibration motor in
the directionof the usefs destination. Lulet al explored

how different stimuli generated by layered pieeatric

benders could be mapped into applicationsmatile de-

vices [L3]. In their system, different wavefornase used to
convey information about thedlscted item in abrowser
applicationand the speed or direction of the tactile dee
back could be used to provide the movenwdrihe point of
the usefs focus. Finally, to explore how to usspatial

movementsas tactile feedbackLi et al used avoice coll

motor thatmoves back and fortthorizontallyalong the 8-

er 06 s topravidena different texturéhanthe vibrations

normally producedby tapping[11].

SYSTEM

One of the goals of this projecttise developnent ofa tac-
tile user interface for mobile touddtreen devicethat can
provide the semantic informaticeboutthe objects thathe
usertouctes on the screefwe first prototyped and infe
mally tesed a number of possible options befoeeiding
to use small vibration motors, a sier approach to4, 8,
10, 17, 18]. Because it igifficult with the current techro

ogiesto providetactile feedback exactly at the contact point

on the touch screenith vibration motorsembedded inside
the mobile device, our desiginstead looks toprovide
feedback on the palm and fingers of the handlihgl the

Figure 3: The special sleeve for the SemFeel proto-
type allowing placement of the vibration motors as
close to the palm and fingers of users as possible.

device. Although it is known that the palm is less Hiass

than thefinger tip (o r fingérpad), Craig and Lylés study
showed that a level of perfbance similar to those on the
fingerpad can bechieved bysufficiently enlarging the $t
mulus spaced]. In this section, we explain the design of

our SemFeel prototypand the eleven vibtion patterns
developed in this project.

Hardware
Figure 2 shows our SemFeel hardevarototype. Wettach

five vibration motors (Samsung Disk Caeifiype Mibration

Motor APB108) on thébacksideof a mobile touckscreen

device. These vibration motors are connected to a circuit
board, which contains two Integrated Circuit modules

(PIC16F628 and MAX232A) for @epting signals from the

computer and controlling each motor. The circuit board
then communicates with @omputer througha serial port

connection

In the study by Sahanet al [18], their participantshad
difficulty distinguishing some of the vibration pattern®pr
duced by multiple vibration motoembeddedlong the left
and right edges of backside of tbellphone From ourin-

formal observatios of how users hold mol&l devices, we

noticed that there igypically a small gap ketweena pe-

s o npals and the devicelhis gappotantially could be
one of the causes for tldifficulties experienced by the
users in Sahandt al& study.As a result, we maffiactured
a special sleeve (Figure 3) that goes under a tescieen
device and curves to

bration motors on thdacksideof the device whilgladng
the motorsas closdo thepalmand fingersas posible.

Each motor is controlled by a Pulgédth Modulated
(PWM) signal sent from PIC16F628. The signal isdmo

ulated at 10 kHz. With PWM, our hardware can change the
total amount of power delivered to the vibration motors by

changingthe duty cycle. In this way, the hardwanepports
changs inthe strength of the vibtion, as well as turaithe
vibration notors on and off Although the prototype can
control the duty cyclenearly arbitrarily, our pilot study
shows that users daifficulty perceivingthe softvibration
generated by the systemhen the duty cycle is below 50%

fititthe
holds the device. This sleeve allowed us to embed the v

S



Positional

°
e
IS)
o ® by é right actuator
P &
top bottom right left center g
. = | center actuator
Linear )
fla]
¢ 3 left actuator )
Time
top-bottom bottom-top right-left left-right
Circular Figure 5: The smoothing of the vibration strength
for the right-left vibration. The height of each
square indicates the level of the vibration strength.
The duration for each square is 200 [msec].
[ Tactse study |
clockwise counter- s
clockwise v eoweet ) il nleraciive Mode
Figure 4: The eleven vibration patterns imple-
mented on the prototype. For the linear and circular D
patterns, the vibration motors are activated sequen- D

tially, as the figure shows with the smoothing ex-
plained in Figure 5.

Additionally, more than 10% difference in the duty cycle is @ D
necesaryfor usergo clearly distinguistbetweervibratiors B

attwo differentstrength levelsTherefore, wealesigned our

prototype to operate withour preset levels ofvibration m m
strength: 0% (completely off), 60%, 80% and 10684he
duty cycle. We set the temporal resolution to 50 [msec]
becausewve foundthat our hardware often could not iact
vate the vibation motors completelyn a shorter duration
through our pilot experimentWe also set the manum
duration of the vibration to 1 [sec] because longer durationsEXPERIMENT 1: DISTINGUISHABILITY OF PATTERNS
are not pretical. Tasks and Stimuli

N In this experiment, @ askedthe paricipants todetermine
Vibration feedback patterns which of the elevervibration patternsshown in Figure 4

Figure 4 presents theesien vibrationpatternsthat we @- wasbeing generated by the system at a time (each time, the
signed for the current SemFeel prototype. There are three 99 y Y '

types of patternspositional (top, bottom, right, left, and patternwasgenerated only onc_e). After the systgemeal-
center),linear (top-bottom, bottorrtop, rightleft, and left eda patternthe cursor appearad the _SfT‘a” blue guareon
right), and circular (cloowise and couter-clockwise). For a computer screeffigure (.3)' The pmapant;would t_h_en
thelinearand circular vibration patterns, differemt/éls of move the cursor to the diagram representing thm
vibration strength are used to producengoothettransition pattern t_hey thougrthg systerhad generatedand .CI'Cked
of the vibration. Figure 6 shows how the vibration strength on the dagram Eachdlag_ram was a square (70 pixels x 70
is cantrolled in the rightleft vibration pattern. Our pilot pixels) placedthe same distance (200 pixetsyayfrom the

study shows that participants preferred vibration with this initial cursor position. Adialoguewould appear to show
smoothingovervibration without smoothing. whether the response was correct. If the response was

) ) wrong, the correct answevould beprovided. During the
In the experiments described later, we use 100% strengthexperiment, the participants were asked édqum the task

for every vibration pattern except for the smoothing-pu  as quickly and accurately as gibée.
pose because weanted to focus on evaluating how aec Variab|
ariaples

rately users can distinguish vibration patterns generated by’ X ) o :
multiple vibration motors attachetb different locations The independent \_/arlabth_a_t we contro_lled in this exper
rather than the strength or rhythm of the vibration, which mentwas Pattern (five positional, four linear, and tworei

have been studiegreviously [1]. However, future work cular patterns)_. In each block of the experlment, hfmt_mo
should examine how accurately useas distinguish weak of the presemttion ofPatternwas randomized. Each vibr

and strong linear vibration patterns, for eye. tion pattern was repeatedly presented three times in one

Figure 6: The screen shot of the application running
on the Windows machine in the first experiment.



Table 1: The confusion matrix for Pattern in the first experiment. The numbers in bold font represent the number of
occurrences of the user responses. The numbers with parentheses show the percentage of the occurrence of the
user responses in each stimulus.

User Response

clock-
wise

counter-
clockwise

bottom-
top

top-
bottom

right -

left left

center right total

top ‘bottom left- ‘

tol 2
P (1.67)
bottom
right
left 2 6
(1.67) 93.3)| (5.00)
center 1 2 3 1 109 2 2 120
0 ©0.83) | (1.67)| (2.50)| (0.83)] (90.8)| (1.67)| (1.67)
S top-bottom 110 2 3 2 3| 120
g P ©L.7) 67| (50| (.67 (2.50)
& bottom-to 4 110 1 3 1 11 120
@ S 250 ©17)| (0.83)| (250)| (0.83) (0.83)
right -left 1 3 2 107 1 6 120
9 ©0.83)| (50| 67| (89.2)| (083)| (5.00)
left-right 2 1 1 2 106 2 6 120
no a67)| (083 (83| @as67)| (883)| (1.67)| (5.00)
clockwise 3 1 100 161 120
(2.50) (0.83) (83.3) (13.3)
counter- 41 791 120
clockwise (34.2) (65.8)
total 119 105 122 114 141 119 117 113 113 152 1051 1320

block, and the ex@iment contained four blocks. Therefore,
there wered (BlocK) * 11 (Patterr) * 3 (repettion) = 132
trials per péticipant.

We measureche reaction time asow longthe participants
took to click one of the diagrams shown in Figureféer a
vibration patternwas presented complety. We also re-
ordedthe given vibration pattern and participa@nesponse
to calculate the error ratdhe error rate for each pattern
was calculatedper block per participanti.é., 100 * [the
number of the wrongesponse] / 3).

Apparatus

We used the same prototype showifrigure 2 in this ex@-
riment. A Windows Mobile 6 devicqfHTC Touch was
embedded inthe customsleeve. Theapplicationshown in
Figure 6was written in C# and ran on a Windows XRr:zo
puter.The computer was connected to the circuit bohrd.
this experiment, the durations of all thetpens were set to
1 [sec].

Procedure

The participants were given the explanation of the system™ ¥%'~
and instructed to hold the prototype mobile device with SIMPlicity,

their nordominant hand and to use a mouse with their d
minant hand to interact with the applicationthe conput-

er. They were then asked to perform a practice set that used ! i
unbalanced sample sizes across the pattern categories, a

the same tasks as thettesssions. They could comiie to
practice until they felt comfortable with the tasks and-sy
tem. On the averagethe participantgpracticed forabout
five minutes. After each block,the participants wered-
lowed to take a short brealn total, he entie expeimment
took about 45 minutes.

Participants

Ten people (five male and five female, dde8 to 50) with
different professional backgrounds (unisi¢éy sudents, law
careers, business consultants, a physician, and a progra
mer) were recrited for this experiment. One male and one
female were lefhanded, and the others were rigjlainded.
Three of the participants regularly usecblite touch
screen devices. All the participants werenpensated for
their time andeffort with $20 CAD.

EXPERIMENT 1 RESULTS

Table 1 shows the confusion matrix for the eleven patterns.
A oneway analysis of variandANOVA) test for the error
ratesagainstPatternindicates the existence of staistly
significant differences (f, 4254.46, p<.001). The posioc
Tukey multiple comparison revealed that statisticaigynif-

icant differences exist between countdockwise and the
other patterns (p<.05 for the difference betweenkolize

and counteclockwise, and p<.001 for all the other diffe
ences).

Figure 7 shows the mean reaction time Rattern For
we ran a ongvay ANOVA test for peformance
time againstthe pattern categories (positiondihear and
circular). It shows the existence of statistically significant
ifferences (k 131765.2, p<.001). To acecomodate the

Tukey-Kramer multiple cenparisonwas used irthe post

hoc test. Itshowed that the reaction time for the ipiosal
patterns (2.19 [sec]) was significantly faster than those for
the linear patterns and circular patterns (2.43 [sec] and 2.95
[sec], respectively, p<.001), and theaction time for the
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Figure 7: The reaction time across the categories of

the vibration patterns in the first experiment. In this fi .. | foli d Idavi
and all later charts, the error bars indicate the 95% can generate (five positional, near, and a c Ise

confidence intervals. circular vibration patterns) at about 90% accuracy. e d
signedthe second experiment to examine user penénce

. N . in a realistic application with the SemFeel techogy. In
linear patterns was significantly faster than for the circular particular, we wanted teomparethe accuracy of usenput
paterns (p<.001). when ing the SemFeelprototype againstiser interfaces
Figure 8 shows the reaction time acr@sck A oneway that offerno tactile feedbaclor tactile feelback usingonly
repeatedmeasure ANOVA test for the reaction time against a single vibration source.

Blockindicates the existence of siitally significant di
ferences (k 128517.6, p<.001). The pos$toc Tukey mis

tiple comparison discovered significant differences between
the first block and the other blocks (p<.001) amtivieen

the second block and the last block (p<.1). We did nat fin

ani/lstleglsu;:a:\glzc)hfference in the error rate acrick (s, other applicationse(g, text entry with the muiltap method
406=-20, P=.92). and menu selection We conducted the expment only
EXPERIMENT 1 DISCUSSION with an eyedree condition where we expected that a clear
The results of or experimentdemonstratehat the partie difference would be observed between SemFeel and the
pants could distinguish the eleven patterns except far-cou reference sstems.

ter-clockwise at 83.3 93.3 % acuracy (89.6 Y®on ave-
age) in spite of a short amount of practice. Although the
resultsindicate that we neetb modify the set ofcircular
patterns i¢e., useonly one of the circular gterns, orstart
one of thecircular patterns at a different lation) to avoid
user confusion, this is a significant impeowent from the
system studied by Sahaseti al[19]. One possible reasas
that the duration of the vibration in ouxperiment was 1
[sec] whereas the patterns they useere between 300
[msec] and 900 [msec]. Additiohg, our specially
designedsleeveto fill the gap that norniyy exists between
the useds hand and device might have helped the partic
pantssensethe vibratiors better We need tdurtherinves-
tigate exacty why our prototype achieves higher accuracy, _ N S
but this indicates that vibration generated by multiplearibr There_ were three tactile fe_edback_condltlons studl_ed in this
tion motors can berovided practically in mobile devices. ~ experiment none (No Tactilg, tactile feedbackprovided
Furthermore, we confirmed that there is a learning effect in through asingle vibration motorgingle Tactilg, andtactile
terms of reaction time. Thesindings are pronsing for the ~ feéedback provided througthe SemFeel technologyor(

Tasks and Stimuli

In this experimentye asked participants to perform amu
berenteringtask. Wecho< this input taskwith the numeric
keyboardbecauselttis is a commdy performedactionon

cellphonesFurthermorgthis interaction can bexeended to

First, the systenpresentedhe participantswith a 4digit
numberin blue font onthe computescreen(theright figure
in Figure 9).Next, we asled the participans to type that
numberon a mobile touciscreen deviceisingthe rumeric
keyboard shown in the lefiart of Figure 9. Each key was a
squareg9.2 cmx 9.2 cm) This size waghoserto allow the
participants to interact comfortably wittheir thumb based
on the findingsreportedby Parhiet al [16]. The parti¢-
pans could commit the typingay releasinghe thumb from
the screenandthen the entered numbewould appearon
the computescreen(the right figure in Figure 9)The cla-
racter iXo would beshown when the participameleasd
the thumb ouigle any of the keys.

efficacy of our system. tactile feedbackrovided throughmultiple vibration motors,
which we will refer to asdMultiple Tactild. In the Single
EXPERIMENT 2: USER PERFORMANCE ON INPUT TASKS Tactile condition, the center vibration motor was used to

The first experiment shows that users can distinguisloften

ot E provide tactile feedback when the participants werehouc
the vibration patternghat our current SemFeel paiype

ing any of the keys othe keyboard. Fathe numbe®d k ey
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Figure 9: The applications used in the second ex-
periment: left) the numeric keyboard on the proto-
type mobile device; right) a screen shot of the ap-
plication running on a Windows computer.

Figure 11: The setup for the second experiment.
; ; The experimenters asked the participants to hold
key 1 top left key 6 right right N | .
the prototype mobile device under the table in order
key2] top | top key7 | botiom | lef to reproduce an eyes-free situation.
key 3 top right key 8 bottom | bottom
key 4 |G key9 | botiom | right vibration patterns used was approprifit@ughan nformal
key 5 | center | center key O | bottom Study
> > Variables
L e T e The independent variabtbat we controlled in this expier

mentwas Feedback(No Tactile Single Tactile and Mul-
tiple Tactilg. The order of the presentation Béedback
was countebalanced across theriaipants. In each block,

Figure 10: The mapping of the vibration patterns for
the numeric keyboard used in the Multiple Tactile
condition. Please note that the assignment of the

vibration patterns is based on the spatial relation- a 4digit number was randomly generated, buglivays
ship of the keys (e.g., the combination of top and satsfied the two following conditions 1) each digit was
left vibration is assigned to key 1). different from the others, and 2) thHeequencyof each

number was equakithin the block. The experiment go
tained two blocks for eacheedbackcondition. Theefore,
there were 3Reedback* 2 (BlocK * 15 (trial) = 90 trials
per particpant.

the sywtem turned the center vibration motor on for 400
[msec] and off for another 400 [mse€or the other keys,
the sywtem turned on the center vibration motor for 200
[msec] and off for 600 [msec]These patternsepeated We measured the performance time as the fiora after a
while the participantods f i nglgitnumber wasshowermien the participasteleasad h e
This implementation was designed to emulate a physicaltheir thumb from the screen totenthe fourth digit. The
numeric kgboard {.e., every key except for the key for 5 error rate wasalculatedfor each block i(e., 100 * [the
has the same texture, and themberd&bokey has a slightly  number of the wrong entries] / [the number of the digits in
different texture to indicate the home position). one block = 60]).

In the Multiple Tactile condition, the vibration patterns Apparatus
were designed with simple combinations of the positional We used the same devices used in the first experimbat.
paterns and assigned to match the spatial relationship as applicationsused in this experimemtere written in C#All

shown in Figure 10. Each pattelased 800 [msec], co- the events on the numeric keyboard were sent to the co
sisting of two 200 [msec] vibration generated by one of the puter via BluetoothThe aplication on the computer then
vibration motos followed by 400 [mseclvithout anyvibra- sent a signal to the circuit board to generate the pattern
tion. Only one of the motore/as activated ata time For responding totte keythe paticipant wastouching.

instance, the system twithe left vibration rotor on for

400 [msec] and off for another 400 [msec] when tiker Procedure

AP o Before the experimenparticipants were given the expén
touchedt h e n u nkbyeltactigagdihe top vibration tion of the system, and instructed to hold the prototype m

:g?t]%rr f&rezr?gxgg%%q[rgrss;c]arfmﬁenetg;|n312t r\:gtrg::?(;rrn bile device with their dominant hand and to use the thumb
: P of that hf\r(l)d to interact witht. This instrudbn was n-

the next 400 [msec] when thisertouchedt h e n u mb Ccluded bedhuse it isighly likely that users wouldnteract
key. Similar to theSinde Tactilecondition,thesevibration ; s - Sighly y .

. R ) with a nobile device usingnly one hand in an eydeee
patternswererepeated while the particip@sfinger contin-

uedto touch a buttonwe confirmed that this design of the set_tmg. However, due to the fairly large size and heavy
weight of the prototype, we allowed the participants @ su

port theirdominant handwith therr other hand. The partic
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Figure 12: The error rate across Feedback in the
second experiment.
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Figure 13: The performance time across Feedback
in the second experiment.

pants were also instructed to touch the screen of the mobiléile, and betweeMo Tactileand Multiple Tactile (p<.001

device with thé finger tip or nail due to the weak respo
siveness of the screen. During the experimeatasked the
participantsto hold the mobé device under the tabl@as
shown in Figure 1)1 so that they could not séts screen.
We askedthem to perform the task as accuelgtas possible.

for both).

EXPERIMENT 2 DISCUSSION

Our second experimerghowsthat SemFeel casupport
significantly more accurate interactionsvith a numeric
keyboad application incompaison to a user interface

The participantswere then asked to perform a practice set without any tactile feedback and one with tactiledfeek

that used the same tasks & tist sessions to becomereo
fortable with all the conditions at the beginning of theeexp
riment. They could continue to practice until they felineo
fortable with the tasks and syste@®n averagethe patici-
pants practiced forabout ten minutesAfter each block,
partidpants werallowed to take a short bredk. total, he
entire experiment took about 45muates.

Participants
Twelve righthanded people (eight male and four female,
agal 18 to 50) with a variety ofbackground (university

using a single vibration source in an ejie® setting. Fu
thermore, the participants could learn the vibratiottepas

in the Multiple Tactile condition within a short amount of
time. We needo studyfurther how SemFeel could improve
user peformance in other applications or other situations
(e.g, while users are walking), but thesults gained from
the second experiment indicate that SemFegltha pote-

tial to help users accately interact with mobile toueh
screen devices wibut looking at the screen.

Our second study also shows that the user interfaces with

students, aauntants, a health worker, a technician, a car tactile feedback were slower thtre one without any ile

dealer, a waiter, and an executive assistant) weeraited

feedback. This is as evexpected because the papiEmts

for this experiment. Eight of the participants regularly used often adjusted their contact point on the screen based on the

mobile touchscreen devices. All the participants were
compensated for their time aeréfort with $20 CAD.

EXPERIMENT 2 RESULTS

Figure 12 shows the error rates for freedbaclkcondtions.
A oneway ANOVA test for the error ratesgainstFeed-
backreveals the existence efatistically significant diffe
ences (k ¢5=16.5, p<.001). The pos$toc Tukey multiple
comparison revealed that statisticalgnificantdifferences
exist between any of the two conditions (p<.01 for tHe di
ference betweehlo Tactileand Single Tactile p<.001 for
the difference betweehlo TactileandMultiple Tactile and
p<.05 for the difference betweelingle Tactileand Mul-
tiple Tactil®.

Figure 13 shows the megerformancdime for Feedback

A oneway ANOVA test for performance timeagainst
Feedba& indicates the existence of statistically significant
differences (k 10,722.3, p<.001). The po$ioc Tukey
multiple comparisonindicated that there are statistically
significant differences betweewio Tactileand Single Ta-

tactile feedback to hthe right key However,without tactile
feedback participants were unable makesuch adjustments.
Due to the poor responsivenessoof prottype, the diffe-
ence in the performance time betwdkaNo Tactile cond-

tion and the conditions with tactile feedback was large (about
3 [sec]).We believethat this differencecould be&eomemuch
smaller if our system is manufactureekter

APPLICATIONS

There are other applications whialso could leerageour
technologyto support a less visualgemanding or eyes
free interactiorbeyondthe music playerapplication (Figure

1) and a numeric keyboattat have already been discussed
in this par. Figure 14 a) shows one possible design of an
alphabetic keyboardvhich has three large keyThe left,
center, and right keyactivatethe left, center, and righti-v
bration motorsrespectively Each key contains nine alph
betical letters, anthe usercan enter one of thodettersby
touching theappropriatekey andthe makes agestureto
specify which letter she wants to inp&br example, Figure



Figure 14: SemFeel applications: a) An alphabetic keyboard. The right, center and left vibration patterns are asso-
ciated with three large keys which the user can touch and make a gesture to type a letter; b) A calendar application.
The top, center, and bottom vibration motors are used for representing the morning, afternoon, and evening in a par-
ticular day, and the duration of the vibration generated by each vibration motor represents the availability of each
time period (longer vibration means less available); c) A maze game. Users can interact by tilting the device, and
when the ball hits the wall, the vibration is generated; and d) A web browser for people with visual impairment. Audio

feedback is used for reading out the content of a webpage,

about the controls in the web browser application.

14 a) shows thah user is enteringr@ In this caseshe
presgsthe center key first, anthen moves the thumbto-
wardsthe bottomright direction. This keyboari less -
suallydemandinghan a normal mirgwerty keyboarde-
cause the tactile feedback telle user which keyshe is
touching, anddoes not requirdine-grainedadjugsment of
the contact piot to selectthe specific key for the desired
letter. Thusthe usercan focusvisually onthe text areaa-
ther than the keyboard

SemFeel camlso allow theuser tousea calendar appla
tion andaccessts contentwithout looking at the screen. Li
et al. previously demonstratechn audiebased eyefree
interaction to access a calendar application throughla cel
phone [2]. The wsercan usethis system even when they
are talking over the phone. However, the audialfeek
from the systentcould be adistracton to the phoneconve-
sation. With SemFeel, different time slots can bedated
with vibration motors at different locatioRor instance, the
top, center, and bottom vidtton motors are associated with

and tactile feedback is used for providing information

One oftheir findings suggestghat user interface designers
should provide feedback for all trectionsthat have oc-
curred on the screen. SemFeeuld be used aan add
tional fealback channefor the user Figure 14 d) shows a
web browser application fgreope with visual impafment.
The audiochannelis used to read out the content of ebwe
page.Tactile feedback is used to provide informatiabout
the controlthatthe usertoucheson the screenAudio feal-
back can be used for this purpose, but it might istrait-
ing because the reamlit of the Web conterfunction has to
be stoppedor userswould havetwo different kinds ofin-
formation delivered over theudiochannelat the same time.

A navigation aid for people with visual impaientsuch as
the systemused in Ghiani et al& study ] could also be
enhanced by the SemFeel systémour own, small study
with people with vsual impairment we learred thatthese
usersrely heavily on their hearing to remain safe whiée n
vigating Therefore, auditory fevack should not be used
heavily in this type ofystem Instead, SemFeel can be used

the morning, afternoon, and evening in a particular, day to provideusers withdirections through the tactile channel

respectivelyThe durationof the vibration at each vibration
motorcanrepresent how bughe useris. Althoughthe user

will not know the details of the schedule, SemFeel still can

providethe userwith a general idea dferavailability.

SemkFeel could be usédenhane the current user interéa
es on mobile touckcreen devices. For example nFeel
can be incorpotad into game applications to provide a

(e.g, when they have to turn right, SemFeah generée
the leftright vibration).

CONCLUSIONS AND FUTURE WORK

Lack of tactilefeedback caminderthe effectiveuseof mo-
bile touchscreen devices, especially whasers are unable
to view the screerWe ceveloped SemFeel, a tactile fde
back technology for mdle touchscreen dvices which

more e@tertaining user interface. Figure 14 c) shows one provides the users witthe semantic informatioaboutthe

example game application, a maze. Goalin this gameis
to move the ball t@ targetby tilting the dvice. When the
ball hits a wall, the system generatesibrationin the d-
rection of theobstacle

SemFeelalso could improve the design of user interfaces
for people with visual impairmenkicGookinet al. studied
accessibility issues on mobile toustreen devicesl1H].

objectthey are touchinghroughmultiple vibration motors
embedded in thbacksideof the deviceWe caducted wo
experimentghat demonstratehat users can distinguish ten
vibration patterns, including line@atterns and a clockwise
circular pattern, at around 90% accuracy, and that os sy
tem supports more accurate en@ctions in an eyeee
setting than systemthat offer no tactile feedback or use
only a single vibation motor.






