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ABSTRACT

A major challenge faced in the design of mobileidew is that
they are typically used when the user has limitbgisizal and
attentional resources available. We are interesited the

circumstances when a user has only a single haaibble. To
offer insight for future one-handed mobile desigms,conducted
three foundational studies: a field study to capthow users
currently operate devices; a survey to record pseference for
the number of hands used for a variety of mobigkgaand an
empirical evaluation to understand how device si@rget
location, and movement direction influence thumbbitity. We

have found that one-handed use of keypad-basedeph@n
widespread, and in general, a majority of phone RB& users
would prefer to use one hand for device interactiatditionally,

our results suggest that device size is not aifastbow quickly
users can access objects within thumb reach, hait lHrger
devices have more areas that are out of reach, thod

inappropriate for one-handed access. Finally, tBgss of device
size, diagonal thumb movement in the NVBE direction is the
most difficult movement for right handed users ¢ofprm.

Categories and Subject Descriptors
H.5.2 [Information Interfaces and Presentatior]: User
Interfaces -ergonomics, evaluation, interaction styles.

General Terms
Measurement, Performance, Design, Experimentatidaman
Factors.

Keywords

Thumb movement, mobile devices, one-handed designs.

1. INTRODUCTION

The handheld market is growing at a tremendous; rtte

technology is advancing rapidly and experts projhat mobile

phone sales will top 1 billion by 2009 [18]. To rheistomer
demand for portability and style, device manufaatsicontinually
introduce smaller, sleeker profiles to the mark@tt advances in
battery power, processing speed and memory allesetlievices
to come equipped with increasing numbers of fumstideatures,
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and applications. Unfortunately these divergemtdeeare at direct
odds with usability: richer content accessed viangmg input

and output channels simply makes devices hardarstéo The
unique requirements for mobile computing only coompd the

problem, with use scenarios including unstable remvhents,
eyes-free interaction, competition for attentiorsowgrces, and
varying hand availability [16]. While each of thesenstraints
requires attention in design, it is the final onghwvhich we are
currently interested.

Devices that accommodate single-handed interad#m offer a
significant benefit to users by freeing a hand flee host of
physical and attentional demands common to mohitevies.
But there is little evidence that current devices designed with
this goal in mind. Small, light phones that areygascontrol with
one hand are unfriendly to thumbs due to small dmsttand
crowded keypads. Larger devices are not only hai@enanage
with a single hand, they tend to feature more éathan larger)
buttons, as well as stylus-based touchscreens withsenterface
designs maximize information content, but offegés too small,
and/or too distant, for effective thumb interaction

While it seems obvious which features inhibit seaghnded use,
there has been relatively little systematic study eaabling

technologies and interaction techniques. Most coroialeand

research efforts in one-handed device interactiave hfocused
primarily on either a specific technology (e.g.celerometer-
augmented devices [5,6,19], touchscreens [4,9]task (e.g.,

media control [8,17], text entry [21]). In the \edilandscape of
mobile devices and applications, solutions musinaltely extend
to a wide range of forms and functions. So, insteesl take the
approach of considering the basic human factorshed in one-

handed device interaction.

Here we report on three studies conducted to utatetdifferent
aspects of one-handed mobile design requiremergsfirét ran a
field study to capture the extent to which singéstted use is
currently showing up “in the wild”. Second, we mall users
directly to record personal accounts of current gmeferred
device usage patterns. The results from these estudielp
motivate one-handed interface research, and offéght into the
devices and tasks for which one-handed techniqoestdie most
welcomed. Finally, we performed an empirical evtbra of

thumb tap speed to understand how device sizeettémgation,

and movement direction influence performance. Frtmse
results we suggest hardware-independent desigrelqad for the
placement of interaction objects. In sum, our firgdi offer

foundational knowledge in user behavior, preferemeel motor
movement for future research in single-handed reatsisign.



2. RELATED WORK

The physical and attentional demands of mobile aevise was
perhaps first reported for fieldworkers [10,16prfr which design
recommendations for minimal-attention and
touchscreen interface designs emerged [16]. Thawaihsuited to
the directed tasks of fieldwork, the guidelinesnd generalize to
the varied and complex personal information managentasks of
today’s average user. Research of the effectsntbéility has on
attention and user performance continues (e.g.)[Hs well as
how these factors can be replicated for laboragtugly [2].

Several approaches for one-handed device interabtiwe been
proposed. Limited gestures sets have been explimrechobile

application control with both the thumb [8,9,16daindex finger
[17], but none have specifically considered ergoicofactors.

Since text entry remains the input bottleneck fabite devices,
many are working on improvements, and some targetine-

handed use. Peripheral keyboards for one-handedetdry are
available (e.g., Twiddler [13]), but the suppoquied by a hand,
desk or lap violates our definition of one-handedide control.
Text entry on numeric keypads is generally one-kdndout
methods to improve input efficiency have focusederucing the
number of key presses required via techniques ssctword
prediction (e.g., T9 [20]), rather than by optimgibutton sizes,
locations, or movement trajectories. Acceleromatggmented
devices support spatial orientation as an inpuhiebl and have
been shown to support one-handed panning [5], Iswo]19],

and text entry [21]. However, the course level ofteol and
potential confusion with movement due to normal ieolise
limit the viability of tilt for generalized input.

Scientists in the medical community have studiede th
biomechanics of the thumb extensively for the pagsoof both
reconstruction and rehabilitation. The structuretted thumb is
well understood [1], but only now are scientistgibaing to
reliably quantify the functional capabilities oftithumb. Strength
has been the primary parameter used to assess mieathability,
and the influence of movement direction upon thtnbngth has
been established [12]. Unfortunately, only standangtomical
planes have been considered, which excludes movertemard
the palm that are typical of mobile device intei@tt As a
complement to force capabilities, others have |dokethe extent
of thumb movement. Kuo [11] has developed a modeltlie
maximal 3D workspace of the thumb and Hirotaka [gs
quantified an average for thumb rotation angle. &keerimental
conditions for these studies, however, do not accofor
constraints imposed by holding objects of varyiime,ssuch as
alternative models of handheld device.

3. FIELD STUDY

One motivation for our research in single-handedifecdesigns
was our assumption that people already use devitethis
manner. Since current interaction patterns, whetlygoreference
or necessity, are predictive of future behaviogythre likely to be
transferred to new devices. This suggests thatgdgsshould
become more accommodating to single-handed udeegrrétan
less, as the current trend seems to be. To capturent behavior,
we conducted amn situ study of user interaction with mobile
devices. The study targeted an airport environnfienthe high
potential of finding mobile device users and eabaaress for
unobtrusive observation.

one-hdnde

3.1 Field Study Method

We observed 50 travelers (27 male) at Baltimore Wvagon

International Airport’'s main ticketing terminal dong a six hour
period during peak holiday travel in November o020Because
observation was limited to areas accessible to tioketed

passengers, seating options were scarce. We egdpectehserve
the use of both PDAs and cell phones since travele likely to
be coordinating transportation, catching up on warld pursuing
entertainment. Since most users talk on the phatiteame hand,
we recorded only the cell phone interactions thatuded both
the dialing and talking phases of use. All obseéovet were
performed anonymously without any interaction withe

observed.

3.2 Field Study Measures

For each user observed, we recorded sex, appraxiags, and
device type used: candy bar phone, flip phone, Khleay, or

PDA. A “candy bar” phone is the industry term fotraditional-

style cellular phone with a rigid rectangular fortypically about

3 times longer than wide. For phone use, we recbtide hand(s)
used to dial (left, right or both) and the handfsgpd to speak
(left, right or both). We also noted whether useese carrying
additional items, and their current activity (sédet from the

mutually exclusive categories: walking, standingsitting).

3.3 Field Study Results

Only two users were observed operating devices rothan

mobile phones - one used a PDA and the other &Béay. Both

were seated and using two hands. The remaindeeafiscussion
focuses on the 48 phone users (62.5% flip, 37.58@\cdar).

Overall, 74% used one hand to dial. By activity¥6%f one

handed users had a hand occupied, 54% were waB&ig,were
standing, and 11% were sitting. Figure 1 presdrggistribution
of users who used one vs. two hands for phonendiadiegmented
by concurrent activity (walking, standing, or siti). The

distribution of users engaged in the three ac#sitieflects the
airport scenario where many more people were walkar

standing than sitting. It is plain from Figure laththe relative
proportion of one handed to two handed dialersedaby activity;

the vast majority of walkers dialed with one haatyput two-

thirds of standers dialed with one hand, but me&texd dialers
used two hands. However, we also noted whetherhand was
occupied during the activity, and found walkers avarore likely

to have one hand occupied (60%), followed by stend&0%),

and finally sitters (25%), which may be the truasen walkers
were more likely than standers to dial with onedhdollowed by

sitters. Regardless of activity, when both handsevesailable for
use, the percentage of one vs. two handed dials®egual.

3.4 Analysis of Field Study

Although Figure 1 suggests a relationship betwessr activity
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Figure 1. Number of hands used for phone dialing bgctivity.



and dialing behavior, it is unclear whether acjivibfluences

hand use or vice versa. Furthermore, since theeptrge of users
with one hand occupied correlates with the distityu of one-

handed use across activities, hand availability fmaythe more
influential factor in number of hands used to dihile use

scenario certainly impacts usage patterns, thetfiattusers were
as likely to use one hand as two hands when botldshavere

available suggests that preference, habit and parsomfort also
play a role. Regardless of scenario, we can safehclude that
one-handed phone use is quite common, and thus éssential
consideration in design.

3.4.1 Generalizability

The choice of observation location may have biamadresults
from those found in the general population sinegdters may be
more likely to be: 1) carrying additional items; &anding or
walking; and 3) using a phone vs. PDA. Differenvismnments,
information domains, populations, and scenariokyi¢ld unique
usage patterns. Our goal was not to catalogue easkible
combination, but to learn what we could from a ¢gbiin-transit
scenario.

4. SURVEY

While informative for a preliminary exploration, aticomings of
the field study were a) a lack of knowledge abootivation for
usage style; b) the limited types of devices o= (phones); and
¢) the limited tasks types observed (assumed digalifo broaden
our understanding of device use over these dimassiave
designed a brief survey to capture user percepti@rzeferences
for and motivations surrounding their own devicagespatterns.

4.1 Survey Method

The survey consisted of 18 questions presented singée web
page which was accessed via an encrypted connd&in) from
a computer science department server. An introduateessage
informed potential participants of the goals of thervey and
assured anonymity. Natification that results wohkl posted for
public access after the survey was closed provithed only
incentive for participation. Participants were siblid from a
voluntary subscription mailing list about the aittes of our
laboratory. In addition the solicitation was progptggl to one
recipient’'s personal mailing list, a medical infatiecs mailing
list, and a link to the survey was posted on twdergraduate CS
course web pages.

4.2 Survey Measures

calendar entry, and contact entry) tasks. Usens tbeorded the
number of hands used for the majority of devicermttion and
under what circumstances they chose one option theepther.

Finally, users were asked how many hands they wptader to

use for the majority of interactions (including preference), and
were also asked to record additional comments.

4.3 Survey Results

Two hundred twenty-nine participants (135 male)poesled to
the survey solicitation. One male participant wimiaated from

the remaining analysis because his handheld devies

specialized for audio play only, leaving 228. Medjaarticipant
age was 38.5 years. Participant occupations reftextchannels
for solicitation, with 25% in CS, IT or engineerinZ3% students
of unstated discipline, 20% in the medical field)%d in

education, and the remainder (21%) from other pgifmal
disciplines.

4.3.1 Devices

The three most common devices owned were flip ph@52%),
small candy bar phones (23%) and Palm devices ulita@werty
keyboard (20%). Palm devices with an integrated ®we
keyboard tied with Pocket PCs without a keyboadPg)l Since
interaction behavior may depend on device inputibdities, we
reclassified each user's primary device into ondoof general
categories based on the device’s input channgl&egipad-only
(51%) are devices with a 12-key numeric keypad but no
touchscreen, (ii) TS-no-qwerty (23%)are devices with a
touchscreen but no Qwerty keyboard, (ii$-with-qwerty (21%)
are devices with a touchscreen as well as an ategrQwerty
keyboard, and finally (iv) werty-only (5%)are devices with an
integrated Qwerty keyboard but no touchscreen. Usars with
multiple devices, we derived primary device typenirthe text
entry method reported.

4.3.2 Current Usage

Of the 18 activities users typically perform witkuvites, 9 were
performed more often with one hand, 6 more ofteth wivo
hands, and 3 were performed nearly as often with & two
hands. Figure 2a displays these results, with theded
backgrounds grouping the activities preferred vatte, either or
two hands. Upon inspection, all of the “readingtidties were
performed more often with one hand (top) and alkitimg”
activities with two hands (bottom). Considering ngsedevice
types, we notice that with the exception of gamiagners of
keypad-onlydevices were more likely to use one hand regasdles

For each wuser, we collected age, sex and occupationof activity, owners off S-no-qwertywere more likely to use two-

demographics. Users recorded all styles of phonegoa PDAs
owned, but were asked to complete the survey witly one
device in mind - the one used for the majority wformation
management tasks. We collected general informagioout the
primary device, including usage frequency, inputdiagare, and
method of text entry. We then asked a variety oésgjons to
understand when and why people use one vs. twoshtarmperate
a device. We asked users to record the numbermafshased (one
and/or two) for eighteen typical mobile tasks, &nein to specify
the number of hands (or@ two) they wouldprefer to use for
each task. Three pairs of activities were desigieedistinguish
between usage patterns for different tasks withie same
application, which we differentiated as “read” (émaading,
calendar lookup, and contact lookup) vs. “writetn@l writing,

hands for most activities, and those owning Qwbkéyed devices
were more likely to use two hands when performimjing tasks,
but not reading tasks.

Overall, 45% of participants stated they use onadHar nearly
all device interactions, as opposed to only 19% wsponded
similarly for two hands. Considering device owngrsihowever,
users of touchscreen-based devices were more likelyse two
hands “always” than they were one hand (Figure \8hen
participants use one hand, the majority (61%) peectney do so
whenever the interface supports it, the reasor diteonly 10%
of those who use two hands. Device form dictatedjedehavior
when the device was too small for two hands, tageldor one
hand, or when large devices could be supported fiyrface and



used with one hand. Participants cited task typa asason for
hand choice, primarily as a trade off between igfficy and
resources usage: 14% of users selected one hapdoorsimple
tasks (conserving resources), while 5% selected hewads for
entering text, gaming, or otherwise for improvirte tspeed of
interaction (favoring efficiency). Finally, accondj to
respondents, the majority of two-handed use ooshen it is the
only way to accomplish the task given the interfgg29%).

4.3.3 Preference

When asked how many hands users preferred to usie wh
the same 18 tasks, one hand was prdferre

performing
overwhelmingly to two hands for all tasks (Figure).2The
activities with the closest margin between the nemiof
participants who preferred one vs. two hands wéaging games
(13%) and composing email (16%). With one excepfgaming),
the activities for which more than 14% of usersesia preference
for two hands were “writing” tasks (e.g., thosetthequired text
entry): text entry, contact entry, calendar engémail writing, and
text messaging, in decreasing order. Even so, éXoepsers of
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Figure 3. The frequency and reasons for one (solid)s. two

(strined) handed device usi

the number of activities for which a majority osppndents use
one (7) vs. two hands (6) is nearly balanced. Hemnedevice

type certainly influences user behavior; users eyplad-only

devices nearly always use one hand, while usetsuwthscreen
devices more often favor two hands, especiallydeks involving

text entry. But user justifications for hand choidicate that the
hardware/software interface is to blame for mucb-handed use
occurring today. Most use one hand if at all pdesémd only use

TS-with-qwertydevices, the majority of users stated a preference two hands when the interface makes a task impeassibldo

for using one hand, regardless of task or deviceeolwUsers of

TS-with-qwertydevices preferred two hands for text messaging,

email composition, and text entry. Based on thest,dit is
consistent that 66% of participants stated theyldvpuefer to use
one hand for the majority of device interactionrsus 9% who
would prefer two hands for all interaction. Twerityee percent
did not have a preference and 6 users did not nekpo

4.4 Survey Summary
Considering current usage patterns only, there dsohvious
winner between one and two handed use. Excludingeltalls,
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Figure 2. Number of hands (a) used and (b) preferae(1=solid
vs. 2=striped) for 18 mobile tasks as a % of obsesd
population. Hand usage for each task is broken dowrby
device type (TS = touchscreen).

otherwise. Other than gaming, tasks involving textry are the
only ones for which users may be willing to use thands,
especially when the device used provides an intedgr@werty
keyboard. It seems, therefore, that the efficiegaiyned by using
two hands for such tasks is often worth the deitinatf physical
resources, which is also true of the immersive ggmaixperience.

While most users can imagine the ideal of singledea text
entry, enabling single-handed input may not be ghou

throughputis also important. Ultimately, it is clear thaterface

designers of all device types should make one-tthdability a
priority, and strive to bridge the gap between eatrrand desired
usage patterns.

5. THUMB MOVEMENT STUDY

The third component of our work is an empirical dstuthat
examines thumb movement in the context of mobileicde
interaction. As input technologies and device fooome and go,
biomechanical limitations of the thumb will remaikithough the
thumb is a highly versatile appendage with an irsgike range of
motion, it is most adapted for grasping tasks, ipyppposite the
other four fingers [3]. Hence thumb interactiontbe surface of
today’s mobile devices introduces novel movemermt exertion
requirements for the thumb — repetitive pressisggdassued on a
plane parallel to the palm. With this in mind, #ec devices
operable via side mounted buttons, squeezing timgiimay be
more ergonomic one-handed designs than those we toakay.
But the efficiency of the thumb for direct interiact promises to
keep it a primary input device for single handedigies. For this
reason, we believe a fundamental understanding hoimib
capabilities when holding a device can guide theceainent of
interaction targets for both hardware and softwarerfaces
designed for one-handed use. Although we can meésonable
guesses about thumb capabilities, empirical evieldaca better
guide. Since no strictly relevant studies havebgsin conducted,
we have developed a study to help us understandiewgige form
and task influences thumb mobility.

Since tapping is the primary interaction methodkeypad-based
devices, and has also proven useful for touchssré@h we
focused our investigation on surface tapping taskge



hypothesized that the difficulty of a tapping tasgbuld depend on
device size, movement direction, and interactiooafimn. We
capture the impact of these factors on user pedbom by using
movement speed as a proxy for task difficulty — tiz@der the
task, the slower the thumb movement.

5.1 Equipment

5.1.1 Device models

For real devices, design elements such as buttndssereens
communicate to the user the “valid” input areashefdevice. We
instead wanted outcomes of task performance to esiigg
appropriate surface areas for thumb interaction.r8move the
bias inherent in existing devices, we modeled feommon
handheld devices: (1) a Siemens S56 candy bar pmeasuring
4.0x1.7x0.6in(10.2 x 4.3 x1.5cm); (2) a Sang SCH-i600
flip phone measuring 3.5 x 2.1 x 0.9 in (9 x 5.2.8 cm); (3) an
iMate smartphone measuring 4 x 2.0 x 0.9 in (10521xx 2.3 cm)
and (4) an HP iPAQ h4155 Pocket PC measuring £28x 0.5
in (11.4 x 7.1 x 1.3 cm). We refer to these as BInN§MALL,
FLIP, LARGE, and PDA. We removed all superficialsidm
features, leaving only the fundamental form. 3D eledf each
device were printed using Z Corp.’s ZPrinter
(http://mmw.zcorp.com/) rapid prototyping systenevite models
were hollow, but weight was reintroduced to provaleealistic
feel. Once printed and cured, the models were shadd sealed
to achieve a smooth finish. Device models usechénstudy are
shown at various stages of development in Figure 4.

5.1.2 Target Design

A maximal orthogonal grid of circular targets 1/ @ diameter
was affixed to the surface of each device (Figwk @ircles were
used for targets so that the sizes would not vatly girection of

movement [14]. The target size was selected toalgelenough
for the average-sized thumb, while also providindequate
surface coverage for each device. The grid dimessiloe devices
were: SMALL (2x5), FLIP (3x4), LARGE (3x7) and PD(Ax6).

5.1.3 Measurement

A typical measurement strategy for tapping tasksld/involve a
surface-based sensor to detect finger contact. rtimfately, due
to the number and variety of device sizes invettja no
technical solution was found to be as versatilegusate or
affordable as required. Instead we used Northegit&ilnc.’s
OPTOTRAK 3020 motion analysis system designed foe-f
grained tracking of motor movement. The OPTOTRAKwUS
cameras to determine the precise 3D coordinateinfodred
emitting diodes (IREDs). Three planar IREDs affixta the
surface of each device defined a local coordingttem, and a
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Figure 4. Device models during development: (a) LARE, (b)
SMALL, (c) PDA, and (d) FLIP. (e) Study-ready PDA.
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fourth IRED provided redundancy. The spatial positi of two
markers affixed to each participant’s right thumierev then
translated with respect to the coordinate systerth@fdevice to
establish relative movement trajectories. Diodeitjprs were
sampled at 100Hz, and data were post processedrigedaps
from thumb minima.

5.1.4 Software
Data collection and experiment software was runacBateway
2000 Pentium Il with 256 MB of RAM running Windows.

5.2 Participants

Twenty participants were recruited via fliers posten our

Department of Computer Science, with the only retstn that

participants be right-handed. Participants (15 inaeged in age
from 18 to 35 years with a median age of 25 yeResticipants
received $20 for their time.

5.3 Design

For each target on each device (SMALL, FLIP, LARGHd
PDA), users performed all combinations ditance(1 and 2
circles) x direction (N« S, B« W, NW« SE, Nk« SW in
compass notation) supported by the geometry ofdthéce. For
example, SMALL could not accommodate trials of aligte 2
circles in the kK W, NW« SE, or Nk SW directions. Note that
the grid layout results iractual distances that differ between
orthogonaltrials (N« S, &« W) anddiagonal trials (NW« SE,
NE« SW), which we consider explicitly in our analysiSor
LARGE and PDA, trials of distance 4 circles werelided as the
geometry permitted. Finally each device includddvii« SE and
NE« SW trial to opposite corners of the target gridr leach
device, a small number of trials (1 for SMALL, LARGand
PDA, 3 for FLIP), selected at random, were repeaedas to
make the total trial count divisible by four. Thesulting number
of trials for each device were: SMALL (32), FLIP8¢ LARGE
(108), and PDA (128). Since the larger devices inade surface
targets to test, they required more trials.

5.4 Tasks

Users performed reciprocal tapping tasks in blaskfollows. For
SMALL and FLIP, trials were divided equally intoktocks. For
the LARGE and PDA, trials were divided equally irtdlocks.
Trials were assigned to blocks to achieve roughlyaé numbers
of distance x direction trials, distributed evewnlyer the device.
Trials were announced by audio recording so tharsusould
focus attention fully on the device. Users werespnged with the
name of two targets by number. For example, a vacerding
would say “1 and 3". After 1 second, a voice-reeardstart” was
played. Users tapped as quickly as possible betvieentwo
targets, and after 5 seconds, a “stop” was playdéer a 1.5
second delay the next trial began. Trials continimeguccession
to the end of the block, at which point the uses atfowed to rest
as desired, with no user resting more than 2 minwevice and
block orders were assigned to subjects using an lduare, but
the presentation of within-block trials was randped for each
user.

5.5 Procedure

Each session began with a brief description of tdeks to be
performed and the equipment involved. Two IRED reeskwvere
then attached to the right thumb with two-sidedetapne diode



was placed on the leftmost edge of the thumb aai, a second
on the left side of the thumb. The orthogonal plaeet was
intended to maximize visibility of at least onetbé diodes to the
cameras at all times. The two marker wires weiteeted loosely
to the participant’s right wrist with medical tape.

The participant was seated in an armless chair \tith
OPTOTRAK cameras positioned over the left shouldgrthis
point the participant was given more detailed ingion about the
tasks, and informed of the error conditions thaghhioccur
during the study: if at any point fewer than thodethe device-
affixed IREDs or none of the thumb IREDs were \isito the
cameras, an out-of-sight error sound would be eitat which
point he or she should continue the trial as néjues possible
while attempting to make adjustments to improveldiwisibility.
Next, the participant was given the first devicel grerformed a
practice session of 24 trials, selected to repteakncondition
types and a variety of surface locations. Durirgphactice trials,
the administrator intentionally occluded the diodesgive the
participant familiarity with the out-of-sight errebund and proper
remedies. After completion of the practice triated andication
that the participant was ready, the study propes begun. After
all trials for a device were completed, users watewed to rest
while the next device was readied, typically 3 tmiiutes. After
completing all trials for the last device, the papant completed
a questionnaire, recording demographics and subgecatings.
Total session time was approximately 2 hours.

5.6 Measures

Raw 3D thumb movement data for each 5 second wike
truncated to the middle 3 seconds to eliminatdaats resulting
from initiation lag and anticipated trial complatiophenomena
routinely observed by the administrator. In a ppsebcessing
phase, taps were identified within the remainirge8ond interval
and a single average tap time was computed frordiffezence in
time between the onset of the first tap to the bokthe last tap,
divided by one fewer than the total number of tdptected. In a
post experiment questionnaire, participants asdigae overall
rating of difficulty to each device (1-7, where 1easy, 7=
difficult), and indicated the device regions thairev both easiest
and hardest to interact with.

5.6.1 Data Post-Processing
Since the 3D thumb positiorx,§,2 was recorded relative to the

device held, the-value represented the thumb height above the

device surface. While one might think that tapsuoed when the
z-distance was 0, the IREDs were mounted on pasaitg
thumbnails, so they never actually reached theasarfof the
device. Taps were instead defined as points whémthezvalue
and change irz-value (velocity) were minimal. For example,
plotting z-values over time reveals a wave pattern whoseyall
indicate taps (Figure 6).

Raw data was first preprocessed to extract the lm@ldeconds of
each trial as well as to select the thumb diodéh wlite most
complete data set (e.g., the fewest number, orqifag most
compact windows, of missing frames). Linear intéafion was
performed on missing frames if the gap was lesa th20 ms.
Missing frames included those lost due to out-gfisierrors, as
well as occasional frames dropped by the colledtiamware.

The data was then analyzed by the PICKEXTR Matlaiztion to
identify extrema in a signal. This function is pided with the

20¢ _ 4
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Figure 5. Example MATLAB output of z distance. Blueand
red stars show auto-detected peaks and valleys resgively.

Dizplacerment

RelPhase.Box MsSATLAB toolbox for relative phase lgsia of

oscillatory systems, by Tjeerd Dijkstra. The accyraf the tap

classifier was verified by inspecting a visual eg@ntation
(Figure 6) of each trial. When required, correctiovere made as
follows: (1) valid endpoints were preserved, (2)nfermediate
taps were missing, they were added, (3) if inteliatedtaps were
incorrect, they were recoded by hand, and (4) dpaints were
invalid, the entire signal was coded by hand. Siacerage tap
time was calculated as the number, not placemémtervening

taps, this method minimized as much as possiblebibe of

human annotation. Of the trials included for stit#d analysis
1.3% were discarded because they could not be edcbg

machine or human, or had less than 1.5 secondsiaifdable

signal.

5.7 Results

The goal of our analysis was to understand whethser
performance was influenced by device, task regiamd
movement direction. For maximal comparison acrasscgs, we
limited the analysis to trials with distances o6rl12 circles since
the geometries all but the smallest device supddttese trials in
all four directions. To address the fact that dctmavement
distance differed between orthogonal and diagonalst we
analyzed these groups separately. For all analydegnh-Felt
corrections were used when the sphericity assumpti@s
violated, and Bonferroni corrections were used past hoc
comparisons.

5.7.1 Direction

A 2 (distance) x 2 (direction) repeated measurealyais of
variance (RM-ANOVA) was performed on mean task tidsta
for both orthogonal (distances: 1, 2; directions: 8, & W) and
diagonal (distances: 1.4, 2.8; directions: N8E, NE< SW)

trials for the three largest devices. Since SMALd dot support
distance 2 trials in all four directions, a one-wRWM-ANOVA

was performed on mean task time for trials of dis¢al and 1.4.

SMALL A main effect of direction was observed for dingb
trials (F (1,19) = 65.1, p<.001). Post hoc analysieswed that
trials in the Nk SW direction were performed significantly
faster than those in the NWSE direction (0.26 v. 0.28 ms,
p<.001).

FLIP, LARGE, and PDAResults were similar across the analyses
of the largest three devices. Unsurprisingly, a meffect of
distance was observed for both orthogonal and diagtrials,
with shorter trials significantly faster than lomgeials. There
were no further effects of direction or interactidretween
direction and distance for orthogonal trials. Hoemeor diagonal
trials, a main effect of direction was observedthwrials in the
NE« SW direction significantly faster than those in tire



NW« SE direction for all devices. In addition, a distanx
direction interaction showed performance differenisetween the
diagonal trials were more pronounced for longealdrithan
shorter trials (Table 1).

Table 1. Mean time for direction and distance x diection for
(F)LIP, (L)ARGE, and (P)DA.

5.7.2 Device

To determine if device size impacted comparabl&stascross
devices, we analyzed all trials performed in thedoright 3x4
region of the three largest devices using a 3 (@=Vix 43 (trials)
RM-ANOVA. While a main effect of trial was obseryetiis was
expected, as trials of every distance and directvere included
for analysis. Yet no effects of device or devideial were found.

5.7.3 Target Location

To determine if target location affected performgnee analyzed
task time for the shortest tasks for each. We ctatmet tasks

because they provide high granularity for discriating among

device locations. Since direction was shown tocaffask time for

diagonal trials, only orthogonal tasks could be sidered. For

each device, a one-way RM-ANOVA was performed orame
trial time, with the number of trials varying byuiee.

A main effect of target location was observed fMA&L (F(8.6,
163.3) = 2.1), p=.032), FLIP (F(11.5, 218.4) = 38,001) and
PDA (F(9.8, 188.1) = 3.9, p<.001), but not for LARGHowever,
in post hoc analyses, only PDA had a reasonabléauof trials
that differed significantly from one another. Sintes difficult to
draw helpful conclusions from specific pairs oéits, we explored
two aggregation techniques.

5.7.3.1 Data-Derived Regions

For each device we ordered tasks by mean tap tame,then
segmented them into seven groups. If the numbgiaté was not
divisible by 7, the remainder trials were includedthe middle
group. A one-way RM-ANOVA on mean group task timasw
performed for each device. A main effect of grougsviound for
FLIP (F(5.5, 105.1) = 11.3, p<.001), LARGE (F(35B.7) = 8.4,
p<.001), and PDA(F(4.8, 91.0) = 22.0, p<.001). Frtimse
results, groups were labelddstestand slowestsuch that all
groups in fastest were sigsificantly faster than all groups in
slowest according to post hoc analyses. Trials in theeaps are
shown visually in the rightmost column of Figure Mean task
time for fastest v. slowest trials for each deviege FLIP (0.26 v.
0.28 ms), LARGE (0.25 v 0.28 ms), and PDA (0.26.29 ms).

5.7.3.2 Subject-Derived Regions

Based on subjective opinion of which regions weasiast for
each device, we divided tasks into 3 groups (E)@gyedium,
and (H)ard. Tasks for SMALL and FLIP were assigtednly E
and M groups. A one-way RM-ANOVA on mean group ttsie
was performed for each device. A main effect olugravas found

Figure 6. Movement maps by device. Depth of colonicolumns
1 and 2 indicate user agreement.

for FLIP (F(5.5, 105.1) = 11.3, p<.001), LARGE (H(358.7) =
8.4, p<.001), and PDA(F(4.8, 91.0) = 22.0, p <.0(™9st hoc
analyses showed all groups differed significantonf each other
for FLIP and PDA. For LARGE, E and M were signifity
faster than H, but were indistinguishable otheryise collapsed
as E (Figure 6).

5.7.4 Subjective Preferences

After completing all trials, users were presentethwiagrams of
each device similar to those in Figure 6 and as&edentify the
targets they found most easy and most difficulinteract with.
Aggregating results across users yielded a preferémeat map”
for the least and most accessible targets of eacicel (columns 1
and 2 of Figure 6), with darker regions indicatingre agreement
among participants. We see that for each device tthe
representations are roughly inverses of one another

In addition to region marking, we asked users te the overall
difficulty of managing each device with one hand @17 point
scale (7 = most comfortable). Average ratings froost to least
comfortable were as follows: SMALL (6.4), FLIP (5.4ARGE

(4.1) and PDA (3.0).

5.8 Thumb Movement Summary

The findings from our analysis of thumb movemenggast the
following guidelines. First, thumb movement in thtW« SE
direction is difficult for users regardless of dmvisize, and thus
should be avoided, especially for repetitive tastsh as text or
data entry. Presumably the difficulty arises frdra tonsiderable
flexion required to perform these types of taskdér this
reasoning, the opposite movement (KNVBE) would impede left-
handed operation, so conservative designs shoultbstrean
repetitive movement to&l S and k W directions.



Second, device region affects both task performaace
perceived difficulty. Not only did slowest trialomrespond to
those regions users found most difficult, but fsistigials also
matched those regions users found most easy (Fi§urdn
general, regions within easy reach of the thumbevastest and
most comfortable, favoring those toward the midliaE the
device, a “sweet spot” that required movement prilgné&rom the
base of the thumb. The lower right corners of teeicks present
an exception in that they are biomechanically awkiwa reach
because they are “too close” rather than “too far”.

It is important to recognize that the absolute tidifferences
between fastest and slowest regions are not so gsea provide
the basis for our design recommendations. Rathersignificant
slowdown (7%-12%) suggests that a mechanical amtigsical
encumbrance is to blame, which is of concern piilpnfilom an
ergonomics perspective. In fact, we believe that slowdowns
we found should be thought of as optimistic, sittoey capture
only localized movement and required substantiahges in user
grip; subjective opinion, user observations and ciiral
experience indicate that designers should be gaedicagainst
using the entire surface for thumb interactioneeggly for larger
devices. We instead recommend placing interactidmjecats
centrally to accommodate both left and right handsdrs, or
offering configurable displays. Since hand size #mdnb length
will differ by individual, designs should strive support a range
of users.

Finally, the result that users performed trialsttie lower right
3x4 sub-grid of the three largest devices equadlif suggests that
large devices do not inherently impede thumb mowveniRather,
larger devices simply have more areas that arefahiumb reach,
and so have more regions that are inappropriate ofgject
placement in one-handed designs.

6. CONCLUSION

In an effort to understand the one-handed interactieeds of
mobile device users, we looked at a broad rangdewice use.
Our field study showed that for at least one cla$suser

(travelers), mobile phones are often used with lwened, and that
this behavior seems to correlate with activity,lsas walking or
holding items in the other hand. Our survey rewe#hat the vast
majority of users want to use one hand for intémngotvith mobile

devices, but that current interfaces, especialtytémichscreens,
are not designed to support dedicated single handedFinally,
an empirical evaluation of thumb interaction on ywuag-sized

devices suggests that 1) mid-device regions arestds access;
2) the position of a target with respect to thenmbuimpacts
performance more than device size, and finally 3V«<NSE

movement is difficult for right-handed users andyrdeles with
movement distance.
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