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Holding a mobile computing device with two hands may affect thumb motor performance, joint pos-
tures, and device stability compared to holding the device and tapping the touchscreen with the thumb
of the holding hand. We tested the hypotheses that holding a touchscreen mobile phone with two hands
lead to increased thumb motor performance, different thumb postures, and decreased device movement
relative to using one hand. Ten right-handed participants completed reciprocal thumb tapping tasks
between emulated keys on a smartphone in either a one- (portrait) or two-handed (landscape) grip
configuration. Effective index of performance measured from Fitts' Law was 9% greater (p < 0.001),
movement time 7% faster (p < 0.001), and taps were 4% more precise (p < 0.016) for the two-handed grip.
Tapping with a two-handed grip involved significantly different wrist and thumb postures than a one-
handed grip. Variability of the computing device's movement was 36—63% lower for the two-handed
grip compared to the one-handed grip condition (p < 0.001). The support for our hypotheses suggests
that a two-handed grip results in increased performance and more extended wrist and thumb postures
than a single-handed grip. Device designs that allow two-handed grips may afford increased perfor-

mance relative to a one-handed grip.

© 2015 Elsevier Ltd and The Ergonomics Society. All rights reserved.

1. Introduction

Recent surveys estimate that 45% of Americans own a smart-
phone (Duggan and Rainie, 2012), and that users spend an average
of 4.7 h/day using hand-held mobile device(s) (Berolo et al., 2011).
Several postures are commonly selected to interact with mobile
devices, with over half of users preferring to use their thumbs (Gold
et al., 2012). However, little is known about the effect of different
interaction techniques on performance and posture.

Previous studies reporting thumb posture, thumb performance,
and muscle activity during mobile device use have revealed that
device design could affect both user performance and musculo-
skeletal strain (Jonsson et al., 2007, 2011; Karlson et al., 2008;
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Gustafsson et al., 2010; Hogg, 2010; Trudeau et al., 2012b). For
right-handed users, tapping on the top right or bottom left of a
touchscreen was associated with the greatest performance
compared with other areas on the screen, as indicated by shorter
transition times, better accuracy and fewer errors (Park and Han,
2010a, 2010b). Greater performance is associated with postures
involving moderate thumb flexion or extension (Trudeau et al.,
2012b), and small devices (Trudeau et al., 2012a).

The grip that a user selects could affect motor performance and
musculoskeletal strain (Gustafsson et al., 2011). Performance and
strain could be related to hand size relative to the device, comfort,
multitasking needs, accuracy requirements, need for support, or
maintaining stability. Simultaneously supporting a device and
tapping on its touchscreen using a single hand may be more diffi-
cult than using a two-handed grip, where task requirements can be
shared. For example, if the thumb is involved in device stability but
is also used to tap, then these two functions may conflict, therefore
decreasing performance. Moreover, a single-handed grip may
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constrain thumb movement and require sub-optimal postures.
Potentially for these reasons, Gustafsson et al. (2011) found that
62% of participants held mobile phones using a two-handed grip
that involved less extensor digitorum muscle activity than a single-
handed grip. However, whether the preference for a two-handed
grip reflects a choice based on motor performance, posture, de-
vice stability, or other factors is unknown.

The purpose of this study was to determine if holding a mobile
phone-sized computing device with one or two hands affects
thumb function during tapping tasks. Specifically, we tested the
hypothesis that a two-handed grip leads to increased thumb motor
performance, different thumb joint postures, and decreased device
movement relative to a one-handed grip.

2. Material and methods
2.1. Participants and tasks

We studied unimpaired right-handed participants (5 male, 5
female) with mean (+SD) age of 27.0 + 7.0 yrs and hand length of
18.7 + 1.7 cm. The equal number of male and female participants
provided within subject comparisons that were balanced across
two genders. We obtained informed written consent from all par-
ticipants using a protocol approved by The Harvard School of Public
Health Office of Human Research Administration. Participants held
an iPhone 3® (Apple Inc., Cupertino, CA) that measured
4.5 x 2.4 x 0.48 inches and weighed 4.8 oz. The one-handed grip
involved holding the device in the portrait orientation with the
right hand, whereas a two-handed grip involved holding the device
with both hands in the landscape orientation (Fig. 1). The task
involved reciprocal tapping between two of twelve emulated keys
as fast and accurately as possible, which is a requirement for
applying a Fitts' Law model to measure effective performance
(Douglas et al., 1999). For each task, the participant was provided
practice time that consisted of approximately 2—3 s of reciprocal
tapping for each task. More practice was provided to the participant
if they desired. Once the participant verbally indicated that they
were accustomed to the tapping task, 6 s of data were collected.
Sampling time was selected to allow at least 8 taps on each key,
thus affording the variability required for the calculation of Fitt's
Law effective performance. Participants rested for 90 s after every
15 trials. The rest duration and frequency were determined through
pilot testing as appropriate time periods to minimize any con-
founding effects of fatigue.

The presentation of key pairs within each grip condition was
randomized to represent all incoming tap directions for each key.
The average (+SE) number of trials analyzed per participant was
47 + 6 trials for the one-handed grip configuration and 32 + 6 trials

for the two-handed grip configuration. All trials were performed
sequentially within each grip condition. Between trials, partici-
pants could adjust their grip. All the emulated keys were included
for the one-handed condition, whereas the left-most column of
keys was not included for the two-handed condition to better
represent actual usage in which the left thumb could reach these
keys. For the two-handed grip condition, participants were
instructed to simulate the grip they would use if they were typing
using both thumbs. To reinforce this instruction, participants per-
formed reciprocal tapping tasks with the left thumb every 7 trials
even though no data were collected for these trials. Although the
keys for several current smartphones change depending on the
device's orientation, we kept the key size consistent across orien-
tation conditions for consistency and to reduce confounding effects
of target size. The calculation of effective performance from Fitts'
Law considered the effective target width that was accomplished
by the participant, as described in Section 2.3.

2.2. Kinematic measurements

An active-marker motion capture system (Optotrak Certus;
Northern Digital Inc., Waterloo, Canada) recorded the 3D kinematics
of the device, the right forearm, hand and thumb. Rigid plates
holding sets of three infrared light emitting diodes (IREDs) were
placed on the phone, the proximal phalange of the thumb, the dorsal
surface of the hand, and the forearm (Fig. 1). Two additional IREDs
were affixed to the thumb nail. The IRED placements minimized
physical and visual obstructions for the participant while incorpo-
rating established methods for measuring thumb kinematics (Kuo
et al., 2002, 2003; Li and Tang, 2007) and accounting for the de-
grees of freedom of each joint (Cooney et al., 1981; Hollister et al.,
1995). Data were collected at 100 Hz, and digitally filtered through
a low-pass, fourth-order Butterworth filter with a 10 Hz cutoff fre-
quency. Bony landmarks were digitized and used to transform the
IRED orientations to describe the anatomical segment location and
orientation, and the joint center locations (Winter, 2005).

Joint angles were calculated relative to a reference posture with
the forearm, hand and fingers aligned, and the thumb held straight
along the palm such that it was pronated 90° relative to the index
finger to align the long axes of the first metacarpal and the trape-
zium (Cooney et al., 1981). Right wrist and thumb joint angles were
computed from the Euler angles of the rotation matrices describing
the orientation of the joint's distal segment relative to the proximal
segment (Winter, 2005).

The completion of a thumb tap was defined as the instant when
the vertical (Z) position of the thumb's most distal IRED relative to
the phone's surface reached a local minimum, with respect to time,
with a relative horizontal position within a 1.5 cm square area

Fig. 1. (a) Single-handed grip configuration, and (b) two-handed grip configuration.
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about the center of the target key. The horizontal distance and
movement time from the previous tap, and the position of the
thumb's distal IRED, were identified for each tap. Wrist joint and
thumb angles were also calculated at the instant of tap completion.

Device movement variation was calculated as the standard de-
viation of the phone's inclination about all three axes of rotation (X-
pitch, Y-roll, Z-yaw) within a trial (Fig. 2). The standard deviations
were averaged across trials within each grip condition to determine
the average phone movement variation for each axis within each
condition.

2.3. Thumb motor performance measurements

The effective index of performance was calculated as IP. = IDe/MT,
where MT is the average movement time and IDe is effective index of
difficulty (Fitts, 1954; Douglas et al., 1999; Soukoreff and MacKenzie,
2004; Wobbrock et al., 2008). IDe was calculated as IDe = log2 (Ae/
We + 1), where Ae is the horizontal distance between the keys
involved in the trial. The effective target width is given as
We = 4.133 * SD. SD is the standard deviation of the thumb tip IRED
horizontal (X, Y plane) position on the touchscreen device surface
about the mean horizontal position for all taps on a specific key during
the trial. Use of the effective target width provided an indication of a
user's precision relative to each key location, with larger effective
widths corresponding to less precise key locations. An effective index
of performance (IP.) was calculated for each key within a trial based
on an across tap average movement time and distance.

2.4. Statistical analyses

The variables IP., We, MT, thumb joint angles, wrist joint angle,
and phone movement variation, were calculated and averaged
across trials within each grip condition for every participant. We
used a mixed-effects analysis of variance (ANOVA), with participant
as the random effect and grip condition as the fixed effect, to test
for significant differences in thumb motor performance, joint
postures and phone movement (JMP; SAS Institute, Cary, NC).

3. Results

Effective indices of performance (IP.) were 9% greater
(p < 0.001) for the two-handed grip compared to the one-handed

Fig. 2. Orientation of the phone's coordinate system used for the calculation of phone
movement variation. Phone movement variation was calculated as the standard devi-
ation of the phone's inclination about the X, Y, and Z axes. The phone coordinate system's
orientation is similar across both grip conditions: the X axis pointing laterally, the Z axis
normal to the phone's surface, and the Y axis pointing up orthogonal to the X and Z axes.

grip (Table 1). Movement time for completing the tapping tasks
was 7%, 20 msec, faster (p < 0.001), and taps were 4% more precise
(i.e., smaller We) for the two-handed grip condition (Table 1). All
three performance measures support the hypothesis that the two-
handed grip is associated with greater motor performance.

Using a two-handed grip resulted in significantly more
extended wrist and thumb joint postures than using a one-handed
grip (Table 2). A two-handed grip involved 5°(50%) more wrist
extension (p < 0.001). The thumb CMC joint was significantly more
extended (5°), abducted (3°), and supinated (8°) for the two-
handed compared to the one-handed grip condition (p < 0.001).
The thumb metacarpophalangeal (MCP) joint was 2° (50%) more
extended (p < 0.001) during the two-handed compared to the one-
handed grip condition. The significant differences in a majority of
joint angles support the hypothesis that a two-handed grip in-
volves significant joint posture changes relative to a one-handed
grip.

Phone movement variation was 36—63% (0.9°— 2.1°) lower
across all three axes for the two-handed grip condition compared
to the one-handed grip condition (p < 0.001, Table 3), supporting
the hypothesis that a two-handed grip involves less device move-
ment than a one-handed grip.

4. Discussion

This study's aim was to compare thumb motor performance and
thumb, wrist, and smartphone kinematics between two-handed
and single-handed grips. The results support our hypotheses that
holding a mobile computing device with a two-handed grip results
in greater thumb motor performance, different wrist and thumb
postures, and decreased device movement relative to a one-handed
grip.

The result of greater performance for the two-handed compared
to the one-handed grip may be due to the fact that the two-handed
grip effectively uncouples two aspects of the motor task: holding
the device and tapping on the screen. Uncoupling support and
tapping may allow for cooperation between the hands (Haaland
et al., 2012). Cooperation could involve functional specialization
of the hands, and could explain the improvements in both tapping
performance (Table 1) and stability that we found for the two-
handed grip compared to the one handed grip (Table 3; Sainburg
et al., 2013). A two-handed grip may thus be preferable for tasks
in which a user's thumb performance (i.e., speed and precision) is of
the essence, such as gaming or typing an email.

Use of a two-handed grip resulted in a more extended wrist and
thumb compared to the one-handed grip. Based on previous find-
ings, we expected the interphalangeal (IP) joint of the thumb to be
more extended for the two-handed grip (Trudeau et al., 2012b).
However, we found that participants did not extend the IP joint
during two-handed tapping. Instead, participants adjusted thumb
flexion at both the CMC and MCP joints, suggesting a more general
strategy of using proximal joints to modify posture (Yao et al.,
2012). We speculate that the increased use of the thumb's prox-
imal degrees of freedom (i.e., CMC and MCP joints) rather than the
IP joint, and the less extended posture of the wrist, may represent a
preferred posture for the user. Further studies should assess
whether the increased use of the thumb's proximal degrees of
freedom relative to the distal joint is associated with a reduced
incidence of musculoskeletal disorders such as osteoarthritis and
tendinitis, as several case studies have been reported in relation to
the use of mobile devices (Menz, 2005; Ming et al., 2006; Storr
et al., 2007; Ciccarelli et al., 2015; Ashurst et al., 2010).

There were limitations to this study. First, reciprocal tapping
tasks between set locations on the touchscreen are not a complete
representation of thumb motion during tasks such as typing or web
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Table 1

Across participant mean (and standard error) values for Fitts' performance metrics for each grip condition.

Grip condition Motor performance, IP. (bits/sec)”

Movement time, MT (msec)“ Precision, W (mm)*

One-handed 12.1 (0.5)
Two-handed 13.2 (0.5)
p-value® <0.001

281 (15) 46(0.2)
261 (15) 44(0.2)
<0.001 0.016

@ Statistically significant ANOVA results are in bold.
b Larger values indicate better performance.
¢ Smaller values indicate better performance.

Table 2

Least square mean (and standard error) values for joint angles (°) for both grip conditions. Joint angles were expressed relative to a reference posture where the forearm, hand
and fingers were aligned, and the thumb was held straight along the palm such that it was pronated by 90° relative to the index finger, with the wrist straight. Flexion,
abduction and supination are positive, whereas extension, adduction and pronation are negative.

Grip condition Wrist CMC MCP P
Extension (°) Abduction (°) Extension (°) Abduction (°) Supination (°) Extension (°) Abduction (°) Flexion (°)
One-handed 10 (3) -18(2) 0(3) 24 (1) -8(7) 4(3) -11(2) 37 (5)
Two-handed 15(3) -18(2) 5(3) 27 (2) 0(7) 6(3) -11(2) 37 (5)
p-value <0.001 0.432 <0.001 <0.001 <0.001 <0.001 0.067 0.526

Statistically significant ANOVA results (p < 0.05) are in bold.

Table 3

Least squared mean (and standard error) values for the standard deviation of the
phone's inclination about all three axes of rotation (X-pitch, Y-roll, Z-yaw) within a
trial for each grip condition.

Grip condition oy (°) oy (°) o, (%)
One-handed 25(02) 2.8(0.3) 33(0.3)
Two-handed 16(02) 15(03) 12(03)
p-value <0.001 <0.001 <0.001

Statistically significant ANOVA results (p < 0.05) are in bold.

browsing. We selected a tapping task for several reasons. First, it
allowed measurement of thumb motor performance across the
functional area of the touchscreen in each grip using Fitts' Law.
Second, tapping constitutes a subtask of typing, and thus perfor-
mance for taps at specific locations on the screen can be used to
predict the performance for more complex tasks. A predictive
evaluation model can thus be developed for small mobile device
keyboard designs to determine which design may lead to better
performance, as shown by Trudeau et al. (2014). Third, simple
tapping tasks are important as they are commonly used in gaming,
selecting applications or dialing on a number pad. A second limi-
tation was that we did not collect data with the device in a portrait
orientation for a two-handed grip. We assumed that most users
generally rotate the rectangular computing device to the landscape
mode for a two-handed grip. In addition, while we saw significant
within subject results, our small sample size did not allow enough
statistical power for us to test for differences between subject
characteristics such as gender. Others have reported no significant
differences between genders in observational studies of trunk,
upper arm, forearm, or wrist postures of the typing side in large
subject populations (e.g. Gold et al., 2012). Finally, we did not
examine tapping with the non-dominant hand. Future experiments
will be necessary to determine whether dominance affects motor
performance or grip preference.

In conclusion, one- and two-handed grips had significantly
different thumb motor performance, device movement, and joint
postures during tapping tasks on a mobile computing device. These
findings suggest that device designs that allow two-handed grips
may enable users to increase performance relative to a one-handed
grip. Encouraging users to employ two-handed grips through
hardware or software design may increase performance and reduce

musculoskeletal strain during mobile device use relative to a one-
handed grip.
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