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This study aimed to compare thumb kinematics and upper limb muscle activity, and the influence of hand size,
when texting on a keypad smartphone and a touchscreen smartphone. Furthermore, the study compared exer-
tion, discomfort, and performance when texting on the two phones. The thumb kinematics were tracked using a
3D motion analysis system and muscle activity was registered in six upper limb muscles using surface electro-

myography in 19 participants. When texting on the touchscreen phone compared to the keypad phone thumb
flexion (p = 0.008) and flexion/extension range of motion were smaller (p = 0.02), the thumb was on average
less internally rotated (p = 0.02), and activity (50th and 90th percentile) of the thumb and forearm muscles was
lower (p < 0.05). The differences in thumb flexion were found only in the group with shorter hands and the
differences in muscle activity was found only in the group with longer hands. These findings suggest there are
differences in risks for developing musculoskeletal disorders during smartphone use with different key activation
mechanisms and different hand sizes.

1. Introduction

Over the last 20 years, mobile phone use has become ingrained in
daily life for many people all over the world, in particular since the
introduction of the smartphone about ten years ago. The smartphone,
with its multi-functionality, has quickly become the most common type
of mobile phone. For example, in Sweden 97% of the population (aged
9-79 years) had a mobile phone and 80% had a smartphone in 2016
(Nordicom). In Australia, as many as 89% of the population (aged
18-75 years) had a smartphone in 2014 (Mackay, 2014).

Accompanying the considerable use of mobile phones there have
been concerns raised about possible musculoskeletal problems. Indeed,
excessive texting with mobile phones has been associated with mus-
culoskeletal disorders in the thumb and upper limb in case reports, and
in experimental and epidemiological studies (Eapen et al., 2014;
Gustafsson et al., 2017; Johnson et al., 2016; Ming et al., 2006; Storr EF
and Stringer, 2007; Williams and Kennedy, 2011) suggesting that these
concerns may be justified.

Highly repetitive thumb movements have been identified as a po-
tential musculoskeletal disorder risk factor related to mobile phone use
(Gold et al., 2012; Gold et al., 2009; Gustafsson et al., 2010, 2011).
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Much of the interaction with the smartphone is through tapping with
the thumb as the most used digit for the interaction (Gold et al., 2012).
The movements of the thumb are complex, and include flexion/exten-
sion, adduction/abduction, and opposition (Greene and Heckman,
1994) with involvement of muscles in the hand and forearm. Further-
more, during single-handed mobile phone texting when tapping with
the thumb muscles on the dorsal and the palmar side of the forearm are
involved in stabilizing the wrist.

Considering the immense and widespread use of smartphones for
texting in almost all age groups, understanding the underlying causes of
musculoskeletal disorders related to smartphone use is important.

There are two basic designs of smartphones. I. Phones with a phy-
sical keypad keyboard in the bottom half and with the screen occupying
the top half of the phone (Fig. 1, phone A). II. Phones with a touchsc-
reen occupying most of the phone front, with a virtual touchscreen
keyboard available as needed, usually in the bottom half of the screen
(Fig. 1, phone B). Today touchscreen phones are by far more popular
and there is a trend that smartphones are becoming touchscreen only.
But phones with physical keypads are still commercially available,
showing there are still populations that use keypad phones. For ex-
ample, the ability for keypad phones to be operated in a wider variety
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Fig. 1. Keypad phone, Nokia model E5 to the left (phone A), and touchscreen phone,
iPhone model 3 GS to the right (phone B).

of situations (such as rain and with normal gloves) makes these designs
attractive for military use (J. Coleman, personal communication,
August 2015).

Considering the higher popularity of the touchscreen phone com-
pared with the keypad phone, it is important to investigate if there is a
difference in risk for developing musculoskeletal disorders in order to
provide the users with appropriate guidance in selection and use of
phones.

The two basic designs of smartphones have different key activation
mechanisms and tactile feedback. Our hypothesis is that these differ-
ences, when using the different phones for texting, may pose different
physical stresses on the upper extremities, e.g. differences in thumb
postures and muscle activity, and thus influence the usability and
musculoskeletal risk of phone use.

Prior studies on the effect of different types of information and
communication technology input devices have demonstrated that de-
sign differences can have significant impacts on posture, muscle activity
and discomfort in neck and upper extremities (Briggs et al., 2004;
Chany et al., 2007; Gustafsson and Hagberg, 2003; Oude Hengel et al.,
2008; Rempel et al., 2007; Straker et al., 2008b; Xiong and Muraki,
2014). However, there is very limited knowledge about differences in
thumb postures, muscle activity, and discomfort during the use of these
two basic types of phones. A recently published study reported higher
muscle activity in one thumb muscle and two muscles in the forearm
when entering text on a keypad phone compared to a touchscreen
phone (Kietrys et al., 2015), but no details on kinematics of these ac-
tivities were provided. Given prior evidence on the importance of a
variety of thumb and forearm muscles for thumb movement and wrist
stabilization (van Oudenaarde et al., 1997) a better understanding of
both kinematics and muscle activity during use of the two types of
phones is required. There is also a lack of knowledge about how thumb
kinematics and muscle activity are influenced by hand size when en-
tering text on a touchscreen phone and a keypad phone. The perceived
exertion and discomfort during phone use may also be important early
indicators of musculoskeletal risk and should be further explored. Fi-
nally, differences in performance using the different types of phones are
likely to be important for guiding appropriate selection and use of
phones.

Therefore, the aim of this study was to compare thumb kinematics
and upper limb muscle activity, and the influence of hand size when
texting on a touchscreen smartphone and a keypad smartphone.
Furthermore, the user ratings of perceived exertion and discomfort, and
their performance when texting on the two phones were compared.
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Table 1
The study population's age, anthropometric data and their current used phone (own
phone). For age, hand and thumb size mean and range are given.

All Women Men
(n=19) (n=12) n=7)
Age (yr) 30.1 (21; 51) 30.9 (21; 51) 28.7 (21; 43)
Hand (cm)
Length 18.3 (16.5; 20) 17.8 (16.5; 19) 19.1 (18; 20)
Width 8.6 (7.5; 9.5) 8.3 (7.5;9) 9.2 (8.5; 9.5)
Thumb (cm)
Length 6.4 (5.5; 8) 6.3 (5.5; 8) 6.6 (6; 7.5)
Width 6.3 (5.5; 7) 6.0 (5.5; 6.5) 6.7 (6;7)
Hand length (n)
Short (=18.5cm) 8 7 1
Long (=18 cm) 11 5 6
Current phone (n)
Keypad 5 3 2
Touchscreen 14 9 5

n = number; yr = year.
2. Method
2.1. Study participants

Nineteen participants (aged 21-51 years, 7 men, 12 women)
without ongoing musculoskeletal symptoms in the thumb and upper
extremities were recruited from the local university community (Curtin
University, Perth, Australia). All participants had daily use of either a
keypad phone in portrait mode for typing or a touchscreen phone with a
keyboard in portrait mode (Table 1). Fourteen participants were cur-
rently using a touchscreen phone, and had owned and used a keypad
phone within the last 12 months. Five participants were currently using
a keypad phone and all five had the experience of using a touchpad
phone. One woman and one man were left handed, the other seventeen
participants were right handed.

2.2. Experimental protocol

The study was a laboratory study with a cross-over design in which
all participants performed a texting task for 3 min with a keypad phone
and a touchscreen phone. The order of the phones being used (keypad
and touchscreen) was randomized. For each phone, a text was ran-
domly assigned from three different paragraphs of texts from an ath-
lete's autobiography. All paragraphs of text had a similar number of
words, characters, syllables, and spaces.

The keypad phone used was a Nokia model E5 (Eshoo, Finland, size
115 x 58.9 x 12.8 mm; 126¢g; key size 6 X 4 mm; distance from
bottom of the phone to lowest key row 15 mm; mechanical key force
1.6 N; key travel 0.7 mm) with full qwerty keyboard and the touchsc-
reen phone used was an iPhone model 3 GS, Apple Inc., (Cupertino, CA,
USA,115.5 x 62.1 x 12.3 mm; 135 g; key size 6 X 4 mm; distance from
bottom of the phone to lowest key row 22 mm). These phones were
chosen to represent the two basic designs of smartphones studied in this
study and these particular phones were chosen to be as similar in size,
weight, key size, and key position as possible (Fig. 1).

The texting tasks were performed with participants in a sitting po-
sition on a chair with backrest and without armrests. The phone was
held in one (preferred) hand while the thumb on this hand was used to
activate the keys. The participants were instructed to sit upright with
their back against the backrest, their elbow against their body, and
without any forearm support. The participants read the text from a
paper copy on a document holder placed at eye level in front of them.
The participants were instructed to copy the text as correctly as possible
using their normal typing speed and to type as they normally would do
but without punctuations or capital letters. Similar display text sizes
were used on both phones.
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The participants were not allowed to use the automatic text function
or to correct mistakes while texting, since the study aimed to compare
number of correct typed characters and the number of typed characters
without interference from text corrections. Following the trial, the
typed text was emailed by the participant to the researchers, who
transferred it into the study database.

Prior to application of the measuring equipment a 5min training
session was offered with the unfamiliar phone (i.e. the keypad phone if
their own phone was a touchphone and vice versa) and a short practice
session (30 s) was offered prior to each texting task with both phones.

Hand size was measured from the crease of the wrist to the tip of the
middle finger with the hand held straight using a measuring tape.
Outcomes were dichotomized using a median split into long hands
(=18.5cm) and short hands (<18 cm).

2.3. Dependent variables

2.3.1. Kinematics

The movements of the preferred thumb were tracked using an 18
camera 3D motion analysis system (Vicon Oxford Metrics, inc), oper-
ated at 250 Hz. For this purpose, retro-reflective markers (9 mm dia-
meter for the hand markers and 5 mm in diameter for the thumb) were
fixed to the skin surface above specific anatomical landmarks for the
hand and thumb. A cluster of markers was secured to the middle of the
proximal phalanx (Fig. 2). Four individual calibration markers were
also placed on the medial and lateral aspects of interphalangeal and
metacarpal joints. Hand markers were secured to the skin surface above
the 3rd metacarpal and a bar of two markers placed mid-segment. Two
individual calibration markers were then fixed to the ulnar styloid
process and radial styloid process. A static trial was performed after
which calibration markers were removed.

2.3.1.1. Kinematics data processing. The Vicon data was checked for
occlusions/breaks in trajectories using Vicon Nexus software (Oxford
Metrics Inc, Oxford, U.K). Breaks of less than 20 frames were filled
using cubic spline interpolation or pattern fill. A residual analysis was
performed to determine the optimal filter cut off frequency (3), and
trajectories were then filtered using a Woltring filter (Woltering, 1986).
A customized model was used to calculate thumb kinematics, written in
Body Builder software (Oxford Metrics Inc, Oxford, U.K).

The thumb segment was created using the right hand rule, with the
positive z-axis between the medial and lateral markers on the meta-
carpal joint. The positive y-axis was created between the midpoint of
the metacarpal joint markers and the midpoint of the interphalangeal
joint markers. The positive x-axis was created as the cross product of z-
and y-axes. The hand was modelled according to previously outlined
procedures (Gonsalves et al., 2015). The thumb coordinate system was
outputted relative to the hand coordinate system using a ZXY Euler
angle decomposition. Thumb movements in three dimensions (flexion/
extension, adduction/abduction, rotation) relative to the hand are de-
picted in Fig. 3.

A customized Labview program (version 11.0; National Instruments;

Fig. 2. Hand with retro-reflective markers and electrodes (left). Thumb without cali-
bration markers (right).
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I

Extension

Flexion

Fig. 3. Definition of the neutral adduction/abduction (Ad/Ab), flexion/extension (Flex/
Ext) and internal/external rotation (Int rot/Ext rot) posture used to define thumb posi-
tions (right). The position of the thumb shows a 90° angle.

Austin, TX, USA) was used to output time series of kinematic data from
the middle minute of each 3 min typing trial. The first and last minute
were discarded as users may adjust their behavior when “settling in” to
a task and when they start to anticipate an end to the task.

Time series of kinematic data were further analyzed using Matlab
(Mathworks Inc, Natick USA), during which the 10th, 50th (median)
and 90th percentile of the signals were calculated for each participant.
Range of motion (ROM) was expressed as the difference between the
90th and 10th percentile.

2.3.2. Muscle activity

The muscle activity of trapezius (TRAP), extensor digitorum (ED),
flexor carpi ulnaris (FCU), abductor pollicis longus (APL) and abductor
pollicis brevis (APB) was registered using an 8-channel Octopus Cable
Telemetric system (Bortec Electronics Inc., Calgary, Canada). EMG
signals were digitally sampled at 1000 Hz and band-pass filtered be-
tween 8 and 500 Hz.

Prior to electrode attachment the skin area was dry shaved, abraded
with sandpaper and cleaned with alcohol. Two self-adhesive disposal
bipolar Ag/AgCl surface electrodes (Red Dot, 3M Health Care Products,
London, Ontario, Canada) with an active contact surface of 15 mm? and
with a 25mm inter-electrode spacing were fixed to the skin surface
above each muscle.

Electrodes were placed 20 mm lateral to the midpoint of the line
between the seventh cervical vertebra and the acromion for TRAP
(Mathiassen et al., 1995), 1/3 of the distance between the lateral
humeral epicondyle and the radial styloid process for ED (Perotto,
1994), two fingerbreadths volar to ulna for FCU, at 1/3 of the distance
between the medial humeral epicondyle and the ulna styloid process for
FCU (Perotto, 1994), on the radius, one hand breadth proximal to wrist
for APL and over the muscle belly between palmer aspect of MCP
(metacarpophalangeal) and CMC (carpometacarpal) joints for APB
(Perotto, 1994). The ground electrode was placed on mid right clavicle.
The skin impedance was checked with an impedance meter and values
below 5 kQ were considered acceptable.

In order to normalize the muscle activity amplitude, three maximal
5-s contractions for each muscle were performed by the participants.
Two minutes of rest were provided between each standardized con-
traction and verbal encouragement was provided by the tester.

For ED, FCU, APL, and APB the maximal contractions were per-
formed against manual resistance with the participant in a seated po-
sition with their forearm and hand stabilized against a bench. For
TRAP, the participant stood on a wooden platform with a plastic handle
in each hand connected by a metal chain to the platform while pulling
their shoulders up with straight arms.

2.3.2.1. EMG data processing. The EMG signals were de-averaged (to
remove direct current offset) and rectified (to obtain amplitude) using a
125 ms moving window and the signals were low-pass filtered with a
4 Hz cut-off frequency (to remove movement artefacts). EMG signals
were expressed in percentages of maximal voluntary electrical activity
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(%MVE).

A customized Labview program (version 11.0; National Instruments;
Austin, TX, USA) was used to output time series of EMG data from the
middle minute of each 3 min typing trial. The first and last minute were
discarded as users may adjust their behavior when “settling in” to a task
and when they start to anticipate an end to the task.

Time series of EMG data were further analyzed using Matlab
(Mathworks Inc, Natick USA), during which the 10th, 50th (median)
and 90th percentile of the normalized signal amplitudes were calcu-
lated for each participant.

2.3.3. Subjective ratings of exertion and discomfort

Perceived exertion was rated for the neck, shoulder, upper arm,
forearm, hand and thumb with Borg's CR 10 scale (Borg, 1990) together
with a body map (Gustafsson et al., 2010). The participants were asked
if they perceived any exertion and, if they did, they were asked to in-
dicate their perceived exertion on the body map as well as the extent of
their exertion (according to the CR 10 scale).

Perceived discomfort was rated for the same body regions with a
visual numerical 0-10 scale. The participants were asked if they per-
ceived any discomfort and, if they did, they were asked in which body
areas (defined on a body map described above) and how much ac-
cording to the numerical scale. Exertion and discomfort were rated at
the start of the experiment and immediately before and after each
texting task. The difference between the rated perceived exertion and
discomfort before and after texting with the two different phones was
calculated for every rated body area.

2.3.4. Performance

Performance was measured as the total number of characters typed
per minute, total number of correct typed characters per minute, and
the proportion of correct characters for each texting task.

2.4. Statistics

The outcome variables thumb kinematics and upper limb muscle
activity were continuous variables. The relationships between the out-
comes and the independent variables were assessed by using linear
regression models for repeated data. We used the Proc Mixed (SAS 9.4)
to perform regression analysis for repeated data, which accounts for
within subject correlations. We assumed phone as a fixed effect, i.e. the
model holds true across the sample and with the same slope. We used
the unstructured covariance structure in the regression analyses.

Univariate regression analyses for repeated data with type of
smartphone (keypad, touchscreen) as an independent variable was used
to compare kinematics and upper limb muscle activity between
smartphones.

To compare kinematics and upper limb muscle activity between
smartphones for small and large hands hand size was added as an in-
dependent variable and the interaction terms between type of phone
and hand size were included in the regression models.

As the perceived data (exertion and discomfort) and performance
data were not normally distributed, Wilcoxon signed rank test was used
to compare the differences between keypad and touchscreen phones.

Statistical significance, alpha was set at 0.05. All statistical analyses
were performed with SAS 9.4 for windows (SAS Institute Inc., Cary, NC,
USA).

3. Results
3.1. Kinematics

Statistically significant differences between the two phones were
found in thumb flexion/extension and rotation movements (Table 2).

When texting on the touchscreen phone compared with the keypad
phone the median flexion was smaller (85.1° and 80.7° respectively,
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Table 2

Differences in thumb kinematics when texting on a keypad phone (key) and a touchscreen
phone (touch). Mean and standard error are given. Positive value in median angle stands
for flexion, adduction, and internal rotation respectively. Statistically significant results
are presented in bold.

Position Key Touch Diff 95% CI
Flex/Ext (°)
Median 80.7 + 5.1 85.1 + 5.0 —4.4 —-7.53;-1.30
ROM 17.6 = 2.3 143 £ 19 3.3 0.56;6.05
Ad/Ab ()
Median -91.5 = 4.0 -90.5 = 3.9 -1.0 —4.78; 2.87
ROM 279 = 3.3 239 = 2.3 4.0 —0.26; 8.27
Int/Ext Rot (°)
Median 334 + 3.7 28.2 + 4.4 5.1 0.94;9.34
ROM 21.7 + 1.9 20.3 + 1.6 1.4 —1.25; 3.95

Flex/Ext = flexion/extension; Ad/Ab = adduction/abduction;
Int/Ext rot = internal/external rotation; ROM = range of motion;
Diff = difference; 95% CI = 95% confidence interval.

p = 0.008) that is, the thumb was on average closer to the neutral
position (with the neutral position being 90°, Fig. 3) when texting on
the touchscreen phone. The median ROM in flexion/extension move-
ments was also smaller when texting on the touchscreen phone (14.3°
and 17.6° respectively, p = 0.02). In addition, when texting on the
touchscreen phone the median angle in rotation was smaller (28.2° and
33.4° respectively, p = 0.02) that is, the thumb was on average less
internally rotated and closer to the neutral position (Table 2), but no
difference in the median ROM in internal/external rotation was seen
(p = 0.29). The median ROM in adduction/abduction movements also
appeared smaller when using the touchscreen phone compared with the
keypad phone but this difference was not statistically significant (23.9°
and 27.9°, p = 0.06).

3.1.1. The influence of hand size

When using the touchscreen phone, the median flexion was found to
be smaller, that is closer to the neutral position of the thumb (with the
neutral position being 90°) in the group with shorter hands (<18 cm)
compared with the keypad phone (84.1° and 78.5° respectively,
p = 0.04) (Table 3). This difference was not found in the group with
longer hands (=18.5cm). No influence of hand size was found in ad-
duction/abduction or rotation movements for none of the phones.

3.2. Muscle activity

Statistically significant differences in muscle activity were found in
the APB (10th, 50th, 90th percentile, p < 0.03), APL (50th, 90th per-
centile, p < 0.02), ED (50th, 90th percentile, p < 0.05) and FCU (50th,
90th percentile, p = 0.04) muscles with lower muscle activity when
using the touchscreen phone compared with the keypad phone
(Table 4). Muscle activity in TRAP appeared higher when using the
touchscreen phone but this difference was not statistically significant.

3.2.1. The influence of hand size

When using the touchscreen phone, participants with long hands
(=18.5cm) were found to have lower muscle activity in the APB
(p = 0.02), APL (p = 0.01), ED (p =< 0.05), and FCU (p < 0.02) muscles
(Table 5). These differences were not found in the group with short
hands (<18 cm).

3.3. Perceived exertion and discomfort

No statistically significant differences were found in rated perceived
exertion and discomfort when texting on the two phones.

A majority of the participants (17-19 participants) rated the exer-
tion as low (0-3 on the 0-10 scale) in all body regions for both phones.
The median, 1st quartile (Q1), and 3rd quartile (Q3) of the differences
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Table 3
Differences in thumb kinematics between the groups with short hands (<18 cm) and long hands (=18.5 cm) when texting with a keypad phone (key) and a touchscreen phone (touch).
Mean and standard error are given. Statistically significant results are presented in bold.

Position Short hands 95% CI Long hands 95% CI
Key Touch Diff Key Touch Diff
Flex/Ext (°)
Median 785 * 8.9 84.1 * 87 -5.6 —11.00;-0.24 81.9 * 6.6 85.6 + 6.4 -3.8 —7.73; 0.21
ROM 17.7 = 4.0 13.4 + 3.3 4.3 —0.42; 9.08 17.5 = 3.0 148 + 2.5 2.7 —0.76; 6.26
Ad/Ab ()
Median -95.1 = 6.9 -939 * 6.7 -1.2 —7.90; 5.46 -89.4 + 5.1 —88.6 = 5.0 -0.8 —5.74; 4.13
ROM 29.6 * 5.8 23.9 * 4.0 5.7 —1.65; 13.06 27.0 £ 4.2 239 £ 29 31 —2.36; 8.51
Int/Ext Rot (°)
Median 23.7 = 5.6 17.6 = 6.8 6.1 —1.23; 13.39 38.7 + 4.1 34.0 = 5.0 4.6 —0.77; 10.03
ROM 18.0 = 3.1 17.8 = 2.6 0.2 —4.27; 4.68 23.6 £ 2.3 21.7 £ 1.9 1.9 —1.34; 5.28

Flex/Ext = flexion/extension; Ad/Ab = adduction/abduction; Int/Ext rot = internal/external rotation; ROM = range of motion;

Diff = difference; 95% CI = 95% confidence interval.

Table 4

Differences in muscle activity when texting on a keypad phone (key) and a touchscreen
phone (touch). Mean in %MVE and standard error are given. Statistically significant re-
sults are presented in bold.

minute, range 47; 128).

The proportion of correct characters was higher (z-score = —3.6; p
value < 0.001) when texting on the keypad phone (96.1%, range 91.6;
99.6) compared with the touchscreen phone (89.0%, range 74.5; 96.9).

Muscle Key Touch Diff 95% CI Sixteen out of nineteen participants had higher proportion of correct
characters when texting on the keypad phone compared with the
APB (%MVE) touchscreen phone.
p0.10 3.3 = 09 1.9 = 0.6 1.4 0.49;2.37
p0.50 9.4 =15 6.4 = 1.0 3.0 1.04;4.90
p0.90 24.1 + 3.0 20.1 * 2.8 4.0 0.36;7.72 4. Discussion
APL (%MVE)
p0.10 5.0 £ 08 4507 0.4 —0.26; 1.13 This is the first study that has compared both thumb kinematics and
p0.50 9.7 £ 1.2 86 = 1.5 1.0 0.31;1.73 limb ) ity duri . ith h
£0.90 17.6 + 1.9 156 + 1.9 20 0.28:3.72 upper limb muscle activity during textl.ng with a touc screen smart-
ED (%MVE) phone and a keypad smartphone. The influence of hand size on the
p0.10 52 + 1.0 48 + 0.8 0.4 —0.62; 1.48 kinematics and the muscle activity was also examined, along with
p0.50 87 £ 15 74 1.3 1.4 0.00;2.73 phone differences in perceived exertion and discomfort and perfor-
p0.90 145 + 2.4 11.0 £ 1.9 3.5 0.95;6.08 . - . ) -
FCU (%MVE) mance. Differences were found in both kinematics and muscle activity
0.10 3.4 + 0.6 3.0 + 0.4 0.4 ~0.05; 0.88 when texting on a touchscreen phone compared to a keypad phone, and
p0.50 6.1 = 0.9 50 = 0.7 1.0 0.38;1.73 hand size was shown to influence some of these differences. Perceived
p0.90 105 + 1.7 82+ 1.1 2.4 0.87;3.86 exertion and discomfort when texting on the two phones did not differ.
TRAP (%MVE) However, differences in performance were found.
p0.10 39 + 1.7 50 = 1.9 -11 -2.71; 0.54
p0.50 57 * 2.4 6.8 = 2.5 -1.0 —3.06; 0.98
p0.90 8.1 + 3.2 9.1 + 3.3 -1.1 -3.72; 1.59 4.1. Thumb kinematics

APB = abductor pollucis brevis; APL = abductor pollicis longus; ED = extensor digi-
torum;

FCU = flexor carpi ulnaris; TRAP = trapezius; %MVE = maximal voluntary electrical
activity;

p0.10, p0.50 and p0.90 = 10th, 50th and 90th percentile; Diff = difference;

95% CI = 95% confidence interval.

in perceived exertion were 0 in all body regions except for Q1 for the
shoulder (1 scale step higher for the touchscreen phone) and Q3 for the
thumb (1 scale step higher for keypad phone) and the hand (0.5 scale
step higher for keypad phone).

A majority of the participants (17-19 participants) rated the dis-
comfort as low (0-3 on the 0-10 scale) in all body regions for both
phones. The median, 1st quartile (Q1), and 3rd quartile (Q3) of the
differences in perceived discomfort were 0 in all body regions except for
Q3 for the forearm (0.5 scale step higher for the touchscreen phone).

3.4. Performance

The total number of produced characters per minute was sig-
nificantly higher (z-score = —3.1; p = 0.002) and the total number of
correct typed characters per minute was higher though not statistically
significant (z-score = —1.9; p = 0.054) when texting on the touchsc-
reen phone (group mean 90 characters per minute, range 34; 139)
compared to the total number of correct typed characters per minute
when texting on the keypad phone (group mean 79 characters per
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The touchscreen phone required smaller thumb movements in
flexion and in internal rotation compared with the keypad phone. This
is likely the result of differences in key activation mechanisms. Pushing
the keypad keys might require or at least stimulate a larger force and
therefore larger movements may be used to create this force compared
with the touchscreen phone where you achieve a keystroke with only a
light touch. Furthermore, when texting on a phone the tapping with the
thumb can be done with different areas of the fingertip e.g. the upper
middle or the upper medial area of the fingertip, the pad of the finger or
the nail, which likely influence the thumb position. It is likely that
different parts of the fingertip are used when texting on a touchscreen
phone compared with a keypad phone due to the different key activa-
tion mechanism. Non-neutral positions of the joints have been identi-
fied as a risk for developing musculoskeletal disorders (Schoenmarklin
et al., 1994).

The differences in median flexion with smaller flexion when texting
on the touchscreen phone was found only in the group with short hands
and not in the group with long hands. It is possible that different hand
lengths influence which area of the fingertip that are used. Further
studies examining kinetic measures should accurately assess the influ-
ence of used fingertip area and hand length.

4.2. Muscle activity

The muscle activity in the thumb and forearm was consistently
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Table 5
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Differences in muscle activity between the groups with short hands (<18 cm) and long hands (=18.5 cm) when texting with a keypad phone (key) and a touchscreen phone (touch).
Mean in %MVE and standard error are given. Statistically significant results are presented in bold.

Muscle Short hands 95% CI Long hands 95% CI
Key Touch Diff Key Touch Diff
APB (%MVE)
p0.10 1.6 £ 1.2 1.0 + 0.8 0.6 —0.70; 1.82 49 £ 1.2 2.7 £ 0.7 2.2 1.02;3.40
p0.50 72 21 55 £ 15 1.6 —1.10; 4.41 11.4 £ 2.0 7.2 £ 1.4 4.1 1.54;6.74
p0.90 233 = 4.4 21.7 = 4.0 1.6 —3.46; 6.64 249 + 44 184 + 4.0 6.5 1.44;11.54
APL (%MVE)
p0.10 54 = 1.3 51 1.1 0.4 —0.75; 1.46 46 = 1.1 41 £ 09 0.5 —0.45; 1.43
p0.50 99 = 2.0 9.1 =+ 1.8 0.7 —0.39; 1.84 9.5 = 1.7 83 = 1.5 1.2 0.28;2.19
p0.90 16.1 = 2.9 15.4 + 3.0 0.6 —1.96; 3.19 18.8 + 2.5 15.8 + 2.6 3.0 0.81;5.20
ED (%MVE)
p0.10 51 = 1.7 5.0 = 1.4 0.1 —1.61; 1.86 53 = 1.4 46 = 1.1 0.6 —0.75; 2.01
p0.50 8.0 = 25 7.4 * 2.2 0.7 —1.52; 2.93 9.2 * 2.0 7.4 * 1.7 1.8 0.002;3.56
p0.90 123 + 4.0 10.9 + 3.2 1.4 —2.64; 5.37 159 * 3.2 11.0 + 2.5 4.9 1.69;8.07
FCU (%MVE)
p0.10 3.2 = 09 29 = 0.7 0.4 —0.39; 1.10 3.6 = 0.7 3.2 = 0.6 0.4 —0.18; 1.09
p0.50 53 * 1.4 44 * 1.1 0.9 —0.15; 1.98 6.6 + 1.2 55 * 0.9 1.2 0.26;2.07
p0.90 83 £ 2.6 6.6 £ 1.7 1.6 —0.72; 3.94 12.2 £ 2.2 92 £ 14 2.9 0.93;4.90

APB = abductor pollucis brevis; APL = abductor pollicis longus; ED = extensor digitorum; FCU = flexor carpi ulnaris; TRAP = trapezius; p0.10, p0.50 and p0.90 = 10th, 50th and 90th

percentile; %MVE = maximal voluntary electrical activity; Diff = difference;
95% CI = 95% confidence interval.

lower when texting on the touchscreen phone compared with the
keypad phone. This is in accordance with the previous study by Kietrys
et al. (2015), which found lower mean muscle activity in the thumb
muscle abductor pollicis brevis, the finger flexor muscle flexor digi-
torum superficialis, and the wrist extensor muscle extensor carpi ra-
dialis when using a touchscreen phone compared with a physical
keypad phone. It is likely that the differences in muscle activity in the
thumb and forearm when texting on the two phones were mainly due to
the different key activation mechanism and key activation force.

Previous studies have shown associations between key activation
force and muscle activity in both traditional computer input devices
and touchscreen interfaces (Kim et al., 2014; Lee et al., 2009; Radwin
and Ruffalo, 1999; Rempel et al., 1999). Although texting on a smart-
phone requires only low levels of muscle activity, it has been concluded
that no safe lower limit of prolonged periods of muscular load exists
(Westgaard and Winkel, 1996).

This study found that it was the group with long hands that had
lower muscle activity when texting on the touchscreen phone compared
with the keypad phone. When texting on a mobile phone using a single-
hand grip and activating the keys with the thumb, the phone is usually
held with the four ulnar fingers behind the phone and the nearest
bottom corner of the phone in the palm. The participants with longer
hands may held the phone further from the thumb base and more with
the four ulnar fingers compared with the users with shorter hands. This
may have resulted in a less steady grip, which may require counter-
balancing muscle activity, i.e. an increase in activity of muscles re-
quired to grip the phone and oppose the key activation force, especially
when using a physical keypad phone with larger key activation force.
(Johanson et al., 2001; van Oudenaarde et al., 1997). However, since
this study measured only the angles and not the exact position of the
thumb base, further studies examining differences in the exact position
of the thumb base between users with shorter and longer hands are
required to confirm this theory.

Unlike the lower muscle activity in the thumb and forearm, there
was a trend of higher muscle activity in the trapezius muscle when
texting on the touchscreen phone compared with the keypad phone,
though these differences were not statistically significant. This may be
related to differences in tactile feedback and visual demands. Since the
touchscreen phone do not provide tactile feedback (Hoggen et al.,
2008), the users may either lift the phone or bend their head forward in
order to get visual feedback which may result in a higher muscle

activity in the trapezius muscle (Ko et al., 2016; Lee et al., 2015; Straker
et al., 2008a).

4.3. Perceived exertion and discomfort

In the present study, no statistically significant differences were
found in rated perceived exertion or discomfort when texting on the
two phones.

4.4. Performance

A statistically significant larger amount of typed text was produced
when texting on the touchscreen phone compared with the keypad
phone. After adjustment for erroneously typed characters, the statistical
significance of the difference disappeared, though there was still a
larger amount of typed text for the touchscreen phone.

Best performance has previously been found when the thumb was in
a more neutral posture (Park and Han, 2010). This could partly explain
the higher text production with the touchscreen phone in the current
study as the thumb position was closer to neutral during touchscreen
use. However, the proportion of correct written characters was higher
when texting on the keypad phone. This may be due to the tactile
feedback helping to identify the location of the physical keys prior to
activation of the keys. This differs from the touchscreen phone inter-
face, which provides no tactile key location feedback and a keystroke
can be achieved with only a light touch. A previous study has shown
that additional tactile feedback on key activation for mobile touchsc-
reens can improve the text entry (Hoggen et al., 2008), although this
does not aid key identification. Thus, keypad phones are likely to have
performance advantages in perturbing environments such as in a ve-
hicle travelling over rough roads or in airplanes in turbulence.

4.5. Limitations

The phones were as similar as possible with available common
commercial equipment and very comparable in overall size, weight,
and key size. However, the key locations on the keypad phone were
slightly further down the face of the phone, i.e. closer to the bottom of
the phone, which may have affected the findings of our study. However,
the differences in key location were quite small which make it easy for
users to compensate for this difference with a small change of grip so
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that the phone sits a little bit higher in the hand in order to have the
keys within a comfortable reach for the thumb.

The instruction to the participants was to hold the phone in a one-
hand grip and use the tapping technique they usually did. Grip posture
or individual tapping technique was not evaluated. These factors likely
influence thumb kinematics and muscle activity in the hand and
forearm and could provide further valuable information for a better
understanding of mechanisms of musculoskeletal symptom develop-
ment during texting. Thumb movements are complex with the three
thumb joints involved in the movements to different extents and we are
fully aware of the difficulty in measuring these movements. Surface
electrodes were used to register the muscle activity, which mean the
study was limited to examining only superficial muscles. Nevertheless,
the muscles in this study were chosen because of their involvement in
thumb movements and handgrip, and other studies have shown that
they provide a good representation of the muscular load when texting
on a mobile phone (Gustafsson et al., 2010; Jonsson et al., 2011).

A limitation of this study is that only the angles of the thumb but not
the exact position of the thumb base was measured. This could have
explained the differences in thumb kinematics and muscle activity be-
tween the short and long hand groups.

The markers used in the study (9 mm for the hand and forearm,
5mm for the thumb) are standard for the Vicon system which is a
widely used and well developed motion analysis system. Prior studies
have shown that increased marker size generally enhances the accuracy
of marker detection (9.5mm up to 25 mm studied), however the dif-
ferences within this large size range when using optimal camera setting
were less than 1 mm (Windolf et al., 2008). In the current study, smaller
markers were used on the smaller segments (thumb) so that they did
not interfere with thumb movements or screen vision. Thus, the marker
sizes used represent a best compromise for the purposes of this study.

No differences were found in rated perceived exertion or discomfort
when texting on the two phones. This may possibly be due to the short
texting time and a longer period of texting may have given other re-
sults.

Familiarity with one of the two different phone design may have
influenced the results. A majority of the participants were currently
using a touchscreen phone. However, all of them had owned and used a
keypad phone within the last 12 months. Moreover, all participants that
currently were using a keypad phone had experience using a touchsc-
reen phone. Furthermore, prior to application of the measuring equip-
ment the participants were offered a 5min training session with the
phone that was not their current phone type and a short practice session
prior to each texting task with both phones.

4.6. Implications

Smartphone users who prefer high texting speed should consider
choosing a touchscreen phone. However, users who require high ac-
curacy with written text may have more accurate texting if they choose
a keypad phone. Further, keypad phones may enable better use in
difficult environmental conditions such as rain and rough transport.

Implications for smartphone users include the need to select a phone
which fits their hand size, especially if they intend doing intensive text
entering. Smartphone users and designers should be aware that hand
size influences thumb kinematics and muscle activity and thus manu-
facturers should consider offering phones in different sizes to suit the
range of user hand sizes. Indeed many smartphone manufactures now
offer smartphones in different sizes.

Moreover, manufacturers of new smartphones should carefully
consider key location, key activation mechanism, and key tactile
feedback design as these features probably affect the thumb kinematics
and muscle activity when texting. These implications for designers and
manufacturers are irrespective of whether the interaction is via keypad
or touchscreen.
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4.7. Conclusions

Texting on a touchscreen phone compared with a keypad phone
resulted in smaller thumb movements and lower muscle activity in the
thumb and forearm. For thumb kinematics, the effect of different
phones was found in those with short hands while for muscle activity in
the thumb and forearm, the effect was found in those with long hands.
No effects of different phones on exertion or discomfort were identified
during the brief trials. However, texting on the touchscreen phone re-
sulted in a lower proportion of correct typed characters.

The observed differences in kinematics and muscle activity suggest
that there are differences in risks for developing musculoskeletal dis-
orders during smartphone use with different key activation mechan-
isms, and different hand sizes. The principles underlying this potential
for increased risk and the performance differences need to be under-
stood to support appropriate design and use of smartphones in the fu-
ture.
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