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Background

The use of mobile touch screen devices (MTSDs) has increased rapidly over the last
decade, and there are concerns that their use may have negative musculoskeletal conse-
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EMBASE, Medline, Scopus, PsycINFO and Proquest electronic databases were searched

for articles published up to June 2016, using keywords describing MTSD, musculoskeletal
symptoms (e.g. pain, discomfort) and musculoskeletal exposures (e.g. posture, muscle
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Conclusions

There is limited evidence that MTSD use, and various aspects of its use (i.e. amount of
usage, features, tasks and positions) are associated with musculoskeletal symptoms and
exposures. This is due to mainly low quality experimental and case-control laboratory stud-
ies, with few cross-sectional and no longitudinal studies. Further research is warranted in
order to develop guidelines for wise use of MTSDs.

1 Introduction

Mobile touch screen devices (MTSDs) are portable devices with a touch screen interface that
can be used with stylus or finger touch, such as smartphones and tablet computers. There has
been an increase in ownership and usage of MTSDs among adults and children over the last
decade [1, 2]. Recent figures from 2016 showed that the majority of teenagers aged 14 to 18
years in the USA (87%) [3] and 12 to 15 years in the UK (79%) reported owning a smartphone
[4]. Smartphone ownership is even higher among adults, with 92% and 95% of the adults aged
18 to 34 years in the USA and Australia respectively reported to own a smartphone [2].
Another recent survey in the USA showed that in 2015 adult users spent approximately three
hours daily (excluding voice activities) on their mobile devices, which was double the duration
spent in 2012 [5]. The substantial ownership and usage of MTSDs is expected to continue to
increase in the years ahead [5], and is therefore an important societal change.

Apart from potential social, mental and behavioural effects such as negative impacts on
social relationships, depression and sleep quality [6, 7], the increased MTSD use has also raised
concerns for potential physical health effects including musculoskeletal symptoms [8, 9]. The
use of more traditional electronic devices, i.e. desktop and laptop computers, has been associ-
ated with musculoskeletal symptoms in several epidemiological studies [10-13]. Laboratory
research has demonstrated that musculoskeletal exposures including awkward postures, lack
of posture variation, and altered muscle activity are associated with computer use and these
may explain the development of musculoskeletal symptoms due to the use of traditional
devices [14, 15]. These indications of changes in postures and muscle activity thus provide sup-
port for concerns about the potential risk of symptoms from MTSD use.

However, the use of MTSDs is different from traditional electronic devices such as desktop
or laptop computers or physical keypad phones, due to their portability and control interaction
via a touch screen interface rather than via a keyboard and/or mouse. MTSDs may therefore
be associated with different musculoskeletal exposures (e.g. postures or muscle activity), which
may create different risks for musculoskeletal symptoms than traditional devices. Due to their
portability, MTSDs may be used in various non-traditional workstations and postures (e.g. on
a sofa or while using public transport), which may be associated with different musculoskeletal
exposures than while using a device whilst seated at a desk [16]. Due to their designs that do
not allow wrist and fingers to rest on the screen surface, the use of a touch screen may incur
further exposures to awkward neck/shoulder postures and distal upper extremity muscles [17,
18]. As a result of this, it has been reported that tablet use may cause higher musculoskeletal
stresses on the neck compared to desktop computer use [19], and higher stress on the wrist
during smartphone use compared to when using a keypad phone [20]. Moreover, higher activ-
ity in the neck/shoulder muscles [19, 21], and lower activity of the wrist extensor muscles [20,
22] have been reported during MTSD use compared to when using traditional electronic
devices. The different musculoskeletal implications from the use of MTSDs versus traditional
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devices were also reinforced by the few cross-sectional studies that have found evidence for an
association between MTSD use and musculoskeletal symptoms [23-25].

These findings support concerns about MTSD use posing a risk for musculoskeletal symp-
toms. Information on the associations between musculoskeletal symptoms, musculoskeletal
exposures and MTSD use is therefore important in understanding the potential musculoskele-
tal implications associated with the use of these devices. Such evidence is currently dispersed.
Although there are reports of studies investigating different aspects of MTSD use, to the best
of our knowledge, a systematic review of the current evidence on musculoskeletal symptoms
and exposures associated with MTSD use is not yet available. Therefore, the aim of this study
was to systematically review available literature on musculoskeletal symptoms and exposures
associated with the use of MTSDs. The synthesised information may inform guidelines for
wise use of MTSDs and identify areas in need of further research.

2 Methods

2.1 Search strategy

The protocol for this systematic review was registered in PROSPERO [26]. Systematic searches
of the literature were conducted in five electronic databases (EMBASE, Medline, Scopus, Psy-
cINFO and Proquest) up to June 2016. The first touch screen phone (Simon; IBM) and the
first personal digital assistant (Newton; Apple) were made available in 1993 [27], hence the
search was conducted for relevant studies published from 1993 onwards. Keywords describing
MTSD (e.g. smart phone, tablet computer, touch screen, mobile device), musculoskeletal
symptoms (e.g. pain, musculoskeletal pain, discomfort) and musculoskeletal exposures (e.g.
posture, muscle activity, electromyography) were used (see S1 File).

Two reviewers (SHT and PC) independently screened all potential titles, abstracts, and if
needed, full-texts for eligibility. Disagreement for inclusion was resolved through a consensus
meeting or consulting a third reviewer (EKH). Studies were included if: (1) the study examined
the use of MTSD and associated musculoskeletal outcomes (i.e., musculoskeletal symptoms
such as discomfort or pain, and/or musculoskeletal exposures such as postures or muscle activ-
ity); (2) the study described original research from laboratory or field studies or cross-sectional
or longitudinal epidemiological studies (i.e., excluding case reports, reviews, conference pro-
ceedings, editorials and letters) written in English. Studies that described the use of MTSD as
interventions for managing health conditions (e.g. text message or mobile applications for tele-
medicine) or examined outcomes of gait or balance parameters were excluded. Reference lists
of all included full-text articles were screened for additional papers. Authors of articles were
contacted to seek clarification where insufficient information was provided.

2.2 Data extraction and methodological quality assessment

In line with the PROSPERO registration, due to the heterogeneity in study designs, methods,
outcomes and data presented in the included articles, a structured narrative synthesis was
undertaken as the planned meta-analysis was not able to be carried out. For the narrative syn-
thesis, relevant data from all included articles were extracted and methodological quality was
assessed by two reviewers (SH and PC) independently. Disagreement between the two review-
ers was resolved through a consensus meeting or consulting a third reviewer (EKH). Findings
of the articles were described and synthesized in a narrative format.

Data for the following categories were extracted from the included studies: study purpose,
study design, study population, musculoskeletal symptoms (if applicable), musculoskeletal
exposures and/or physiological responses (if applicable), statistical analyses and results. Other
musculoskeletal outcomes which did not fall under musculoskeletal symptoms or exposures,
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such as pressure pain threshold or median nerve size, were identified in some of the studies
and were extracted separately as physiological responses may provide further insights on mus-
culoskeletal outcomes of MTSD use. As various terminologies of head, neck and gaze angles
were present among the studies, terminologies defined by Straker and colleagues [28] were
used to enable consistent comparison between studies.

A criteria list adapted from existing methodological quality assessment scales [29-32] was
used (see S2 File), with criteria on study purpose, study design, study population, musculoskel-
etal symptoms, musculoskeletal exposures and/or physiological responses, statistical analyses
and results. Each of these categories were scored positive (+), negative (-), unclear (3, i.e. insuf-
ficient information available) or not applicable (NA). For each study, the percentage of positive
categories scored was tabulated.

3 Results
3.1 Search results

From the database search, after removing duplicates, 9,908 references were retrieved and
screened for eligibility based on their titles (Fig 1). Following that, 367 abstracts and 132 full-
text articles were assessed for eligibility. Articles were excluded due to: the device(s) being
examined was not a MTSD, the outcomes associated with MTSDs were not being differenti-
ated from non-MTSDs or other types of devices; or only somatic symptoms (e.g. headache,
dizziness), gait or balance parameters were examined (not addressing musculoskeletal out-
comes). Two additional articles were included after screening reference lists of the included
articles. A total of 45 articles were included in this review.

3.2 Participants and study designs

Included articles were published from 2007 to 2016 and described assessments of participants
with reported mean ages ranging from 5.8 to 67.5 years old. Forty articles reported studies con-
ducted with adults, mostly young adults, four with young children or adolescents, while three
articles did not report the age of participants. Included articles described six cross-sectional
studies (see S3 File and S6 File), nine case-control laboratory studies (see S4 File, S7 File and S9
File) and 32 experimental laboratory studies (see S5 File, S8 File and S10 File), with two articles
describing more than one type of study design [33, 34]. No longitudinal studies were identified.
Cross-sectional studies examined aspects of smartphone and tablet use e.g. duration and/or
postures of use, with musculoskeletal symptoms and exposures using surveys or observational
measurement methods. Experimental and case-control laboratory studies investigated: amount
of usage, features (e.g. tilt angle, touch screen size, keyboard design, surface curvature), tasks
(e.g. typing, gaming, internet browsing, reading, watching videos) and positions (e.g. handhold
position, workstations such as desk, lap or sofa, and gross postures such as sitting or standing)
of MTSD use with musculoskeletal symptoms, musculoskeletal exposures and physiological
responses. For case-control laboratory studies, participants were categorised with respect to
their symptoms (i.e., symptomatic or asymptomatic), amount of smartphone usage (i.e. more
or less than four hours per day), and extent of “addiction” to smartphones (via questionnaires).
Individual differences in participants, i.e. between symptomatic and asymptomatic, males and
females or among different hand sizes and shapes, were also examined in a few of the studies.

3.3 Methodological quality

Included studies scored on average 55.7% on the methodological quality scale, ranging from
14.3% to 85.7% (Table 1). Slightly less than one third (n = 13/45) of all the included studies
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Fig 1. PRISMA flow chart for selecting relevant articles.
https://doi.org/10.1371/journal.pone.0181220.g001

scored 50% and above. All the studies except one study [35] scored negative (-) or unclear (?)
for musculoskeletal symptoms, musculoskeletal exposures and/or physiological responses as
no standardized measures of acceptable quality were used or no clear information on reliability
and/or validity was provided.

3.4 Main findings

Musculoskeletal symptoms associated with MTSD use were reported in 17 studies (see S3 File,
S4 File and S5 File), and included self-reported pain, discomfort or perceived comfort at the
neck/shoulder, back and upper extremities (e.g. upper arm, forearm, wrist, fingers and thumb).
Symptoms were measured either using a visual analogue scale, numeric or 100-point rating

PLOS ONE | https://doi.org/10.1371/journal.pone.0181220  August 7, 2017 5/22


https://doi.org/10.1371/journal.pone.0181220.g001
https://doi.org/10.1371/journal.pone.0181220

®'PLOS | one

Mobile touch screens and musculoskeletal symptoms

Table 1. Methodological quality assessment results.

Author Study Study Study Musculoskeletal Musculoskeletal | Statistical | Results No. of % of
purpose | design @ population exposures and/or symptoms analyses positive positive
physiological categories | categories
responses
Ahn et al + + ? - ? - + 3/7 42.9%
(2016) [36]
Albin and - + ? ? ? ? - 1/7 14.3%
Mcloone
(2014) [37]
Billinghurst + + + ? NA ? ? 3/6 50.0%
and Vu (2015)
[38]
Chiang and Liu + ? + ? ? ? ? 2/7 28.6%
(2016) [33]
Chiu etal + + + ? + + + 6/7 85.7%
(2015) [35]
Choi et al ? + + - NA + - 3/6 50.0%
(2016) [39]
Guan et al - + + ? NA ? + 3/6 50.0%
(2015) [40]
Guan et al + + ? ? NA + ? 3/6 50.0%
(2016) [34]
Hong et al ? - + ? NA ? ? 1/6 16.7%
(2013) [22]
Inal et al + + + ? ? ? + 4/7 57.1%
(2015) [41]
Jacquier-Bret ? ? - ? NA + + 2/6 33.3%
etal (2014)
[42]
Jungetal - + ? ? NA ? + 2/6 33.3%
(2016) [43]
Kee et al + + + ? ? + + 5/7 71.4%
(2016) [44]
Kietrys et al + + + ? NA + + 5/6 83.3%
(2015) [20]
Kim (2015) + - + ? ? + + 4/7 57.1%
[45]
Kim and Kim - + ? - - - + 2/7 28.6%
(2015) [25]
Kim et al - ? + ? NA - - 1/6 16.7%
(2012) [46]
Kim et al + + + ? ? + + 5/7 71.4%
(2014) [18]
Kim et al + + + ? ? + + 5/7 71.4%
(2014) [47]
Kingston et al + + + ? NA + + 5/6 83.3%
(2016) [48]
Ko et al (2016) + + + ? NA + + 5/6 83.3%
[49]
Lee and Seo + + ? ? NA + + 4/6 66.7%
(2014) [50]
Leeetal - + + ? ? ? - 2/7 28.6%
(2012) [51]
Leeetal + + + ? NA + = 4/6 66.7%
(2015) [52]
(Continued)
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Table 1. (Continued)

Author Study Study Study Musculoskeletal Musculoskeletal | Statistical | Results No. of % of
purpose | design @ population exposures and/or symptoms analyses positive positive
physiological categories | categories
responses
Liang and + ? + ? NA + + 4/6 66.7%
Hwang (2016)
[53]
Lin et al (2015) + + + ? ? + + 5/7 71.4%
[54]
Ning et al + + ? ? NA ? + 3/6 50.0%
(2015) [55]
Park et al + + ? - NA + ? 3/6 50.0%
(2015) [56]
Pereira et al + + + ? NA + + 5/6 83.3%
(2013) [57]
Shan et al + + + ? ? + + 5/7 71.4%
(2013) [24]
Shim (2012) ? ? + ? NA + + 3/6 50.0%
[58]
Shin and Kim - ? + ? ? - - 1/7 14.3%
(2014) [59]
Sommerich ? + ? ? ? ? ? 1/7 14.3%
etal (2007)
[23]
Stoffregen et al ? + + ? NA + - 3/6 50.0%
(2014) [60]
Straker et al + + + ? NA + + 5/6 83.3%
(2008) [19]
Trudeau et al + + ? ? NA + + 4/6 66.7%
(2012) [61]
Trudeau et al + + + ? ? + + 5/7 71.4%
(2013) [62]
Trudeau et al + + + ? NA + + 5/6 83.3%
(2016) [63]
Vasavada et al + + + ? NA + + 5/6 83.3%
(2015) [64]
Werth and ? + + ? NA ? - 2/6 33.3%
Babski-
Reeves (2014)
[16]
Xie et al (2016) - + + ? ? + + 4/7 57.1%
[21]
Xiong and + + + ? NA ? ? 3/6 50.0%
Muraki (2014)
[65]
Xiong and + + ? ? NA + + 4/6 66.7%
Muraki (2016)
[66]
Young et al + + + ? NA + + 5/6 83.3%
(2012) [67]
Young et al + ? + ? NA + + 4/6 66.7%
(2013) [68]

(+): positive, (-): negative, (?): unclear (i.e. insufficient information available), NA: not applicable

https://doi.org/10.1371/journal.pone.0181220.t001
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scale, Likert scale, Borg’s category ratio scale, body map or questions on symptom presence.
Hypesthesia or dysesthesia in areas controlled by the median nerve, and temporomandibular
disorders were examined via clinical tests in two of the studies [44, 51].

Musculoskeletal exposures (postures and muscle activity) associated with MTSD use were
assessed in 38 studies (see S6 File, S7 File and S8 File). Posture variables examined included
angles of head, neck, cranio-cervical, shoulder, distal upper extremity (e.g. elbow, wrist, fingers
and thumb) flexion/extension, head and neck gravitational demand as well as posture and
movement variability. These variables were measured using motion analysis systems, video or
photograph analyses, range of motion meters or electrogoniometers. Muscle activity variables
included electromyography (EMG) measurements of upper trapezius, cervical extensors and
distal upper extremity muscles (e.g. wrist, finger or thumb flexors/extensors).

Physiological responses associated with MTSD use were examined in 11 studies and
included measurements of pressure pain threshold, muscle fatigue, perceived exertion, cervical
repositioning error, pinch strength, hand function and median nerve size (see S9 File and S10
File).

3.4.1 Musculoskeletal symptoms associated with MTSD use. Musculoskeletal symptoms
have been examined in four cross-sectional [23-25, 33], four case-control [21, 41, 44, 51] and
eight experimental laboratory studies [18, 35-37, 47, 54, 59, 62]. In the cross-sectional studies,
neck and/or shoulder symptoms had the highest prevalence rates reported among MTSD
users, ranging from 26.3% to 60% [23, 25, 33]. One study had 37.5% and 30% of college stu-
dents reporting symptoms related to tablet use at neck and shoulder respectively [33]. In
another study, in a group of high school students, 50% or more of the students reported dis-
comfort in the neck, and upper and lower back with tablet use [23]. In another large survey
among high school students in China (n = 3,016), neck/shoulder pain was significantly associ-
ated with tablet use (OR 1.311, 95% CI 1.117-1.538), but not with the amount of daily tablet
usage after controlling for confounding factors [24]. Another study (n = 80) did not find any
statistically significant relationship of discomfort with tablet daily usage [33]. In another sur-
vey, higher (but not significant) prevalence of pain in various body regions was reported for
participants who used a smartphone for more than two hours daily compared to those who
used for less than two hours daily [25].

Three cross-sectional studies [23, 25, 33] have also reported associations of musculoskeletal
symptoms with various aspects of MTSD use, i.e. gross postures, screen size and gaming task.
One study reported higher prevalence of pain in those who used a smartphone whilst sitting
and lying on their back compared to those who used a smartphone in other postures [25]. In
another study, the frequency of awkward postures when using a tablet was significantly corre-
lated with discomfort [23]. Smartphone screen size was also significantly but weakly correlated
with pain in the waist. Another study found that participants who tended to play games on a
tablet reported a higher prevalence of discomfort after using a tablet [33].

The case-control laboratory study by Xie and colleagues [21] showed that participants with
and without neck symptoms developed discomfort after using a smartphone for ten minutes
while sitting; however, the symptomatic group developed significantly more discomfort than
the asymptomatic group.

Symptoms of the neck and/or shoulder were also shown to be associated with MTSD use in
experimental laboratory studies. Pain in the neck increased over time after using a smartphone
on a desk and on the lap [59]. Discomfort of the neck and shoulder were found to be signifi-
cantly associated with different workstations; with the highest discomfort during tablet use on
the lap, followed by during inclined sitting on a bed (with the tablet on lap) and on a desk [54].
Tablet tilt angles also had a significant effect on comfort of the neck; with decreasing comfort
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with decreasing (more horizontal) tilt angles [35]. During gaming, there was lower perceived
comfort of the shoulder but not the neck when compared to watching movies [35].

Discomfort or pain in the distal upper extremities were also reported to be associated with
MTSD use, including with workstations, features (e.g. tilt angles, key size) and tasks in one
case-control and several experimental studies. In a case-control study conducted with univer-
sity students (n = 102), self-reported pain of the hand was significantly higher in the high
smartphone “addiction” group compared to the low “addiction” group [41]. Experimental lab-
oratory studies showed significantly lower comfort at distal upper extremities when typing on
a virtual compared to a physical keyboard on a laptop [18]. Discomfort of the wrists and arms
were generally higher with tablet use on the lap or during inclined sitting on a bed compared
to when sitting at a desk [54]. Comfort of the hands and arms was reported to be lower at 60°
compared to at 34° tablet tilt angles [37]. There was also lower distal upper extremity comfort
with small compared to large key sizes [47], and during gaming compared to movie watching
[35].

Upper and lower back, and buttock discomfort were also reported in experimental labora-
tory studies, with one study showing higher discomfort when using a tablet on the lap com-
pared to when sitting inclined on a bed or at a desk; while no significant differences in
discomfort among different keyboard designs were shown [54]. Higher overall discomfort
(without specifying the body region) during tablet use in landscape compared to portrait ori-
entation, and standard compared to split keyboard design (tablet in landscape orientation)
were found in the study by Trudeau and colleagues [62].

Other musculoskeletal symptoms were found to be associated with smartphone use in two
other case-control laboratory studies [44, 51]. There was more frequent presentation of tempo-
romandibular problems [44] and increased wrist/forearm sensitivity [51] in smartphone
“addicted” compared to “non-addicted” participants.

3.4.2 Musculoskeletal exposures associated with usage of MTSD. Musculoskeletal expo-
sures have been reported for the amount of MTSD use and in comparisons with other device
use in one cross-sectional and several laboratory studies. In a cross-sectional study among uni-
versity students (n = 426), of which more than 90% used a mobile phone (97.7% of which were
a smartphone) for more than one hour per day [34], no significant association between head
and neck postures (both during usual standing posture and while looking at a smartphone in
standing) and frequency of mobile phone usage were found.

Two case-control laboratory studies revealed associations of higher smartphone usage and
smartphone “addiction” with greater neck flexion [43, 56] and rounded shoulders during
habitual standing [43]. In addition, two other case-control laboratory studies found greater
upper and lower cervical flexion [45], and greater muscle activity in cervical erector spinae and
upper trapezius muscles in a group with neck/shoulder symptoms compared to an asymptom-
atic group [21].

The experimental laboratory studies generally showed higher head and neck flexion and
muscle activity during MTSD use. In two experimental laboratory studies by Guan and col-
leagues [34, 40] with a large number of participants (n = 186 and 429), significantly greater
extents of static flexed head and neck and forward head posture were found during standing
while looking at a smartphone (handholding smartphone) compared to normal standing
(without holding smartphone); head and neck flexion were also greater in males compared to
females during both standing while looking at a smartphone and normal standing.

In other experimental laboratory studies, MTSD use was compared with the use of tradi-
tional electronic devices. In a study by Straker and colleagues [19] among young children,
there were significantly higher head and neck flexion, higher shoulder flexion and elevation,
and lower cranio-cervical and cervico-thoracic angles when using a tablet with a stylus
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compared to when using a desktop computer. The use of a tablet also induced greater variabil-
ity of neck posture and muscle activity than when using a desktop computer. Higher neck flex-
ion when using a tablet compared to a laptop or netbook has also been reported, but not when
compared to a physical keypad phone [20].

Muscle activity of the upper trapezius and/or cervical erector spinae were also found to be
higher while using a tablet compared to a desktop computer [19], or when using a virtual com-
pared to a physical keyboard on a laptop [18]. However, trapezius muscle activity was lower
during the use of a smartphone when compared to a desktop computer [21], while no signifi-
cant differences were found when smartphone use was compared to physical keypad phone
use [20].

Postures and muscle activity of the distal upper extremities were also dependent on the
types of devices, with generally greater non-neutral postures, but lower muscle activity at the
level of the wrist, elbow, fingers and/or thumb found during use of MTSD compared to tradi-
tional electronic devices. There was more wrist extension [16, 20], wrist pronation and elbow
flexion [48] during the use of a smartphone or tablet compared to a laptop or physical keypad
phone. Several studies reported similar findings of lower muscle activities at wrist and finger
flexors and extensors [16, 20-22] and thumb abductors [20, 22] when using a smartphone or
tablet compared to a laptop, netbook or physical keypad phone, and when using a virtual com-
pared to physical keyboard [18].

3.4.3 Musculoskeletal exposures associated with features of MTSD. Musculoskeletal
exposures associated with different features of MTSD (e.g. screen size or tilt angles) were
examined in several experimental and case-control laboratory studies. Greater non-neutral
postures and higher muscle activity were generally found with larger tablet screen size. A sig-
nificant trend for increasing head/neck flexion with increasing screen size (3.5 inch smart-
phone, 7 and 9.5 inch tablet) [20], and generally greater amount of wrist extension and ulnar
deviation as well as muscle activity of upper trapezius, wrist and finger flexors and extensors
during the use of a larger compared to a smaller tablet screen size [20, 57] were reported. Addi-
tionally, it was noted that placing MTSD on one’s lap was most adopted when using a device
with a larger screen (9.5 inch tablet), while handholding and texting with both thumbs was
most preferred when using a device with a smaller screen (3.5 inch smartphone) [20].

Tilt angles of tablet supported in cases on a desk also had an effect on musculoskeletal expo-
sures associated with MTSD use, and were investigated in some relatively small studies (n = 10
to n = 33) conducted with young to middle-aged adults. Four studies showed, in general,
increasing head and neck flexion with decreasing tablet tilt angles ranging from 73" tilt (almost
vertical) to 0° tilt (horizontal on desk) [33, 37, 64, 67]. The gravitational demand on head and
neck, trunk flexion angles [64] and activity of the upper trapezius were higher, but anterior
deltoid muscle activity was lower [35], while using a tablet at lower compared to higher tilt
angles. No differences were found for finger flexors muscle activity [35] and hand gestures
[38] among different tilt angles. Other features of MTSD use, e.g. key sizes, keyboard design
and location, were also found to affect musculoskeletal exposures [47, 54, 62].

3.4.4 Musculoskeletal exposures associated with tasks on MTSD. Various tasks that
could be performed on a MTSD (e.g. typing, gaming, internet browsing, reading, watching
videos) have been investigated in some experimental laboratory studies, with task duration
ranging from 90 seconds to 15 minutes. No case-control or cross-sectional studies examining
the effect of different tasks on a MTSD were found. The tasks on MTSDs can be considered as
active tasks, when frequent finger activity is required (e.g. typing, gaming), or passive tasks,
which consist mainly of visual interaction with minimal or no finger activity (e.g. internet
browsing, reading, watching videos). Active tasks were generally associated with greater non-
neutral postures and muscle activity of the head, neck and distal upper extremities compared
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to passive tasks. For example, typing or gaming was associated with significantly higher head
and neck flexion [33, 52, 55], and higher muscle activity of upper trapezius, anterior deltoid
[35, 68] and cervical extensors [55] compared to passive tasks. Another study however did not
find any significant differences in postures and gravitational demand at the head and neck
between typing and reading tasks [64]. The authors of the latter study did not standardize
duration for each of the tasks, which may have affected the accuracy of findings. At the distal
upper extremities, greater wrist pronation and ulnar deviation [48, 68], as well as greater mus-
cle activity of finger flexors [35, 55] and wrist extensors and flexors [68], were found during
active tasks compared to passive tasks.

3.4.5 Musculoskeletal exposures associated with positions of MTSD use. Different posi-
tions of MTSD use, affected by the gross body postures (such as sitting, standing), handhold
positions (such as MTSD handheld at different levels, one/two-handed hold or handheld in
portrait/landscape orientation) and workstations (such as MTSD on desk, lap or sofa), were
examined in one cross-sectional study [53], one case-control [21] and several experimental
laboratory studies. The cross-sectional study observed handhold positions and general pos-
tures of passengers using smartphones while commuting in metro trains in Taiwan [53]. They
found that the use of two hands, with one hand holding and the other hand operating the
smartphone, was most commonly observed in sitting postures (45.5%). Operating the smart-
phone with only one hand, with the other hand holding a train pole or hand strap, was most
commonly observed in standing commuters (45.8%).

Two experimental laboratory studies compared exposures during smartphone use in differ-
ent gross body postures. One study reported significantly higher head flexion while using a
smartphone in sitting compared to use in standing [52]. The other study found no significant
differences in muscle activity of splenius capitis and upper trapezius, among sitting postures
with neutral, “middle” or “maximum neck bending” with five minutes of smartphone use [39].

Different MTSD handhold positions were examined in one case-control and some experi-
mental laboratory studies. One experimental laboratory study found significantly higher neck
and elbow flexion while handholding a smartphone at chest level, compared to at eye or knee
level (with the trunk bent forward and elbows resting on the thighs) [49]. Muscle activity of
the upper trapezius muscle was, however, significantly higher at eye level than at knee and
chest level. There was a small but significantly lower head/neck flexion of 2° during one-
handed compared to two-handed texting on a smartphone [20]. Upper trapezius muscle activ-
ity was however, significantly higher during one-handed compared to two-handed hold of a
tablet [68], with comparable (but non-significant) findings in another study [21]. Similarly,
muscle activity was higher for wrist extensors [20-22, 68], wrist flexors [20, 22], fingers and
thumb muscles [21, 22, 49] during one-handed compared to two-handed hold. The different
handholds caused no significant differences in distal upper extremity postures [20, 68]. Pos-
tures at wrist and thumb during the different handholds were influenced instead by MTSD ori-
entation, with higher wrist extension and thumb movements during two-handed hold in
landscape than one-handed hold in portrait orientation [63]. During the use of a tablet in por-
trait compared to landscape orientation, there were significantly lower wrist, fingers and
thumb joint postural angles [57, 62].

Different workstations for MTSD use, i.e. a desk or use of non-traditional workstations
(such as bed, sofa or lap), were compared in some experimental and case-control laboratory
studies. It was generally found that neck flexion was significantly greater during tablet use in
non-traditional workstations (i.e., sofa [16] or lap [64, 67]) compared to when sitting at a desk.
Gravitational demand on the head and neck were also significantly higher while using a tablet
on the lap compared to on a desk [64]. Muscle activity of the upper trapezius, however, was
lower during tablet use on the lap compared to on a desk, which corresponded to lower
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shoulder flexion and elevation [68]. Another study showed no differences in flexion relaxation
ratio of cervical erector spinae muscle activity between smartphone use on a desk and the lap
[59]. For distal upper extremities postures, there was generally higher elbow flexion [16, 54],
wrist extension [54, 68] and ulnar/radial deviation acceleration [68] but no differences in wrist
muscle activity [68] while using a tablet on non-traditional workstations (sofa, lap or bed)
compared to on a desk.

3.4.6 Physiological responses associated with MTSD use. Physiological responses (e.g.
pressure pain threshold, muscle fatigue, perceived exertion, cervical repositioning error, pinch
strength, hand function, median nerve size), were investigated in experimental and case-con-
trol laboratory studies, and were found to be associated with MTSD use. These studies gener-
ally showed increased physiological responses with MTSD use, suggesting an increased risk for
musculoskeletal symptoms. Pressure pain threshold in the upper trapezius muscle was signifi-
cantly lower in a group with heavy smartphone “addiction” compared to a control group with
low “addiction” [56], and after using a smartphone compared to before [46]. Muscle fatigue
(measured by EMG) of upper trapezius, elbow and wrist flexors, and thumb abductors were
higher after using a smartphone compared to before [46], while that of upper trapezius and
splenius capitis muscles also increased during smartphone use in sitting with “maximum”
compared to “middle neck bending” [39]. Self-reported fatigue in neck, shoulder, forearm and
wrist were also affected by features of a tablet, i.e. screen size, grip and stylus shape [57].

Perceived exertion was higher in symptomatic participants (with neck/shoulder discom-
fort) compared to those who were asymptomatic after using a smartphone [21]. In other case-
control studies, high smartphone “addiction” or usage was found to be associated with greater
cervical repositioning errors [50], reduced pinch strength and hand function [41]. In an exper-
imental laboratory study, median nerve circumference and area (examined via ultrasonogra-
phy) decreased significantly after using a smartphone compared to before [58]. Two case-
control laboratory studies showed significantly higher median nerve cross-sectional area in the
dominant arm side compared to non-dominant side in the high smartphone “addiction”
group [41], while no significant differences in median nerve thickness among groups with dif-
ferent degrees of smartphone “addiction” were found [51].

4 Discussion
4.1 Discussion of main findings

This is the first review, to our knowledge, to systematically describe the available evidence on
musculoskeletal symptoms and musculoskeletal exposures associated with MTSD use. Find-
ings from this review, based on evidence mainly from experimental and case-control labora-
tory studies with only a few cross-sectional studies, suggest that aspects of MTSD use (i.e.
usage, features, tasks and positions) can create various musculoskeletal exposures, possibly
leading to physiological responses and musculoskeletal symptoms. However, current evidence
is limited with many studies of low methodological quality with limitations in measurement
methods, study design and/or presentation of the results. Moreover, a wide variation in mea-
sures and conditions of MTSD use evaluated across the studies makes it hard to make valid
comparisons and to draw firm conclusions on certain aspects of MTSD use. No longitudinal
studies were identified, and thus the direction of the associations as well as the long-term mus-
culoskeletal impact of MTSD use were also not able to be determined.

4.1.1 Musculoskeletal symptoms associated with MTSD use. Current evidence on mus-
culoskeletal symptoms associated with MTSD use from cross-sectional studies is limited with
mainly low quality studies. However, available evidence does suggest that MTSD use and
aspects of its use, i.e. long duration, awkward postures, larger screen size and gaming task, may
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be associated with musculoskeletal symptoms [24, 25, 33], most commonly in the neck/shoul-
der region [23-25]. Limitations of the available studies include the use of measures of the
amount and aspects of MTSD use, and musculoskeletal symptoms, with no reliability and/or
validity of the measurement methods specified by the authors. Confounding factors were often
not considered, and representative samples were not obtained in many of the studies. These
limitations may have affected the accuracy of findings in the studies and potentially biased the
true associations between musculoskeletal symptoms and MTSD use.

From case-control and experimental laboratory studies, there was consistent evidence that
musculoskeletal symptoms are associated with MTSD use, and different positions, features
and tasks of its use can have an impact on the symptoms experienced [35, 37, 47, 54]. Other
musculoskeletal symptoms in areas controlled by the median nerve may also be associated
with greater usage of MTSD or smartphone “addiction” [51], suggesting risk for ‘repetitive
strain injuries’ or ‘carpal tunnel syndrome’ reported with traditional desktop computer use
[69, 70] may also be a risk with MTSD use. Nonetheless, such evidence is still limited with only
a small number of studies examining symptoms associated with MTSD use, and measures
with unspecified reliability and validity, which may have biased the findings.

4.1.2 Musculoskeletal exposures associated with usage of MTSD. Evidence from the few
experimental laboratory studies showed that musculoskeletal exposures of greater non-neutral
postures [34, 40] and gravitational demand [64] at the head and neck/shoulder were associated
with MTSD use when compared to not using any device. When compared to the more tradi-
tional electronic devices (e.g. physical keypad phone, desktop/laptop computers), exposures at
head and neck during MTSD use may differ which may be due to the different device place-
ment and the use of a touch screen interface. For example, greater non-neutral postures and
muscle activity at the head and neck were found with tablet (placed flat on a desk) compared
to desktop computer use (supported upright on a desk) [19], while no significant differences
were found between smartphone and physical keypad phone, which were both used handheld
[20]. The different placements and viewing angles with tablet and desktop computer use is
likely to have affected the amount of neck bending. Moreover, the use of a touch screen has
been shown to be associated with increased upper trapezius muscle activity, which may be due
to wrists and fingers not being able to fully rest on the screen [17, 18]. Therefore, current evi-
dence indicates that different device placement and the use of a touch screen interface can
influence musculoskeletal exposures, and cause greater non-neutral postures at head/neck [19]
and distal upper extremities during MTSD use [16, 20-22], which may lead to increased risk
of symptoms.

4.1.3 Musculoskeletal exposures associated with features, tasks and positions of
MTSD. Current evidence showed that screen size had an effect on musculoskeletal expo-
sures, potentially through an influence on weight and placement position of the device. MTSD
with a larger screen may pose greater stress at the neck/shoulder and distal upper extremities
[20, 57], possibly due to heavier weight of the larger screen, and a preference to place it on the
lap (which tended to induce greater head/neck flexion and muscle activity). Handholding a
larger screen could also create greater shoulder and arm fatigue [20]. Hence, it may be more
advisable to support a larger screen MTSD on a desk rather than handholding it, especially for
prolonged periods of use.

There was also consistent evidence from experimental laboratory studies that lower tablet
tilt angle (with tablet supported flat on a surface) generally cause greater gravitational demand
[64], muscle activity [35] and non-neutral postures at the head/neck [33, 37, 64, 67] than
higher tablet tilt angles, with the greatest exposures at 0° tilt (placed flat on surface). At lower
tilt angles, the head and neck need to bend forward more to look at the screen which poses
more biomechanical stresses at the head and neck/shoulder. However, exposures on upper
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extremities during different MTSD tasks should also be considered when choosing an optimal
MTSD tilt angle [33]. Although there is less non-neutral head and neck/shoulder postures at
higher tilt angles of e.g. 60° or 70° (which might be appropriate during passive tasks), such
high tilt angles may not be conducive for tasks that require frequent finger input (e.g. typing)
and may induce greater non-neutral postures and muscle activity at shoulder, wrist and/or fin-
gers. Tilt angles ranging from 33° to 37" were preferred during various tasks on a tablet [33,
37, 67], which may be the angle range that is more comfortable for wrists and fingers during
active tasks. Therefore, higher tablet tilt angles (with tablet supported on a surface) may tend
to result in lesser biomechanical stresses at the head and neck than lower tilt angles but may
not be as ideal for exposures at distal upper extremities, especially during active tasks.

Current evidence also showed that active MTSD tasks generally caused greater non-neutral
postures and higher muscle activity around the head, neck, wrist and finger areas, which pose
more risk for biomechanical stresses compared to passive tasks [33, 35, 52, 68]. However,
active tasks may provide movement variation. It has been suggested that variation may be a
strategy to reduce the risk for musculoskeletal symptoms from increased exposures [71, 72].
However, it is still unknown if active MTSD tasks can provide sufficient movement variation
to offset the increased risk for symptoms from non-neutral postures and higher muscle
activities.

Different handhold positions during MTSD use also had an effect on musculoskeletal expo-
sures. One-handed hold tended to pose more strain with higher muscle activity on wrists, fin-
gers and thumbs compared to two-handed hold [20-22, 49, 68]. However, handhold positions
also varied with device placement, so there is a need to consider this interaction and balance of
exposures at the head/neck versus upper extremities in reducing musculoskeletal strain during
use of MTSDs.

Evidence on workstations of MTSD use suggests that use in a sitting position in non-tradi-
tional workstations (i.e. on a sofa, bed or lap) may pose more musculoskeletal stress on the
head and neck compared to supported use on a desk [16, 54, 64, 67]. Lower muscle activity at
upper trapezius was however reported during the use of a tablet placed on the lap compared to
on a desk, possibly due to the more pronounced arm and shoulder postures at the desk versus
on the lap [68]. Nonetheless, these studies have only looked at a limited number of sitting posi-
tions in non-traditional workstations (i.e., bed, sofa or lap) whereas other workstations (e.g. on
the floor) and a variety of postures at those workstations (e.g. side lying, prone lying, cross-leg-
ged sitting) [16, 73], along with the resulting musculoskeletal consequences, are yet to be
studied.

Opverall, current evidence from case-control and experimental laboratory studies suggests
that features, tasks and positions of MTSD use significantly affect musculoskeletal exposures
associated with MTSD use, and can interact with each other to influence the exposures. How-
ever, some studies had more than one independent variable in each condition of MTSD use,
which makes comparisons among studies and drawing strong conclusions difficult.

4.1.4 Physiological responses associated with MTSD use. Evidence from case-control
and experimental laboratory studies also suggests that MTSD use (and aspects of MTSD use
such as different MTSD features, the amount of usage and extent of MTSD “addiction”) can
cause physiological responses (such as median nerve changes, lower pressure pain threshold or
greater muscle fatigue) which suggest potentially increased susceptibility to musculoskeletal
symptoms [41, 56-58]. For example, the median nerve changes reported with MTSD use [41,
58] suggest that MTSD use may have the potential to lead to narrowing of [74, 75], and
increased pressure in the carpal tunnel [76], and thus pose a risk for carpal tunnel syndrome
[77].
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4.1.5 Association between musculoskeletal symptoms and exposures in MTSD use. As
summarised above, there is some evidence from cross-sectional, case-control and experimental
laboratory studies that musculoskeletal symptoms, musculoskeletal exposures and physiological
responses are each related to MTSD use. The findings on musculoskeletal exposures and physi-
ological responses associated with MTSD use are also consistent with current understanding of
increased risk and susceptibility for musculoskeletal symptoms. Indeed, some of the included
studies suggested increased non-neutral postures, and/or increased muscle activity were poten-
tial mechanisms for the increased discomfort or pain reported from MTSD use [21, 35, 37, 44,
54, 62]. Nonetheless, evidence on what exposure aspects are the critical mechanisms for the
observed associations between musculoskeletal symptoms and MTSD use is still limited.

4.1.6 Influence of individual differences on musculoskeletal symptoms and exposures.
Individual differences in musculoskeletal symptoms and exposures associated with MTSD use
between symptomatic and asymptomatic participants, between participants with different
hand sizes and shapes, and between males and females were also examined in a few of the stud-
ies. Musculoskeletal symptoms and exposures (cervical flexion and neck/shoulder muscle
activity) were greater in participants with neck/shoulder symptoms compared to those who
were asymptomatic [21, 45]. MTSD use may hence pose even greater risk for biomechanical
stress and load on individuals who are symptomatic, inducing a vicious cycle of musculoskele-
tal symptoms. This has been reported before in studies showing altered motor control and
muscle activation (during non-MTSD tasks) among people with neck pain [78-80]. Different
hand sizes and shapes may also influence musculoskeletal symptoms or exposures at the distal
upper extremity, as one study indicated their significant effect on muscle activity of the fingers
and thumb during MTSD use [36].

Gender differences were also noted with higher head and neck flexion found in males com-
pared to females during smartphone use [34, 40], as previously noted during computer use
[81]. This may be due to taller statures of males than females [82]. However, the risk of neck/
shoulder [24, 83] and low back pain [24] have been shown to be higher instead in females com-
pared to males, possibly due to higher pain sensitivity in females [84] or their different nature
of computer use (e.g. type of activities, duration) [1, 83]. These findings suggest different mus-
culoskeletal risks involved with MTSD use between males and females, and a potential modify-
ing effect of gender on associations between symptoms and MTSD use.

4.2 Quality of evidence

The quality of the included studies was generally low, with less than one third of the studies
scoring 50% or above on the methodological quality assessment, mainly due to insufficient or
unclear information provided on measurement methods of musculoskeletal symptoms and/or
exposures in many of the studies. Although some methods for the assessment of musculoskele-
tal exposures were sometimes thoroughly described (e.g. EMG or motion analysis), reliability
and validity of the measures were often not specified. In addition, anatomical points for measur-
ing postures and muscle activity were not always clearly indicated and various terminologies for
postural angles were used, making it hard to consolidate findings from the studies. Some of the
studies were also unclear in reporting of the results. Moreover, as a number of studies did not
report on symptoms for each specific body region (by only providing an average or overall
score), it was difficult to determine the impact of MTSD use on specific body regions.

4 3 Further research

Findings from the current review need to be interpreted with caution as current evidence is
limited and mainly from cross-sectional, case-control and experimental laboratory study
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designs with poor methodological quality. High quality epidemiological studies, including lon-
gitudinal studies, examining MTSD use in natural settings (e.g. in the home or school environ-
ment) are therefore needed to strengthen the body of evidence. To date however, no low
burden but accurate methods for measuring the amount and nature of MTSD usage in daily
life are available and there is a need to develop reliable and valid methods to capture MTSD
usage accurately. Laboratory studies should use accurate measurement methods for musculo-
skeletal symptoms and exposures (with established validity and reliability), and anatomical
angle definitions should be clearly specified and preferably be harmonized across studies.
MTSD use in other possible positions and non-traditional workstations and prolonged dura-
tion of MTSD use should also be investigated. It will also be important to examine variability
of musculoskeletal exposures during MTSD use and gender differences.

This review is the first, to our knowledge, to systematically describe the current evidence on
musculoskeletal symptoms and exposures associated with MTSD use. [85]., our review was lim-
ited. Narrative synthesis rather than meta-analysis was used in the review due to the heterogene-
ity of study designs, methods, outcomes and data presented. The systematic approach used to
screen articles, extract data and assess methodological quality of the included studies helped to
minimise biases which may be introduced in unstructured narrative reviews where findings
from one study may be given inappropriate emphasis. A further limitation was that the method-
ological quality assessment tool used may not have captured all the possible issues that may be
present across the broad range of study designs in the included studies; nonetheless, the tool
used was the most appropriate available for the purposes and nature of studies in this review.

This review has excluded studies that examined gait and balance parameters during MTSD
use. It will be important to review this evidence, considering the portability of MTSDs and
their use during walking and multitasking [86, 87]. Findings from the included studies on per-
formance, task efficiency or typing speed during MTSD use were also not reported in this
review. These outcomes should be considered as they provide useful information on produc-
tivity associated with MTSD use.

4.4 Implications for wise use of MTSDs

Based on currently limited available evidence on MTSD use, and other research on risk factors
for musculoskeletal symptoms, some tentative suggestions for wise use of MTSD to help
reduce musculoskeletal exposures and associated risks for musculoskeletal symptoms from
MTSD use are proposed (Table 2).

5 Conclusion

There is limited evidence that MTSD use, and various aspects of its use (i.e. amount of usage,
features, tasks and positions), are associated with musculoskeletal symptoms and exposures.

Table 2. Tentative suggestions for wise use of MTSD.

= Avoid excessive total usage

= Avoid prolonged static postures

= Use opportunities to vary whole body, head/neck and upper extremity postures during MTSD use

= Avoid awkward postures during prolonged or repetitive use

= Position MTSD at a height to balance head/neck and upper extremity stress—holding a MTSD at around
eye level encourages neutral head/neck posture but increases upper extremity loading; holding a MTSD at
around waist/lap level increases head/neck flexion but reduces upper extremity loading

= For longer durations of use, support MTSD at a tilt angle (e.g. with the use of device accessories) to
balance head/neck and upper extremity stress—a higher tilt encourages neutral head/neck posture and is
good for viewing only tasks; a lower tilt allows lower wrist and finger stresses and is good for tasks requiring
finger or thumb input

= Avoid high repetition of movements such as prolonged typing or swiping on MTSD

= Avoid forceful exertions such as holding larger or heavy MTSD in one hand for long durations

https://doi.org/10.1371/journal.pone.0181220.t002
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This is due to mainly low quality experimental and case-control laboratory studies, with few
cross-sectional and no longitudinal studies. Further research with higher quality studies which
examine: MTSD dose-response relationship, associations of specific aspects of MTSD use (e.g.
features, tasks and positions) with musculoskeletal symptoms, as well as the mechanisms,
direction and long-term effects of the associations are required. This enhanced evidence is
needed to provide evidence-based guidelines for wise use of MTSDs.

Supporting information

S1 File. Search strategy.
(DOCX)

S2 File. Methodological quality assessment list.
(DOCX)

S3 File. Summary of included cross-sectional studies (MTSD use and musculoskeletal symp-
toms).
(DOCX)

$4 File. Summary of included case-control laboratory studies (MTSD use and musculoskele-
tal symptoms).
(DOCX)

S5 File. Summary of included experimental laboratory studies (MTSD use and musculoskel-
etal symptoms).
(DOCX)

S6 File. Summary of included cross-sectional studies (MTSD use and musculoskeletal expo-
sures).
(DOCX)

S7 File. Summary of included case-control laboratory studies (MTSD use and musculoskele-
tal exposures).
(DOCX)

S8 File. Summary of included experimental laboratory studies (MTSD use and musculoskel-
etal exposures).
(DOCX)

S9 File. Summary of included case-control laboratory studies (MTSD use and physiological
responses).
(DOCX)

$10 File. Summary of included experimental laboratory studies (MTSD use and physiologi-
cal responses).
(DOCX)

S11 File. PRISMA checKklist.
(DOC)

Acknowledgments

The authors thank Diana Blackwood (health sciences librarian, Curtin University) for her
valuable advice in developing the search strategy.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181220  August 7, 2017 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181220.s011
https://doi.org/10.1371/journal.pone.0181220

@° PLOS | ONE

Mobile touch screens and musculoskeletal symptoms

Author Contributions

Conceptualization: Siao Hui Toh, Pieter Coenen, Erin K. Howie, Leon M. Straker.
Data curation: Siao Hui Toh.

Formal analysis: Siao Hui Toh, Pieter Coenen.

Investigation: Siao Hui Toh, Pieter Coenen, Erin K. Howie, Leon M. Straker.
Methodology: Siao Hui Toh, Pieter Coenen, Erin K. Howie, Leon M. Straker.

Project administration: Leon M. Straker.

Resources: Leon M. Straker.

Supervision: Pieter Coenen, Erin K. Howie, Leon M. Straker.

Writing - original draft: Siao Hui Toh, Pieter Coenen, Erin K. Howie, Leon M. Straker.

Writing - review & editing: Siao Hui Toh, Pieter Coenen, Erin K. Howie, Leon M. Straker.

References

1. Rideout V, Foehr U, Roberts D. Generation M2: Media in the lives of 8- to 18-year-olds. Menlo Park,
California: Henry J. Kaiser Family Foundation; 2010.

2. Poushter J. Smartphone ownership and internet usage continues to climb in emerging economies.
2016. Available from: http://www.pewglobal.org/2016/02/22/smartphone-ownership-and-internet-
usage-continues-to-climb-in-emerging-economies

3. eMarketer. Teen’s ownership of smartphones has surged. 5 Jul 2016. Available from: https://www.
emarketer.com/Article/Teens-Ownership-of-Smartphones-Has-Surged/1014161. Cited 20 August 2016.

4. Ofcom. Children and parents: Media use and attitudes report. 2016. Available from: https://www.ofcom.
org.uk/__data/assets/pdf_file/0034/93976/Children-Parents-Media-Use-Attitudes-Report-2016.pdf

5. eMarketer. Growth of time spent on mobile devices slows. 7 Oct 2015. Available from: http://www.
emarketer.com/Article/Growth-of-Time-Spent-on-Mobile-Devices-Slows/1013072. Cited 3 August
2016.

6. SeoDG, ParkY, Kim MK, Park J. Mobile phone dependency and its impacts on adolescents’ social and
academic behaviors. Comput Human Behav. 2016; 63:282—-92.

7. Demirci K, Akgonul M, Akpinar A. Relationship of smartphone use severity with sleep quality, depres-
sion, and anxiety in university students. J Behav Addict. 2015; 4(2):85-92. https://doi.org/10.1556/
2006.4.2015.010 PMID: 26132913

8. Berolo S, Wells RP, Amick BC lii. Musculoskeletal symptoms among mobile hand-held device users
and their relationship to device use: A preliminary study in a Canadian university population. Appl
Ergon. 2011; 42(2):371-8. https://doi.org/10.1016/j.apergo.2010.08.010 PMID: 20833387

9. Sharan D, Mohandoss M, Ranganathan R, Jose J. Musculoskeletal disorders of the upper extremities
due to extensive usage of hand held devices. Ann Occup Environ Med. 2014; 26(1):22.

10. Harris C, Straker L, Pollock C, Smith A. Children, computer exposure and musculoskeletal outcomes:
the development of pathway models for school and home computer-related musculoskeletal outcomes.
Ergonomics. 2015; 58(10):1611-23. https://doi.org/10.1080/00140139.2015.1035762 PMID:
25942433

11. Hakala PT, Rimpela AH, Saarni LA, Salminen JJ. Frequent computer-related activities increase the risk
of neck-shoulder and low back pain in adolescents. Eur J Public Health. 2006; 16(5):536—41. https://doi.
org/10.1093/eurpub/ckl025 PMID: 16524936

12. SiuDCH, Tse LA, Yu ITS, Griffiths SM. Computer products usage and prevalence of computer related
musculoskeletal discomfort among adolescents. Work. 2009; 34(4):449-54. https://doi.org/10.3233/
WOR-2009-0945 PMID: 20075522

13. Torsheim T, Eriksson L, Schnohr CW, Hansen F, Bjarnason T, Valimaa R. Screen-based activities and
physical complaints among adolescents from the Nordic countries. BMC Public Health. 2010; 10:324.
https://doi.org/10.1186/1471-2458-10-324 PMID: 20534116

14. Straker LM, Maslen B, Burgess-Limerick R, Johnson P, Dennerlein J. Evidence-based guidelines for
the wise use of computers by children: Physical development guidelines. Ergonomics. 2010; 53
(4):458-77. https://doi.org/10.1080/00140130903556344 PMID: 20309743

PLOS ONE | https://doi.org/10.1371/journal.pone.0181220  August 7, 2017 18/22


http://www.pewglobal.org/2016/02/22/smartphone-ownership-and-internet-usage-continues-to-climb-in-emerging-economies
http://www.pewglobal.org/2016/02/22/smartphone-ownership-and-internet-usage-continues-to-climb-in-emerging-economies
https://www.emarketer.com/Article/Teens-Ownership-of-Smartphones-Has-Surged/1014161
https://www.emarketer.com/Article/Teens-Ownership-of-Smartphones-Has-Surged/1014161
https://www.ofcom.org.uk/__data/assets/pdf_file/0034/93976/Children-Parents-Media-Use-Attitudes-Report-2016.pdf
https://www.ofcom.org.uk/__data/assets/pdf_file/0034/93976/Children-Parents-Media-Use-Attitudes-Report-2016.pdf
http://www.emarketer.com/Article/Growth-of-Time-Spent-on-Mobile-Devices-Slows/1013072
http://www.emarketer.com/Article/Growth-of-Time-Spent-on-Mobile-Devices-Slows/1013072
https://doi.org/10.1556/2006.4.2015.010
https://doi.org/10.1556/2006.4.2015.010
http://www.ncbi.nlm.nih.gov/pubmed/26132913
https://doi.org/10.1016/j.apergo.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/20833387
https://doi.org/10.1080/00140139.2015.1035762
http://www.ncbi.nlm.nih.gov/pubmed/25942433
https://doi.org/10.1093/eurpub/ckl025
https://doi.org/10.1093/eurpub/ckl025
http://www.ncbi.nlm.nih.gov/pubmed/16524936
https://doi.org/10.3233/WOR-2009-0945
https://doi.org/10.3233/WOR-2009-0945
http://www.ncbi.nlm.nih.gov/pubmed/20075522
https://doi.org/10.1186/1471-2458-10-324
http://www.ncbi.nlm.nih.gov/pubmed/20534116
https://doi.org/10.1080/00140130903556344
http://www.ncbi.nlm.nih.gov/pubmed/20309743
https://doi.org/10.1371/journal.pone.0181220

@° PLOS | ONE

Mobile touch screens and musculoskeletal symptoms

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Straker LM, Burgess-Limerick R, Pollock C, Coleman J, Skoss R, Maslen B. Children’s posture and
muscle activity at different computer display heights and during paper information technology use. Hum
Factors. 2008; 50(1):49-61. https://doi.org/10.1518/001872008X250575 PMID: 18354971

Werth A, Babski-Reeves K. Effects of portable computing devices on posture, muscle activation levels
and efficiency. Appl Ergon. 2014; 45(6):1603-9. https://doi.org/10.1016/j.apergo.2014.05.008 PMID:
24934983

Shin G, Zhu X. User discomfort, work posture and muscle activity while using a touchscreen in a desk-
top PC setting. Ergonomics. 2011; 54(8):733—44. https://doi.org/10.1080/00140139.2011.592604
PMID: 21846311

Kim JH, Aulck L, Bartha MC, Harper CA, Johnson PW. Differences in typing forces, muscle activity,
comfort, and typing performance among virtual, notebook, and desktop keyboards. Appl Ergon. 2014;
45(6):1406—13. https://doi.org/10.1016/j.apergo.2014.04.001 PMID: 24856862

Straker LM, Coleman J, Skoss R, Maslen BA, Burgess-Limerick R, Pollock CM. A comparison of pos-
ture and muscle activity during tablet computer, desktop computer and paper use by young children.
Ergonomics. 2008; 51(4):540-55. https://doi.org/10.1080/00140130701711000 PMID: 18357540

Kietrys DM, Gerg MJ, Dropkin J, Gold JE. Mobile input device type, texting style and screen size influ-
ence upper extremity and trapezius muscle activity, and cervical posture while texting. Appl Ergon.
2015; 50:98-104. https://doi.org/10.1016/j.apergo.2015.03.003 PMID: 25959323

Xie Y, Szeto GPY, Dai J, Madeleine P. A comparison of muscle activity in using touchscreen smart-
phone among young people with and without chronic neck—shoulder pain. Ergonomics. 2016; 59(1):61—
72. https://doi.org/10.1080/00140139.2015.1056237 PMID: 26218600

Hong J, Lee D, YuJ,KimY, Jo Y, Park M, et al. Effect of the keyboard and smartphone usage on the
wrist muscle activities. Journal of Convergence Information Technology. 2013; 8(14):472.

Sommerich CM, Ward R, Sikdar K, Payne J, Herman L. A survey of high school students with ubiquitous
access to tablet PCs. Ergonomics. 2007; 50(5):706-27. https://doi.org/10.1080/00140130701194793
PMID: 17454089

ShanZ, Deng G, LiJ, LiY, Zhang Y, Zhao Q. Correlational analysis of neck/shoulder pain and low back
pain with the use of digital products, physical activity and psychological status among adolescents in
Shanghai. PLoS ONE. 2013; 8(10):e78109. https://doi.org/10.1371/journal.pone.0078109 PMID:
24147114

Kim H- J, Kim J- S. The relationship between smartphone use and subjective musculoskeletal symp-
toms and university students. J Phys Ther Sci. 2015; 27(3):575-9. https://doi.org/10.1589/jpts.27.575
PMID: 25931684

Toh SH, Coenen P, Howie EK, Straker LM. The associations of mobile touch screen device use with
musculoskeletal symptoms and exposures: A systematic review. PROSPERO: International prospec-
tive register of systematic reviews. 2015. doi: 10.15124/CRD42015019776. Available from: www.crd.
york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015019776

lon F. The past, present, and future of touch—from touch displays to the surface: A brief history of
touchscreen technology. 4 Apr 2013. Available from: http://arstechnica.com/gadgets/2013/04/from-
touch-displays-to-the-surface-a-brief-history-of-touchscreen-technology/1/. Cited 3 August 2016.

Straker LM, Burgess-Limerick R, Pollock C, Murray K, Netto K, Coleman J, et al. The impact of com-
puter display height and desk design on 3D posture during information technology work by young
adults. J Electromyogr Kinesiol. 2008; 18(2):336—49. https://doi.org/10.1016/j.jelekin.2006.10.007
PMID: 17188894

Coenen P, Gouttebarge V, van der Burght AS, van Dieen JH, Frings-Dresen MH, van der Beek AJ,

et al. The effect of lifting during work on low back pain: a health impact assessment based on a meta-
analysis. Occup Environ Med. 2014; 71(12):871-7. https://doi.org/10.1136/0oemed-2014-102346 PMID:
25165395

KmetL, Lee R, Cook L. Standard quality assessment criteria for evaluating primary research papers
from a variety of fields. Edmonton, Alberta, Canada: Alberta Heritage Foundation for Medical
Research; 2004.

von Elm E, Altman D, Egger M, Pocock S, Ggtzsche P, Vandenbroucke J. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting
observational studies. Ann Intern Med. 2007; 147:573—7. PMID: 17938396

Waersted M, Hanvold TN, Veiersted KB. Computer work and musculoskeletal disorders of the neck and
upper extremity: a systematic review. BMC Musculoskelet Disord. 2010; 11:79. https://doi.org/10.1186/
1471-2474-11-79 PMID: 20429925

Chiang HY, Liu CH. Exploration of the associations of touch-screen tablet computer usage and muscu-
loskeletal discomfort. Work. 2016; 53(4):917-25. https://doi.org/10.3233/WOR-162274 PMID:
26967038

PLOS ONE | https://doi.org/10.1371/journal.pone.0181220  August 7, 2017 19/22


https://doi.org/10.1518/001872008X250575
http://www.ncbi.nlm.nih.gov/pubmed/18354971
https://doi.org/10.1016/j.apergo.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24934983
https://doi.org/10.1080/00140139.2011.592604
http://www.ncbi.nlm.nih.gov/pubmed/21846311
https://doi.org/10.1016/j.apergo.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24856862
https://doi.org/10.1080/00140130701711000
http://www.ncbi.nlm.nih.gov/pubmed/18357540
https://doi.org/10.1016/j.apergo.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25959323
https://doi.org/10.1080/00140139.2015.1056237
http://www.ncbi.nlm.nih.gov/pubmed/26218600
https://doi.org/10.1080/00140130701194793
http://www.ncbi.nlm.nih.gov/pubmed/17454089
https://doi.org/10.1371/journal.pone.0078109
http://www.ncbi.nlm.nih.gov/pubmed/24147114
https://doi.org/10.1589/jpts.27.575
http://www.ncbi.nlm.nih.gov/pubmed/25931684
https://doi.org/10.15124/CRD42015019776
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015019776
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015019776
http://arstechnica.com/gadgets/2013/04/from-touch-displays-to-the-surface-a-brief-history-of-touchscreen-technology/1/
http://arstechnica.com/gadgets/2013/04/from-touch-displays-to-the-surface-a-brief-history-of-touchscreen-technology/1/
https://doi.org/10.1016/j.jelekin.2006.10.007
http://www.ncbi.nlm.nih.gov/pubmed/17188894
https://doi.org/10.1136/oemed-2014-102346
http://www.ncbi.nlm.nih.gov/pubmed/25165395
http://www.ncbi.nlm.nih.gov/pubmed/17938396
https://doi.org/10.1186/1471-2474-11-79
https://doi.org/10.1186/1471-2474-11-79
http://www.ncbi.nlm.nih.gov/pubmed/20429925
https://doi.org/10.3233/WOR-162274
http://www.ncbi.nlm.nih.gov/pubmed/26967038
https://doi.org/10.1371/journal.pone.0181220

@° PLOS | ONE

Mobile touch screens and musculoskeletal symptoms

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Guan X, Fan G, Chen Z, Zeng Y, Zhang H, Hu A, et al. Gender difference in mobile phone use and the
impact of digital device exposure on neck posture. Ergonomics. 2016:1-9.

Chiu HP, Tu CN, Wu SK, Chien-Hsiou L. Muscle activity and comfort perception on neck, shoulder, and
forearm while using a tablet computer at various tilt angles. Int J Hum Comput Interact. 2015; 31
(11):769-76.

Ahn SH, Kwon S, Bahn S, Yun MH, Yu W. Effects of grip curvature and hand anthropometry for the
unimanual operation of touchscreen handheld devices. Human Factors and Ergonomics in Manufactur-
ing & Service Industries. 2016; 26(3):367-80.

Albin TJ, McLoone HE. The effect of tablet tilt angle on users’ preferences, postures, and performance.
Work. 2014; 47(2):207—11. https://doi.org/10.3233/WOR-131670 PMID: 24004729

Billinghurst SS, Vu K-PL. Touch screen gestures for web browsing tasks. Comput Human Behav. 2015;
53:71-81.

Choi JH, Jung MH, Yoo KT. An analysis of the activity and muscle fatigue of the muscles around the
neck under the three most frequent postures while using a smartphone. J Phys Ther Sci. 2016; 28
(5):1660—4. https:/doi.org/10.1589/jpts.28.1660 PMID: 27313393

Guan X, Fan G, Wu X, Zeng Y, Su H, Gu G, et al. Photographic measurement of head and cervical pos-
ture when viewing mobile phone: A pilot study. Eur Spine J. 2015; 24(12):2892-8. https://doi.org/10.
1007/s00586-015-4143-3 PMID: 26206292

Inal EE, Demirci K, Cetinturk A, Akgonul M, Savas S. Effects of smartphone overuse on hand function,
pinch strength, and the median nerve. Muscle Nerve. 2015; 52(2):183-8. https://doi.org/10.1002/mus.
24695 PMID: 25914119

Jacquier-Bret J, Gorce P, Motti LG, Vigouroux N. Biomechanical analysis of interaction strategies using
touchscreen: preliminary study. Comput Methods Biomech Biomed Engin. 2014; 17:86—7. https://doi.
org/10.1080/10255842.2014.931152 PMID: 25074177

Jung S, Lee NK, Kang KW, Kim K, Lee DY. The effect of smartphone usage time on posture and respi-
ratory function. J Phys Ther Sci. 2016; 28(1):186-9. https://doi.org/10.1589/jpts.28.186 PMID:
26957754

Kee IK, Byun JS, Jung JK, Choi JK. The presence of altered craniocervical posture and mobility in
smartphone-addicted teenagers with temporomandibular disorders. J Phys Ther Sci. 2016; 28(2):339—
46. https://doi.org/10.1589/jpts.28.339 PMID: 27065516

Kim MS. Influence of neck pain on cervical movement in the sagittal plane during smartphone use. J
Phys Ther Sci. 2015; 27(1):15-7. hitps://doi.org/10.1589/jpts.27.15 PMID: 25642027

Kim GY, Ahn CS, Jeon HW, Lee CR. Effects of the use of smartphones on pain and muscle fatigue in
the upper extremity. J Phys Ther Sci. 2012; 24(12):1255-8.

Kim JH, Aulck L, Thamsuwan O, Bartha MC, Johnson PW. The effect of key size of touch screen virtual
keyboards on productivity, usability, and typing biomechanics. Hum Factors. 2014; 56(7):1235-48.
PMID: 25490804

Kingston DC, Riddell MF, McKinnon CD, Gallagher KM, Callaghan JP. Influence of input hardware and
work surface angle on upper limb posture in a hybrid computer workstation. Hum Factors. 2016; 58
(1):107—19. https://doi.org/10.1177/0018720815607317 PMID: 26424775

Ko PH, Hwang YH, Liang HW. Influence of smartphone use styles on typing performance and bio-
mechanical exposure. Ergonomics. 2015; 59(6):821-8. https://doi.org/10.1080/00140139.2015.
1088075 PMID: 26328936

Lee JH, Seo KC. The comparison of cervical repositioning errors according to smartphone addiction
grades. J Phys Ther Sci. 2014; 26(4):595-8. https://doi.org/10.1589/jpts.26.595 PMID: 24764641

Lee YS, Yang HS, Jeong CJ, Yoo YD, Jeong GY, Moon JS, et al. Changes in the thickness of median
nerves due to excessive use of smartphones. J Phys Ther Sci. 2012; 24(12):1259-62.

Lee S, Kang H, Shin G. Head flexion angle while using a smartphone. Ergonomics. 2015; 58(2):220-6.
https://doi.org/10.1080/00140139.2014.967311 PMID: 25323467

Liang H-W, Hwang Y-H. Mobile phone use behaviors and postures on public transportation systems.
PLoS ONE. 2016; 11(2).

Lin MIB, Hong RH, Chang JH, Ke XM. Usage position and virtual keyboard design affect upper-body
kinematics, discomfort, and usability during prolonged tablet typing. PLoS ONE. 2015; 10(12):
e€0143585. https://doi.org/10.1371/journal.pone.0143585 PMID: 26629989

Ning X, Huang Y, Hu B, Nimbarte AD. Neck kinematics and muscle activity during mobile device opera-
tions. Int J Ind Ergon. 2015; 48:10-5.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181220  August 7, 2017 20/22


https://doi.org/10.3233/WOR-131670
http://www.ncbi.nlm.nih.gov/pubmed/24004729
https://doi.org/10.1589/jpts.28.1660
http://www.ncbi.nlm.nih.gov/pubmed/27313393
https://doi.org/10.1007/s00586-015-4143-3
https://doi.org/10.1007/s00586-015-4143-3
http://www.ncbi.nlm.nih.gov/pubmed/26206292
https://doi.org/10.1002/mus.24695
https://doi.org/10.1002/mus.24695
http://www.ncbi.nlm.nih.gov/pubmed/25914119
https://doi.org/10.1080/10255842.2014.931152
https://doi.org/10.1080/10255842.2014.931152
http://www.ncbi.nlm.nih.gov/pubmed/25074177
https://doi.org/10.1589/jpts.28.186
http://www.ncbi.nlm.nih.gov/pubmed/26957754
https://doi.org/10.1589/jpts.28.339
http://www.ncbi.nlm.nih.gov/pubmed/27065516
https://doi.org/10.1589/jpts.27.15
http://www.ncbi.nlm.nih.gov/pubmed/25642027
http://www.ncbi.nlm.nih.gov/pubmed/25490804
https://doi.org/10.1177/0018720815607317
http://www.ncbi.nlm.nih.gov/pubmed/26424775
https://doi.org/10.1080/00140139.2015.1088075
https://doi.org/10.1080/00140139.2015.1088075
http://www.ncbi.nlm.nih.gov/pubmed/26328936
https://doi.org/10.1589/jpts.26.595
http://www.ncbi.nlm.nih.gov/pubmed/24764641
https://doi.org/10.1080/00140139.2014.967311
http://www.ncbi.nlm.nih.gov/pubmed/25323467
https://doi.org/10.1371/journal.pone.0143585
http://www.ncbi.nlm.nih.gov/pubmed/26629989
https://doi.org/10.1371/journal.pone.0181220

@° PLOS | ONE

Mobile touch screens and musculoskeletal symptoms

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Park J, Kim K, Kim N, Choi |, Lee S, Tak S, et al. A comparison of cervical flexion, pain, and clinical
depression in frequency of smartphone use. International Journal of Bio-Science and Bio-Technology.
2015; 7(3):183-90.

Pereira A, Miller T, Huang YM, Odell D, Rempel D. Holding a tablet computer with one hand: effect of
tablet design features on biomechanics and subjective usability among users with small hands. Ergo-
nomics. 2013; 56(9):1363-75. https://doi.org/10.1080/00140139.2013.820844 PMID: 23909815

Shim JM. The effect of carpal tunnel changes on smartphone users. J Phys Ther Sci. 2012; 24
(12):1251-3.

Shin H, Kim K. Effects of cervical flexion on the flexion-relaxation ratio during smartphone use. J Phys
Ther Sci. 2014; 26(12):1899-901. https://doi.org/10.1589/jpts.26.1899 PMID: 25540493

Stoffregen TA, Chen YC, Koslucher FC. Motion control, motion sickness, and the postural dynamics of
mobile devices. Exp Brain Res. 2014; 232(4):1389-97. https://doi.org/10.1007/s00221-014-3859-3
PMID: 24504199

Trudeau MB, Young JG, Jindrich DL, Dennerlein JT. Thumb motor performance varies with thumb and
wrist posture during single-handed mobile phone use. J Biomech. 2012; 45(14):2349-54. https://doi.
org/10.1016/j.joiomech.2012.07.012 PMID: 22858316

Trudeau MB, Catalano PJ, Jindrich DL, Dennerlein JT. Tablet keyboard configuration affects perfor-
mance, discomfort and task difficulty for thumb typing in a two-handed grip. PLoS ONE. 2013; 8(6).

Trudeau MB, Asakawa DS, Jindrich DL, Dennerlein JT. Two-handed grip on a mobile phone affords
greater thumb motor performance, decreased variability, and a more extended thumb posture than a
one-handed grip. Appl Ergon. 2016; 52:24-8. https://doi.org/10.1016/j.apergo.2015.06.025 PMID:
26360191

Vasavada AN, Nevins DD, Monda SM, Hughes E, Lin DC. Gravitational demand on the neck muscula-
ture during tablet computer use. Ergonomics. 2015; 58(6):990—1004. https://doi.org/10.1080/
00140139.2015.1005166 PMID: 25643042

Xiong J, Muraki S. An ergonomics study of thumb movements on smartphone touch screen. Ergonom-
ics. 2014; 57(6):943-55. https://doi.org/10.1080/00140139.2014.904007 PMID: 24707989

Xiong J, Muraki S. Effects of age, thumb length and screen size on thumb movement coverage on
smartphone touchscreens. Int J Ind Ergon. 2016; 53:140-8.

Young JG, Trudeau M, Odell D, Marinelli K, Dennerlein JT. Touch-screen tablet user configurations and
case-supported tilt affect head and neck flexion angles. Work. 2012; 41(1):81-91. https://doi.org/10.
3233/WOR-2012-1337 PMID: 22246308

Young JG, Trudeau MB, Odell D, Marinelli K, Dennerlein JT. Wrist and shoulder posture and muscle
activity during touch-screen tablet use: effects of usage configuration, tablet type, and interacting hand.
Work. 2013; 45(1):59-71. https://doi.org/10.3233/WOR-131604 PMID: 23531566

Keller K, Corbett J, Nichols D. Repetitive strain injury in computer keyboard users: Pathomechanics and
treatment principles in individual and group intervention. J Hand Ther. 1998; 11(1):9-26. PMID:
9493794

van Tulder M, Malmivaara A, Koes B. Repetitive strain injury. Lancet. 2007; 369(9575):1815-22.
https://doi.org/10.1016/S0140-6736(07)60820-4 PMID: 17531890

Srinivasan D, Mathiassen SE. Motor variability in occupational health and performance. Clin Biomech
(Bristol, Avon). 2012; 27(10):979-93.

Mathiassen SE. Diversity and variation in biomechanical exposure: what is it, and why would we like to
know? Appl Ergon. 2006; 37(4):419-27. https://doi.org/10.1016/j.apergo.2006.04.006 PMID: 16764816

CiccarelliM, Chen JD, Vaz S, Cordier R, Falkmer T. Managing children’s postural risk when using
mobile technology at home: Challenges and strategies. Appl Ergon. 2015; 51:189-98. https://doi.org/
10.1016/j.apergo.2015.04.003 PMID: 26154217

Skie M, Zeiss J, Ebraheim NA, Jackson WT. Carpal tunnel changes and median nerve compression
during wrist flexion and extension seen by magnetic resonance imaging. J Hand Surg Am. 1990; 15
(6):934—-9. PMID: 2269787

Bower JA, Stanisz GJ, Keir PJ. An MRI evaluation of carpal tunnel dimensions in healthy wrists: Implica-
tions for carpal tunnel syndrome. Clin Biomech (Bristol, Avon). 2006; 21(8):816-25.

Keir PJ, Wells RP, Ranney DA, Lavery W. The effects of tendon load and posture on carpal tunnel pres-
sure. J Hand Surg Am. 1997; 22(4):628—-34. https://doi.org/10.1016/S0363-5023(97)80119-0 PMID:
9260617

Harris-Adamson C, Eisen EA, Kapellusch J, Garg A, Hegmann KT, Thiese MS, et al. Biomechanical
risk factors for carpal tunnel syndrome: A pooled study of 2474 workers. Occup Environ Med. 2015; 72
(1):33-41. https://doi.org/10.1136/0oemed-2014-102378 PMID: 25324489

PLOS ONE | https://doi.org/10.1371/journal.pone.0181220  August 7, 2017 21/22


https://doi.org/10.1080/00140139.2013.820844
http://www.ncbi.nlm.nih.gov/pubmed/23909815
https://doi.org/10.1589/jpts.26.1899
http://www.ncbi.nlm.nih.gov/pubmed/25540493
https://doi.org/10.1007/s00221-014-3859-3
http://www.ncbi.nlm.nih.gov/pubmed/24504199
https://doi.org/10.1016/j.jbiomech.2012.07.012
https://doi.org/10.1016/j.jbiomech.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22858316
https://doi.org/10.1016/j.apergo.2015.06.025
http://www.ncbi.nlm.nih.gov/pubmed/26360191
https://doi.org/10.1080/00140139.2015.1005166
https://doi.org/10.1080/00140139.2015.1005166
http://www.ncbi.nlm.nih.gov/pubmed/25643042
https://doi.org/10.1080/00140139.2014.904007
http://www.ncbi.nlm.nih.gov/pubmed/24707989
https://doi.org/10.3233/WOR-2012-1337
https://doi.org/10.3233/WOR-2012-1337
http://www.ncbi.nlm.nih.gov/pubmed/22246308
https://doi.org/10.3233/WOR-131604
http://www.ncbi.nlm.nih.gov/pubmed/23531566
http://www.ncbi.nlm.nih.gov/pubmed/9493794
https://doi.org/10.1016/S0140-6736(07)60820-4
http://www.ncbi.nlm.nih.gov/pubmed/17531890
https://doi.org/10.1016/j.apergo.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16764816
https://doi.org/10.1016/j.apergo.2015.04.003
https://doi.org/10.1016/j.apergo.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/26154217
http://www.ncbi.nlm.nih.gov/pubmed/2269787
https://doi.org/10.1016/S0363-5023(97)80119-0
http://www.ncbi.nlm.nih.gov/pubmed/9260617
https://doi.org/10.1136/oemed-2014-102378
http://www.ncbi.nlm.nih.gov/pubmed/25324489
https://doi.org/10.1371/journal.pone.0181220

@° PLOS | ONE

Mobile touch screens and musculoskeletal symptoms

78.

79.

80.

81.

82,

83.

84.

85.

86.

87.

Johnston V, Jull G, Souvlis T, Jimmieson NL. Neck movement and muscle activity characteristics in
female office workers with neck pain. Spine. 2008; 33(5):555-63. https://doi.org/10.1097/BRS.
0b013e3181657d0d PMID: 18317202

Sterling M, Jull G, Wright A. The effect of musculoskeletal pain on motor activity and control. J Pain.
2001; 2(3):135-45. https://doi.org/10.1054/jpai.2001.19951 PMID: 14622823

Szeto GPY, Straker LM, O’Sullivan PB. Examining the low, high and range measures of muscle activity
amplitudes in symptomatic and asymptomatic computer users performing typing and mousing tasks.
Eur J Appl Physiol. 2009; 106(2):243-51. https://doi.org/10.1007/s00421-009-1019-4 PMID: 19255772

Straker L, O’Sullivan PB, Smith A, Perry M. Computer use and habitual spinal posture in Australian ado-
lescents. Public Health Rep. 2007; 122(5):634—-43. https://doi.org/10.1177/003335490712200511
PMID: 17877311

Briggs A, Straker L, Greig A. Upper quadrant postural changes of school children in response to interac-
tion with different information technologies. Ergonomics. 2004; 47(7):790-819. https://doi.org/10.1080/
00140130410001663569 PMID: 15204289

Straker LM, Smith AJ, Bear N, O’Sullivan PB, de Klerk NH. Neck/shoulder pain, habitual spinal posture
and computer use in adolescents: The importance of gender. Ergonomics. 2011; 54(6):539—46.

Fillingim RB, King CD, Ribeiro-Dasilva MC, Rahim-Williams B, Riley JL. Sex, gender, and pain: A
review of recent clinical and experimental findings. J Pain. 2009; 10(5):447-85. https://doi.org/10.1016/
j.jpain.2008.12.001 PMID: 19411059

Xie 'Y, Szeto G, Dai J. Prevalence and risk factors associated with musculoskeletal complaints among
users of mobile handheld devices: A systematic review. Appl Ergon. 2017; 59(Pt A):132—42. https://doi.
0rg/10.1016/j.apergo.2016.08.020 PMID: 27890121

Schabrun SM, Hoorn Wv, Moorcroft A, Greenland C, Hodges PW. Texting and walking: Strategies for
postural control and implications for safety. PLoS ONE. 2014; 9(1).

Lim J, Amado A, Sheehan L, Van Emmerik REA. Dual task interference during walking: The effects of
texting on situational awareness and gait stability. Gait Posture. 2015; 42(4):466—71. https://doi.org/10.
1016/j.gaitpost.2015.07.060 PMID: 26298159

PLOS ONE | https://doi.org/10.1371/journal.pone.0181220  August 7, 2017 22/22


https://doi.org/10.1097/BRS.0b013e3181657d0d
https://doi.org/10.1097/BRS.0b013e3181657d0d
http://www.ncbi.nlm.nih.gov/pubmed/18317202
https://doi.org/10.1054/jpai.2001.19951
http://www.ncbi.nlm.nih.gov/pubmed/14622823
https://doi.org/10.1007/s00421-009-1019-4
http://www.ncbi.nlm.nih.gov/pubmed/19255772
https://doi.org/10.1177/003335490712200511
http://www.ncbi.nlm.nih.gov/pubmed/17877311
https://doi.org/10.1080/00140130410001663569
https://doi.org/10.1080/00140130410001663569
http://www.ncbi.nlm.nih.gov/pubmed/15204289
https://doi.org/10.1016/j.jpain.2008.12.001
https://doi.org/10.1016/j.jpain.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19411059
https://doi.org/10.1016/j.apergo.2016.08.020
https://doi.org/10.1016/j.apergo.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27890121
https://doi.org/10.1016/j.gaitpost.2015.07.060
https://doi.org/10.1016/j.gaitpost.2015.07.060
http://www.ncbi.nlm.nih.gov/pubmed/26298159
https://doi.org/10.1371/journal.pone.0181220

