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Abstract

The number of smartphone users globally is rapidly increasing. This study aimed to assess the
level of ergonomic risk to smartphone users, and to evaluate the correlation between any self-
reported musculoskeletal disorders and the level of ergonomic risk. Thirty participants com-
pleted a questionnaire, tailored specifically for smartphone users, to determine any musculo-
skeletal disorders. Participants were given a seated smartphone texting task and their postures
were video recorded during the task. The video scenarios were evaluated by three independent
researchers to determine the level of ergonomic risk using the Rapid Upper Limb Assessment
(RULA) tool. RULA is an observation-based screening tool which has been widely used to
assess the postural risk of IT device users. However, it has not yet been specifically utilized
with smartphone users. The RULA tool scores identified ergonomics risks from using smart-
phones to text. Most smartphone users had a total RULA Grand Score of 6 for both sides (left
side: 80.00%, right side: 90.00%), indicating the need for further investigation and changes
(Action Level 3). Notably, no participants had acceptable RULA Grand Scores of 1 or 2. The
correlation between musculoskeletal disorders and the ergonomic risk among smartphone
users was determined using the Chi-Square test and Fisher’s exact test; p<0.05 was consid-
ered statistically significant. There was a significant correlation between right RULA Grand
Score and neck musculoskeletal disorder (x2 = 9.424 at p value = 0.009) and right RULA
Grand Score and upper back musculoskeletal disorder (y2 = 31.717 at p value <0.001). RULA
Score B (combination of neck, trunk and leg postures) and RULA Score D (combination of
Score B, muscle use and force scores for group B) were also significantly correlated with neck
musculoskeletal disorders (y2 = 19.286 at p value<0.001 and y2 = 9.310 at p value = 0.002
respectively). The RULA results identified the high ergonomics risk of smartphone users, this
resulted from two key risk factors: posture and muscle use. The neck, trunk and leg postures
had a combined effect on neck musculoskeletal disorders. Future investigations should con-
sider these factors when designing ergonomic interventions for smartphone users.
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Introduction

In our digital society, the use of smartphones has increased rapidly. There are 3.4 billion smart-
phone users worldwide [1]. Thailand is nineteenth of the top twenty-five countries in terms of
global smartphone use [2]. Smartphone users vary in age, ranging from students to workers to
senior citizens [3]. Coincident with growing smartphone use, concerns of musculoskeletal
problems associated with intensive smartphone use have also increased. An epidemiological
study of smartphone users conducted in the Republic of Korea found that 18.8% of smart-
phone users experienced musculoskeletal symptoms in at least one body part [4], especially in
the neck, upper trunk and upper extremity. In another Korean study involving smartphone
users, Kim et al. (2015) found the most painful body region from smartphones use was
reported to be the neck (55.8%) [5]. Similarly, in Thailand, Namwongsa et al. [6] demonstrated
that neck pain was the most prevalent musculoskeletal disorder in smartphone users. More-
over, in the cross-sectional studies, neck and/or shoulder symptoms among mobile touch
screen devices users were reported to have the highest prevalence rates, ranging from 26.3% to
60% [7].

Previous studies show that physical risk factors which are related to neck musculoskeletal
disorders in workers include awkward postures [8-12]. Prolonged smartphone use can cause
various musculoskeletal problems [13]. In particular, smartphone use can encourage awkward
postures. A previous study in Thailand [6] found that the majority of smartphone users who
reported musculoskeletal disorders adopted positions in the upper body of: neck flexion
(82.74%), shoulder protraction (56.61%), elbow flexion (65.16%), wrist and hand flexion dur-
ing keying (22.40%), and wrist and hand supination to support the device (21.62%). The inves-
tigators also reported upper back flexion (67.50%) and lower back flexion (43.23%) positions
being adopted during smartphone use. These awkward postures can affect soft tissues (e.g.
strain muscles and ligaments, irritate tendons, compress nerves) leading to musculoskeletal
discomfort.

A conceptual model in this study was adapted from the mobile computing technology
model proposed by Dennerlein [14]. Smartphone usage may increase ergonomic risks of pos-
ture and muscle use, as well as psychological strain, which can lead to musculoskeletal com-
plaints and disorders (Fig 1). Various methods have been reported to assess ergonomic risks
when using IT devices including using the Rapid Upper Limb Assessment tool (RULA) [15-
18] and a 3D Motion Analysis System [19-21]. The RULA tool, developed by Corlett and
McAtamney (1993), is a screening tool based on observation, which is used to assess exposure
to load factors due to posture of the neck, trunk and upper limb along with muscle use and
forces (external loads). Administration of this inexpensive tool does not require special equip-
ment or pre-existing skills [22]. Using the RULA tool comprises assigning a numerical rating
to the posture of the upper arms, lower arms and wrists (Score A) together with posture of the
neck, trunk and legs (Score B), and then assigning another numerical rating for additional fac-
tors that strain the musculoskeletal system, such as repetitive action, static loading and force
exertion so they become Score C (Score A + muscle use + force scores for the group A) and
Score D (Score B + muscle use + force scores for group B) respectively. These ratings are
scored using an algorithm to compute a Grand Score ranging from 1 to 7, and an Action Level
ranging from 1 to 4 that has associated implications for remedial action. The RULA tool allows
the left and right upper limbs to be assessed separately, yielding a Grand Score and Action
Level for each side of the body. Previous ergonomic studies have used the RULA tool to esti-
mate the posture of children when conducting academic tasks at computer workstations in the
classroom setting [23]. To date, no reported studies have used the RULA tool to implement
ergonomic risk assessments on smartphone users. Currently, there are no risk assessment
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Fig 1. A conceptual model of smartphone usage, adapted from Dennerlein (2015).
https://doi.org/10.1371/journal.pone.0203394.g001

tools developed to evaluate the specific ergonomic hazards of smartphone use. While using a
smart phone, static postures include head, neck, trunk, upper arms, lower arms, wrists and leg
postures. These postures provide a stable base for some parts of body performing in repetitive
manners (e.g., thumb or other fingers). Previous epidemiological studies reported smartphone
users to have highest prevalence of neck musculoskeletal disorders, which was our body part
of interest. In this case, RULA is an appropriate tool for assessment. Although absence of high
force exertion for smartphone usage, David [24] recommended using RULA for upper body
and limb assessment of such task.

Self-reported musculoskeletal disorders can be assessed by various questionnaires, the Stan-
dard Nordic Questionnaires (SNQ) is the common questionnaire to assess the prevalence of
body part musculoskeletal discomfort within the last 7 days, last 12 months and trouble pre-
venting normal work within last 12 months. The SNQ is used to survey musculoskeletal disor-
ders in the neck, shoulder, elbow, wrist and hand, upper back, lower back, hip and thigh, knee,
ankle and foot. All answers are on a dichotomous scale (yes or no). The validity of SNQ com-
paring the last 7 days and physical examination is 0.8. The reliability and sensitivity of SNQ
within the last 7 days and the last 12 months is 0.66-0.92 and 0.74-0.93, respectively [25]. The
reliability of the Thai version was reported to be 0.66-1 [26]. Therefore, the SNQ comprises
high validity, good test-retest reliability and sensitivity in the measurement of the prevalence
of musculoskeletal disorders [27].

Previous studies have yet not assessed ergonomic risk levels and correlations between mus-
culoskeletal disorders and ergonomic risk levels among smartphone users. Therefore, our
study aimed to assess ergonomic risk levels exposed by smartphone users using the RULA
tool. The objective of the study was also to determine any correlations between musculoskele-
tal disorders and ergonomic risk levels. We hypothesized that RULA scores, which indicating
ergonomic risk levels, has correlations with the percentage of musculoskeletal disorders, which
was assessed by SNQ. Specially, we expected neck posture wound correlated with percentage
of neck musculoskeletal disorders based on results of our previous study [6] indicating neck
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flexion posture was a factor associated with neck musculoskeletal disorders. Thus, the result of
our study could inform ergonomic guidelines concerning the use of smartphones, which
should be develop interventions to reduce the risk of musculoskeletal disorders.

Materials and methods
Study design

The study design was cross-sectional in nature. The research proposal for this study was sub-
mitted to and approved by, the Khon Kaen University Ethics Committee in Human Research
before beginning the study (HE591321).

Sample size

A sample size estimation was conducted as described by Hulley et al. (2013) [28]. A power cal-
culation was conducted based on a critical a-value of 0.05 and a 1-f of 0.2. To reach a power
level of 80%, 30 participants were required.

Participants

Participants were recruited for this study by printed media advertisement posted on notice
boards, at the Khon Kaen University in Thailand. The 30 participants were smartphone users,
selected using a purposive sampling method. The inclusion criteria were: 1) young adult aged
between 18-25 years, 2) owner of an iPhone 5s smartphone, 3) at least six month’s experience
in using smartphones and, 4) daily smartphone use of at least 2 hours per day.

Participants were excluded from the study if they had any of the following conditions: 1)
any history of traumatic injuries or surgical interventions of relevant regions within the past
year such as whiplash injury, 2) other medical conditions which may have a negative effect on
the spine and upper extremities such as deformity, 3) chronic diseases affecting the musculo-
skeletal system such as rheumatoid arthritis, osteoarthritis and other connective tissue disor-
ders (such as fibromyalgia), 4) neurological and orthopedic disorders as well as sensory deficit,
5) visual problems (not corrected by glasses), dizziness or vertigo and, 6) consumption of any
sedative drug or alcohol within the past 48 hours.

All participants who met the inclusion criteria were invited to participate in this study.
Written informed consent was provided to each participant prior to the study.

Procedures

The procedures are described in five discrete steps. First, each participant was asked to com-
plete the musculoskeletal disorders among smartphone users questionnaire. This question-
naire consists of five sections: (1) demographic data, (2) smartphone use data, (3) use of other
devices data, (4) the Suanprung Stress Test-20, and (5) a modified Thai version of Standard-
ized Nordic Questionnaire (SNQ) [26]. The reliability and validity of the modified Thai ver-
sion of SNQ were established in a pilot study (accepted as a high validity tool; validity (I0C) =
0.6-1 and accepted as a moderate reliability tool; reliability (Cronbach Alpha = 0.71) [29]. Sec-
ond, each participant was then asked to use their smartphone while a video recording was
taken. Third, the three investigators viewed each participant’s entire video clip together and
reached a consensus on which part of the video showed the most sustained posture. Fourth,
the three investigators independently used the RULA tool to assess this sustained posture and
determine a Grand Score for each side of the body, thus one RULA assessment for the left side
and one for the right. Fifth, the correlation between musculoskeletal disorders and ergonomic
risk among smartphone users was conducted using statistical analysis.
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RULA training and researcher reliability rating

The data analysis was conducted by three independent researchers, each with many years of
experience in the ergonomics field. They all attended a one-hour training session on the use of
RULA given by an expert ergonomist; then all of the researchers participated in intra-rater reli-
ability ICC (3,1) (0.926-0.976) and inter-rater reliability (0.922-0.951) tests before starting the
study.

Video scenarios-collecting the data

The 30 participants were asked to text responses to one of the researchers on their smartphone
(using the most popular texting application in Thailand, Line application by NHN Japan Inc.).
They sat on general lecture chair for 10 minutes to do this [30-33]. The participants were
instructed to text at their customary speed and as accurately as possible, without having to
amend any error while texting or use the automatic “word complete” function during texting
or use the sticker or emoji instead of their words. Prior to the actual data collection, the partici-
pants were given 3 minutes to become familiar with texting [34] in the laboratory environ-
ment. Three cameras were used to record the participants engaged in smartphone use in the
anterior (front) and lateral views (right and left sides). The cameras were set at a distance that
allowed for clear views of the participants using their smartphones. The point of setting the
cameras and chair position (to use a smartphone) was to have the participants sit in the same
location throughout the video recordings.

Video scenarios-reviewing and analyzing the data

The three researchers together viewed each of the participant videos which were adjusted to
slow the speed of movement for more precise and accurate analysis [35]. The most sustained
posture of smartphone users during texting for 10 minutes was identified and the level of ergo-
nomic risk was analyzed independently by the three researchers. The level of ergonomic risk
was identified according to RULA Grand Score categories: “1 or 2 indicates that the posture is
acceptable if not maintained or repeated for long periods. 3 or 4 indicates that further investi-
gation is needed, and changes may be required. 5 or 6 indicates that changes will be required
soon. 7 indicates that changes are required immediately” [22].

Statistical analysis

Descriptive statistics were used to analyze characteristics of participants and musculoskeletal
disorder variables. Continuous variables, including age, weight, height, study hours per day,
years of smartphone usage, average smartphone usage hours per occurrence/day/year, years of
using other devices, average usage of other devices in hours per occurrence/day/year, were
analyzed by mean and standard deviation (SD). Categorical variables, including sex, BMI,
hand dominance, smoking behavior, drinking behavior, exercise behavior, underlying disease,
underlying musculoskeletal disease, accident history, the use of smartphones data, stress level,
musculoskeletal disorders and level and ergonomic risks were considered in terms of fre-
quency and percentage. The Chi-Square test and Fisher’s exact test were used to quantify the
relationship between the musculoskeletal disorders and the ergonomic risk among smart-
phone users. The variables with p-value less than 0.05 were considered statistically significant.
Data were analyzed using the STATA program version 10 (STATA, College Station, TX,
USA).
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Results

General characteristics of participants

The general characteristics of smartphone user participants in this study are presented in
Table 1. There were 4 male (13.30%) and 26 female (86.70%) smartphone users. The majority
of participants reported: a BMI value in the normal range (100.00%), all had right hand

Table 1. General characteristics of the smartphone users (n = 30).

Characteristics n (%) Mean+SD Min-Max
Sex
Male 4 (13.30)
Female 26 (86.70)
Age (years) 21.43+1.40 18.00-25.00
Weight (kilograms) 52.50+9.26 40.00-80.00
Height (centimeters) 161.76+8.23 148.00-188.00
Body Mass Index (kg/m?)
Normal 30 (100.00)
Overweight (>25 kg/m?) -
Study hours per day (hour/day) 6.20+1.97 1.00-10.00
Hand dominance
Right 30 (100.00)
Left -
Both -
Smoking behavior
Current smoker -
Former smoker 2 (6.70)
Never smoker 28 (93.30)
Alcohol drinking behavior
Current drinker 2 (6.70)
Former drinker 11 (36.70)
Never drinker 17 (56.70)
Exercise behavior
Currently exercise 17 (56.70)
Formerly exercised 5(16.70)
Never exercised 8 (26.70)
Underlying disease
Yes 4(13.30)
No 26 (86.70)
Musculoskeletal underlying disease
Yes -
No 30 (100.00)
Accident history
Yes 2 (6.70)
No 28 (93.30)
Suanprung stress test level
Mild stress 5(16.70)
Moderate stress 7 (23.30)
High stress 16 (53.30)
Severe stress 2 (6.70)
https://doi.org/10.1371/journal.pone.0203394.t001
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dominance (100%), no history of smoking (93.30%) or never drinking alcohol (56.70%), cur-
rently engage in exercise (56.70%), no underlying disease (86.70%), no underlying musculo-
skeletal disease (100%) and no accident history (93.30%). The average age of participants was
21.43%1.40 years, weight was 52.50+9.26 kilograms, height was 161.76+8.23 centimeters and
study hours per day was 6.20+1.97. Over half (53.30%) of the smartphone users reported high
stress.

Characteristics of participant smartphone use

The characteristics of participant smartphone use were presented in Table 2. Respondents
reported they had used smartphones for 5.36+2.48 years, with duration of smartphone use
1.16+1.36 hours per time for 6.73+3.12 hours per day. Additionally, more than half the

Table 2. Characteristics of the smartphones used by participants (n = 30).

Characteristics n (%) Mean+SD Min-Max

The start time until to current time (years) 5.36+2.48 1.00-11.00
Using time per time (hours) 1.16+1.36 0.20-8.00
Using time per day (hours) 6.73£3.12 3.00-15.00
Time period

Evening 27 (90.00)

Others (such as before bed) 3(10.00)
Rest time

Yes 25 (83.30)

No 5 (16.70)
Main hand

Only right side 22 (73.30)

Only left side -

Both sides 8 (26.70)
Data entry method

Hold in both hands and data entry by both thumbs 15 (50.00)

Hold by both hands and data entry by right thumb 5(16.70)

Hold by right hand and data entry by right thumb 10 (33.30)
Posture during use

Sitting 22 (73.30)

Lying 8 (26.70)
Purpose of use

Social network (such as Facebook, Line application) 26 (86.70)

Entertainment (such as TV, Clip, Movies and radio) 2 (6.70)

Others (such as game playing) 2(6.70)
Other device use

Yes 27 (90.00)

No 3(10.00)
Other device types

Laptop 19 (63.30)

Personal computer 4(13.30)

Tablet 4 (13.30)

Did not use 3(10.00)
From start time to current time, use of other devices (years) 5.08+3.52 0.50-12.00
Use time per occasion of other devices (hours) 1.81+1.21 0.20-4.00
Use time per day of other devices (hours) 3.48+1.78 1.00-8.00

https://doi.org/10.1371/journal.pone.0203394.t1002
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participants used smartphones in the evening (90.00%) and they had rest time during use
(83.30%). Participants mainly used their right hand (73.30%), and reported they held their
smartphone in both hands and entered text using both thumbs (50.00%). Participants reported
mainly texting in a sitting posture (73.30%) for social networking purposes such as Facebook
and LINE application (86.70%). In addition, participants also reported using other devices
(90.00%) especially laptop (63.30%) which they reported they had used for the previous 5.08
+3.52 years, used 1.81+1.21 hours per time and used 3.48+1.78 hours per day.

Musculoskeletal disorder of the smartphone users

Results of SQN showed that the musculoskeletal disorders was highest in the neck (90.00%),
followed by shoulder 73.30%, upper back 63.30%, wrist and hand 36.70% and lower back
30.00%. Musculoskeletal disorders were less prevalent in the hip and thigh 13.30%, the knee
13.30%, the ankle and foot 10.00% and the elbow 6.70%.

Ergonomic risk using RULA

The RULA scores of the smartphone users are shown in Table 3. The mean upper arm posture
scores of smartphone users were 1.27+0.450 (left side) and 1.37+0.490 (right side), while the
average lower arms posture scores were 1.97+0.183 for both sides. The average wrist posture
scores were 3.03+0.890 for left side and 3.27+0.691 for right side, while the average wrist twist
posture scores were 1.20+0.407 for left side and 1.10+0.305 for right side. The mean neck,
trunk and legs posture scores were 3.73+0.691, 3.30+0.988, 1.70+0.466 respectively. The mean
upper and lower extremities muscle use scores were 1+0.00 and 1+0.00 respectively. The mean
upper extremities forces scores were 0.23+0.626 for left side and 1+0.00 for right side and
mean lower extremities force sub score was1.60+0.621.

The final RULA Grand Score of smartphone users ranged from 6 (n = 24, 80%) to 7 (n = 6,
20%) with an average RULA Grand of 6.20+0.407 for the left side. For the right side, the RULA
Grand Score included: minimum score of 4 (n = 1, 3.30%), mode score of 6 (n = 27, 90.00%),
and maximum score of 7 (n = 2, 6.70%), with an average RULA Grand of 6.00+0.455. Most
smartphone users had a total Grand Score of 6 for both sides, which the RULA tool indicates
means they require further investigation and changes soon (Action Level 3). It was notable
that no participants had acceptable RULA scores (which would have scores ranging from 1-2).

Correlation between musculoskeletal disorders and level of ergonomic risk
among smartphone users

The correlation between musculoskeletal disorders and level of ergonomic risk among smart-
phone users is presented in Table 4. This study found significant correlations between neck
musculoskeletal disorder and right RULA Grand Score (2 = 9.424 at p value = 0.009). Upper
back musculoskeletal disorder and right RULA Grand Score (2 = 31.717 at p value < 0.001)
were also significantly correlated. Additionally, RULA Score B (combination of neck, trunk
and leg postures) had significant correlation with neck musculoskeletal disorders (32 = 19.286
at p value < 0.001). RULA Score D (combination of Score B, muscle use and force scores for
group B) had significant correlation with neck musculoskeletal disorders (x2 = 9.310 at p
value = 0.002).

Discussion

In this study, the level of ergonomic risk among smartphone users was assessed using the
RULA tool. No participants had acceptable RULA scores (Grand Score of 1 or 2). Most
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smartphone users had high levels of ergonomics risk, a Grand Score of 6 on both sides (left
side: 80.00%; right side: 90.00%), which requires investigation and changes soon (Action Level
3). There was a significant correlation between the right RULA Grand Score and musculoskel-
etal disorders of the neck and upper back. RULA Score B and RULA Score D also had signifi-
cant correlation with neck musculoskeletal disorders.
We now consider the possible reasons why smartphone users had high ergonomic risk
when they were using their smartphone. There are three components of RULA assessment,
which related to these risk levels including posture, muscle use and force scores [22]. Regard-

Table 4. Correlation between musculoskeletal disorders and level of ergonomic risk among smartphone users

(n = 30).
RULA

Musculoskeletal disorders

Chi-square (p value)

Lt. Rt.
Upper arms posture Shoulder 2.456 0.851 (0.837)
(0.483)
Lower arms posture Elbow 0.074 0.074 (0.964)
(0.964)
Wrists posture Wrist and hand 3.325 0.720 (0.868)
(0.344)
Wrist twist posture Wrist and hand 1.115 6.720 (0.081)
(0.773)
Score A (Upper arms, lower arms and wrists Shoulder 1.327 2.618 (0.454)
posture) (0.723)
Elbow 0.153 0.429 (0.807)
(0.926)
Wrist and hand 1.241 2.463 (0.482)
(0.743)
Neck posture Neck 1.667 (0.197)
Trunk posture Upper back 9.614 (0.222)
Lower back 2.066 (0.151)
Leg posture Hip and thigh 1.978 (0.160)
Knee 1.978 (0.160)
Ankle and foot 1.429 (0.232)
Score B (Neck, Trunk, Leg posture) Neck 19.286 (<0.001)**
Upper back 3.701 (0.296)
Lower back 0.408 (0.523)
Hip and thigh 0.330 (0.566)
Knee 0.330 (0.566)
Ankle and foot 0.238 (0.626)
Score C (Score A+muscle use and force for group | Shoulder 1.787 2.618 (0.454)
A) (0.618)
Elbow 0.074 0.429 (0.807)
(0.964)
Wrist and hand 0.599 2.463 (0.482)
(0.897)
Score D (Score B+muscle use and force for group | Neck 9.310 (0.002)*
B) Upper back 1.787 (0.618)
Lower back 2.414 (0.120)
Hip and thigh 0.159 (0.690)
Knee 0.159 (0.690)
Ankle and foot 0.115 (0.735)
(Continued)
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Table 4. (Continued)

RULA Musculoskeletal disorders Chi-square (p value)
Lt. Rt.
Grand Score Neck 0.370 9.424 (0.009)*
(0.543)
Shoulder 2.585 4.312 (0.635)
(0.460)
Elbow 0.536 0.238 (0.993)
(0.765)
Wrist and hand 1.335 1.930 (0.926)
(0.721)
Upper back 5.426 31.717
(0.143) ((<0.001)**
Lower back 0.040 3.192(0.203)
(0.842)
Hip and thigh 2.596 0.513 (0.774)
(0.107)
Knee 0.072 0.513 (0.774)
(0.788)
Ankle and foot 0.833 0.370 (0.831)
(0.361)
*p<0.05
**p<0.001

https://doi.org/10.1371/journal.pone.0203394.t1004

ing the posture score, observation of the posture of the body part revealed that while using the
smartphone most participants held both their upper arms in flexed postures between -20 to
+20 degrees, but some participants also raised their shoulder or leaned or supported their
upper arm too. Both lower arm postures were in flexion positions of more than 100 degrees
while their wrist postures in both flexion and extension positions were between -15 to +15
degrees with their wrists bent away from the midline while the wrist twist postures were
mainly in the hand-shake position (mid-range of twist). Comfortable working posture requires
an arm angle of less than 20 degrees in both the sagittal and frontal planes [36].

Participants also held their neck in more than 20 degrees flexion together with neck twisted
or side bent. Flexed postures, such as these, are well-known causes of neck pain [37]. A small
forward movement of the head in the sagittal plane increases the load on the supporting struc-
tures and stimulates the cervical muscles [38]. Harrison et al. (1999) found that the compres-
sive load on the cervical discs in the neck-forward flexed position was 10 kilograms greater
than that in the upright neck position [39]. The risk of neck pain increases when the neck is
rotated more than 45 degrees for more than 25% of the work time. An increase in risk also
occurs when the neck is flexed more than 45 degrees from the natural neck position for more
than 5% of working time. However, even if the neck is flexed at 20 degrees for more than 40%
of work time, the risk increases rapidly with time [40].

A trunk flexion posture of participants between 20 to 60 degrees was demonstrated while
some also had their trunk twisted or side bent. Bending the trunk forward/backward may be
classified in terms of one of four load zones. The zone relating to optimal working posture,
refers to bending up to 20 degrees, the second from 20 degrees to 60 degrees. When the trunk
is bent forward more than 60 degrees or when the trunk is bent backwards the risk of develop-
ing musculoskeletal disorders increases rapidly. For the trunk, bending sideways (frontal
plane) or twisting the upper part with respect to lower part (transverse plane) determines the
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comfort zones with a criterion of 10 degrees. Awkward trunk posture (twisting or bending) is
also a strong risk factor in absenteeism due to back pain [36]. Moreover, the posture of the
neck, trunk or shoulders may be effected by the location of the user’s hands and where they are
looking.

Participants’ leg posture was not well supported or evenly balanced. Sometimes at the work-
place the legs can also be exposed to awkward positions. For example when used, a foot pedal
should be located at ground level in such a way as to avoid uncomfortable foot and leg posi-
tions [36].

These postures correspond with survey results from our previous study which found that
smartphone users which found that smartphone users held their neck flexion, shoulder pro-
traction, elbow flexion, wrist and hand flexion during keying, with their wrist and hand supi-
nation to support the device while their upper and lower back flexed and they also held hip
and thigh flexion, knee flexion and ankle and foot neutral [41]. It was clear that each of these
postures adopted by smartphone users is awkward [42]. The further a joint moves towards
either end of its range of motion, or the further away from the neutral posture, the more awk-
ward or poor the posture becomes, the more strain is put on the muscle, tendon and ligaments
around the joint, and this can also compress nerves and irritate tendons [43-44]. Awkward
postures such as arm raising, head and neck flexion, and forward bending of the trunk can
lead to ergonomic problems and affect the level of ergonomics risk [45], so this must be
addressed to prevent subsequent discomfort from musculoskeletal disorders.

With respect to the muscle use score, the smartphone user’s postures are mainly static; par-
ticipants held their smartphone for longer than one minute or repetitively used their smart-
phone (actions repeated more than 4 times per minute can increase the RULA score (1 score)
[22]. The questionnaire results indicate participants used their smartphone for 1.04+1.47
hours per time and normally used it 5.03+3.37 hours per day. Over three-quarters of the par-
ticipants (76.70%) also reported that they had rest times during usage. Previous observational
studies show smartphone users used their muscles mainly in a static manner [46] and for pro-
longed duration [42] which would affect their ergonomic risk levels.

Finally, regarding the forces score. The average weights of participants’ smartphones was
112 grams (plus 16.37+9.85 grams of average smartphone protector case weight) which is less
than the 4.4 pounds or 2 kilograms a cut of score in RULA. Thus, the right upper limb forces
score were considered to score 0 using the RULA tool [22]. Four participants (13.30%) held
their smartphone in a static manner. They used their left upper limb actively to text and held
their right upper limb statically, while 28 participants (93.30%) held their other lower limbs
statically, so the force scores or these participants were increased (2 scores).

From the reasons stated above, it is clear that the high levels of ergonomics risk in smart-
phone users in this study were mainly affected by their posture and muscle use during
smartphone usage. Significant correlations were found between neck and upper back mus-
culoskeletal disorders with the right RULA Grand Score. This result can possibly be
explained by considering that these two scores (posture and muscle use) in combination are
the main factors that affect the correlation. In agreement with our conceptual model, smart-
phone usage may increase ergonomic risks of posture and muscle use, which can lead to
musculoskeletal complaints and disorders. No significant correlations were found between
neck and upper back musculoskeletal disorders with the left RULA Grand Score, this may
be due to the left having less variation of Grand Scores than the right, and perhaps also
because all participants were right handed.

Surprisingly, no significant correlation was found between neck posture and neck musculo-
skeletal disorders. However, neck musculoskeletal disorders had significant correlations
with RULA Score B (combination of neck, trunk and leg postures) and RULA Score D
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(combination of Score B, muscle use and force scores for group B). It is clear that the neck,
trunk and leg postures had a combined effect on neck musculoskeletal disorders. These pos-
tures consisted of 1) holding neck in more than twenty degree flexion or extending neck
together with neck twisted or side bent, while 2) holding trunk flexion posture more than
twenty degrees and twisted or side bent and 3) leg was not well supported or evenly balanced.
Smartphone users should avoid any combination of these postures to prevent neck musculo-
skeletal disorders.

This study is the first study to utilize an observation-based screening tool to demonstrate
the ergonomic risk level in smartphone users. The assessment of an individual’s exposure to
ergonomic factors using the RULA tool can be conducted quickly and in real time during
smartphone usage. The results showed that neck pain was the musculoskeletal disorder with
the highest prevalence in smartphone users corresponding with findings of previous studies
[6-7, 47]; further, that smartphone users had high ergonomic risk levels which were mainly
the result of posture and muscle use. A limitation of this study is that we did not focus on
repetitive parts of body although the experimental task was texting, which included repetitive
finger motions. However, the repetitive manners should be further assessed by other specific
tools such as Occupational Repetitive Action (OCRA). Besides the observation-based assess-
ment tools, future studies would be interesting to use direct measurement methods, such as
surface Electromyography (sSEMG), to investigate muscle use for each posture in the neck
region. Another limitation of the current study is that all participants were right handed and
the sample was mainly comprised of females. In the future, it may be beneficial to have a more
even gender mix of participants to compare results.

Conclusion

Smartphone users in the current study adopted awkward postures, and they all had high ergo-
nomic risk levels when using their smartphones. There was a significant correlation between
the right RULA Grand Score and musculoskeletal disorders of the neck and upper back. While
RULA Score B (combination of neck, trunk and leg postures) and RULA Score D (combina-
tion of Score B, muscle use and force scores for group B) also had significant correlation with
neck musculoskeletal disorders. This study may provide useful information to practitioners
who treat patients with neck pain who are smartphone users. Educational interventions which
address the factors of posture (especially neck, trunk and leg postures) and muscle use may
prove helpful in prevention or treatment of neck musculoskeletal disorders in smartphone
users.

Supporting information

S1 Table. The Rapid Upper Limp Assessment (RULA) scores of university student smart-
phone users.
(DOCX)

$2 Table. The musculoskeletal disorders of university student smartphone users.
(DOCX)

Acknowledgments

We would like to sincere thanks to the study participants involved in the development of the
video scenario and experts who gave so generously of their time. Special thanks to the Research
Center in Back, Neck, Other Joint Pain and Human Performance (BNOJPH), Khon Kaen Uni-
versity, Thailand.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203394  August 30, 2018 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203394.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203394.s002
https://doi.org/10.1371/journal.pone.0203394

@° PLOS | ONE

Ergonomic risk assessment of smartphone users

Author Contributions

Conceptualization: Suwalee Namwongsa, Rungthip Puntumetakul, Manida Swangnetr
Neubert.

Data curation: Suwalee Namwongsa, Sunisa Chaiklieng.

Formal analysis: Suwalee Namwongsa, Sunisa Chaiklieng.

Funding acquisition: Rungthip Puntumetakul.

Investigation: Suwalee Namwongsa, Manida Swangnetr Neubert.

Methodology: Suwalee Namwongsa, Rungthip Puntumetakul, Manida Swangnetr Neubert.
Supervision: Rungthip Puntumetakul, Manida Swangnetr Neubert, Rose Boucaut.
Validation: Suwalee Namwongsa, Manida Swangnetr Neubert.

Writing - original draft: Suwalee Namwongsa.

Writing - review & editing: Suwalee Namwongsa, Rungthip Puntumetakul, Manida Swang-
netr Neubert, Sunisa Chaiklieng, Rose Boucaut.

References

1. Ericsson. Ericsson Mobility Report November 2015. November 2015. Available from: https://www.
ericsson.com/assets/local/news/2016/03/ericsson-mobility-report-nov-2015.pdf. Cited 10 February 2016.

2. eMarketer. 2 Billion Consumers Worldwide to Get Smart (phones) by 2016. 11 December 2014. Avail-
able from: https://www.emarketer.com/Article/2-Billion-Consumers-Worldwide-Smartphones-by-2016/
1011694. Cited 30 May 2016.

3. HanYS, ChoiJK, BoHH, Go SM, Yoon SH, Ji YG. A study on elderly for improvement of usability on
smart phone. Journal of Society for e-Business Studies. 2012; 17, 39-52.

4. Eom SH, Choi SY, Park DH. An empirical study on relationship between symptoms of musculoskeletal
disorders and amount of smartphone usage.Journal of the Korea Safety Management and Science.
2013; 15(2), 113-20. https://doi.org/10.12812/ksms.2013.15.2.113

5. Kim HJ, Kim JS. The relationship between smartphone use and subjective musculoskeletal symptoms
and university students. Journal of Physical Therapy Science 2015; 27(3), 575-9. https://doi.org/10.
1589/jpts.27.575 PMID: 25931684

6. Namwongsa S, Puntumetakul R, Neubert MS, Boucautd R. in press. Factors associated with neck dis-
orders among university student smartphone users. Work. 2018; 61(3).

7. Toh SH, Coenen P, Howie EK, Straker LM. The associations of mobile touch screen device use with
musculoskeletal symptoms and exposures: A systematic review. PloS one. 2017; 12(8), e0181220.
https://doi.org/10.1371/journal.pone.0181220 PMID: 28787453

8. Viikari-duntura E, Martikainen R, Luukkonen R, Mutanen P, Takala EP, Riihimaki H. Longitudinal study
on work related and individual risk factors affecting radiating neck pain. Occup Environ Med. 2001; 58
(5), 345-52. https://doi.org/10.1136/0em.58.5.345 PMID: 11303085

9. Feveile H, Jensen C, Burr H. Risk factors for neck-shoulder and wrist-hand symptoms in a 5-year fol-
low-up study of 3,990 employees in Denmark. Int Arch Occup Environ Health. 2002; 75(4), 243-51.
https://doi.org/10.1007/s00420-001-0298-9 PMID: 11981658

10. Andersen JH, Kaergaard A, Mikkelsen S, Jensen U, Frost P, Bonde J, et al. Risk factors in the onset of
neck/shoulder pain in a prospective study of workers in industrial and service companies. Occup Envi-
ron Med. 2003; 60(9), 649-54. https://doi.org/10.1136/0em.60.9.649 PMID: 12937185

11.  Smedley J, Inskip H, Trevelyan F, Buckle P, Cooper C, Coggon D. Risk factors for incident neck and
shoulder pain in hospital nurses. Occup Environ Med. 2003; 60(11), 864—9. https://doi.org/10.1136/
0em.60.11.864 PMID: 14573717

12. daCosta BR, Vieira ER. Risk factors for work-related musculoskeletal disorders: A systematic review of
recent longitudinal studies. Am J Ind med. 2010; 53(3), 285-323. https://doi.org/10.1002/ajim.20750
PMID: 19753591

13. KangJH, Park RY, Lee SJ, Kim JY, Yoon SR, et al. The effect of the forward head posture on postural
balance in long time computer based worker. Ann Rehabil Med. 2012; 36(1), 98—104. https://doi.org/
10.5535/arm.2012.36.1.98 PMID: 22506241

PLOS ONE | https://doi.org/10.1371/journal.pone.0203394  August 30, 2018 14/16


https://www.ericsson.com/assets/local/news/2016/03/ericsson-mobility-report-nov-2015.pdf
https://www.ericsson.com/assets/local/news/2016/03/ericsson-mobility-report-nov-2015.pdf
https://www.emarketer.com/Article/2-Billion-Consumers-Worldwide-Smartphones-by-2016/1011694
https://www.emarketer.com/Article/2-Billion-Consumers-Worldwide-Smartphones-by-2016/1011694
https://doi.org/10.12812/ksms.2013.15.2.113
https://doi.org/10.1589/jpts.27.575
https://doi.org/10.1589/jpts.27.575
http://www.ncbi.nlm.nih.gov/pubmed/25931684
https://doi.org/10.1371/journal.pone.0181220
http://www.ncbi.nlm.nih.gov/pubmed/28787453
https://doi.org/10.1136/oem.58.5.345
http://www.ncbi.nlm.nih.gov/pubmed/11303085
https://doi.org/10.1007/s00420-001-0298-9
http://www.ncbi.nlm.nih.gov/pubmed/11981658
https://doi.org/10.1136/oem.60.9.649
http://www.ncbi.nlm.nih.gov/pubmed/12937185
https://doi.org/10.1136/oem.60.11.864
https://doi.org/10.1136/oem.60.11.864
http://www.ncbi.nlm.nih.gov/pubmed/14573717
https://doi.org/10.1002/ajim.20750
http://www.ncbi.nlm.nih.gov/pubmed/19753591
https://doi.org/10.5535/arm.2012.36.1.98
https://doi.org/10.5535/arm.2012.36.1.98
http://www.ncbi.nlm.nih.gov/pubmed/22506241
https://doi.org/10.1371/journal.pone.0203394

@° PLOS | ONE

Ergonomic risk assessment of smartphone users

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Dennerlein JT. The state of ergonomics for mobile computing technology. Work. 2015; 52(2), 269-77.
https://doi.org/10.3233/WOR-152159 PMID: 26444934

Oates S, Evans GW, Hedge A. An anthropometric and postural risk assessment of children’s school
computer work environments. Comput. Schools. 1999; 14(3-4), 55-63. https://doi.org/10.1300/
J025v14n03_06

Laeser KL, Maxwell L, Hedge A. The effect of computer work station design on student Posture. J. Res.
Comput. Educ. 1998; 31, 173-88. https://doi.org/10.1080/08886504.1998.10782249

Breen R, Pyper S, Rusk Y, Dockrell S. An investigation of children’s posture and discomfort during com-
puter use. Ergonomics. 2007; 50 (10), 1582-92. https://doi.org/10.1080/00140130701584944 PMID:
17917899

Kelly G, Dockrell S, Galvin R. Computer use in school: its effect on posture and discomfort in schoolchil-
dren. Work. 2009; 32(3), 321-8. https://doi.org/10.3233/WOR-2009-0830 PMID: 19369724

Straker L, Briggs A, Grieg A. The effect of individually adjusted workstations on upper quadrant posture
and muscle activity in schoolchildren. Work. 2002; 18(3), 239-48. PMID: 12441564

Briggs A, Straker L, Greig A. Upper quadrant postural changes of schoolchildren in response to interac-
tion with different information technologies. Ergonomics. 2004; 47(7), 790-819. https://doi.org/10.
1080/00140130410001663569 PMID: 15204289

Maslen B, Straker L. A comparison of posture and muscle activity means and variation amongst young
children, older children and young adults whilst working with computers. Work. 2009; 32(3), 311-320.
https://doi.org/10.3233/WOR-2009-0829 PMID: 19369723

McAtamney L, Corlett N. RULA: a survey method for the investigation of work-related upper limb disor-
ders. Appl Ergon. 1993; 24(2), 91-9. https://doi.org/10.1016/0003-6870(93)90080-S PMID: 15676903

Janice DC, Torbojorn F, Richard P, Jennifer B, Marina C. Impact of experience when using the Rapid
Upper Limb Assessment to assess postural risk in children using information and communication tech-
nologies. Appl Ergon. 2014; 45(3), 398—405. https://doi.org/10.1016/j.apergo.2013.05.004 PMID:
23735750

David GC. Ergonomic methods for assessing exposure to risk factors for work-related musculoskeletal
disorders. Occup Med (Lond) 2005; 55(3), 190-9. https://doi.org/10.1093/occmed/kqi082 PMID:
15857898

Kuorinka I, Jonsson B, Kilbom A, Vinterberg H, Biering-S@rensen F, Andersson G, et al. Standardised
nordic questionnaires for the analysis of musculoskeletal symptoms. Appl Ergon 1987; 18(3), 233—7.
PMID: 15676628

Saetan O. Health status in musculoskeletal system among northeastern construction workers with tem-
porary migration. M.Sc.Thesis, Khon Kaen University. 2007.

Karukunchit U. Physical Ergonomic risk factor analyses of lower extremity impairments in rice cultiva-
tion. PhD Dissertation, Khon Kaen University. 2015.

Hulley SB, Cummings SR, Browner WS, Grady D, Newman TB. Designing clinical research: an epide-
miologic approach. 4th ed. Philadelphia: Lippincott Williams & Wilins; 2013.

Namwongsa S, Puntumetakul R, Eungpinithpong W, Buranruk O, Chatchawan U, Kamolrat T, Chaik-
lieng S, Swangnetr M, Saiklang P, 2015. Validity of the Musculoskeletal System Health Status Ques-
tionnaire in Smartphone Users. In: Dare to Desire: 1st National Conference on Physical Activity.

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. https://doi.org/10.1589/jpts.24.1255

Kim YG, Kang MH, Kim JW, Jang JH, Oh JS. Influence of the duration on smartphone usage on flexion
angles of the cervical and lumbar spine and on reposition error in the cervical spine. Physical Therapy
Korea. 2013; 20(1), 10-7. https://doi.org/10.12674/ptk.2013.20.1.010

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. https://doi.org/10.1589/jpts.27.15 PMID: 25642027

Lee SJ, 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

Xie Y, Szeto PY, Dai J, Madeleine P. A comparison of muscle activity in using touchscreen smartphone
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

Rodjanapanurat N. Musculoskeletal disorders and ergonomics risk among kratib (rice keeper) basket-
work workers. M.Sc.Thesis, Khon Kaen University. 2014.

Danuta RL. Risk factors for musculoskeletal disorders-working postures. 2017 Available from:https:/
oshwiki.eu/wiki/Risk_factors_for_musculoskeletal_disorders_%E2%80%94_working_postures#cite_
note-3. Cited 10 July 2018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203394  August 30, 2018 15/16


https://doi.org/10.3233/WOR-152159
http://www.ncbi.nlm.nih.gov/pubmed/26444934
https://doi.org/10.1300/J025v14n03_06
https://doi.org/10.1300/J025v14n03_06
https://doi.org/10.1080/08886504.1998.10782249
https://doi.org/10.1080/00140130701584944
http://www.ncbi.nlm.nih.gov/pubmed/17917899
https://doi.org/10.3233/WOR-2009-0830
http://www.ncbi.nlm.nih.gov/pubmed/19369724
http://www.ncbi.nlm.nih.gov/pubmed/12441564
https://doi.org/10.1080/00140130410001663569
https://doi.org/10.1080/00140130410001663569
http://www.ncbi.nlm.nih.gov/pubmed/15204289
https://doi.org/10.3233/WOR-2009-0829
http://www.ncbi.nlm.nih.gov/pubmed/19369723
https://doi.org/10.1016/0003-6870(93)90080-S
http://www.ncbi.nlm.nih.gov/pubmed/15676903
https://doi.org/10.1016/j.apergo.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23735750
https://doi.org/10.1093/occmed/kqi082
http://www.ncbi.nlm.nih.gov/pubmed/15857898
http://www.ncbi.nlm.nih.gov/pubmed/15676628
https://doi.org/10.1589/jpts.24.1255
https://doi.org/10.12674/ptk.2013.20.1.010
https://doi.org/10.1589/jpts.27.15
http://www.ncbi.nlm.nih.gov/pubmed/25642027
https://doi.org/10.1080/00140139.2014.967311
http://www.ncbi.nlm.nih.gov/pubmed/25323467
https://doi.org/10.1080/00140139.2015.1056237
http://www.ncbi.nlm.nih.gov/pubmed/26218600
https://oshwiki.eu/wiki/Risk_factors_for_musculoskeletal_disorders_%E2%80%94_working_postures#cite_note-3
https://oshwiki.eu/wiki/Risk_factors_for_musculoskeletal_disorders_%E2%80%94_working_postures#cite_note-3
https://oshwiki.eu/wiki/Risk_factors_for_musculoskeletal_disorders_%E2%80%94_working_postures#cite_note-3
https://doi.org/10.1371/journal.pone.0203394

@° PLOS | ONE

Ergonomic risk assessment of smartphone users

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

Johnston V, Souvlis T, Jimmieson NL, Jull G. Associations between individual and workplace risk fac-
tors for self-reported neck pain and disability among female office workers. Appl Ergon. 2008; 39(2),
171-82. https://doi.org/10.1016/j.apergo.2007.05.011 PMID: 17761137

Straker L, Jones KJ, Miller J. A comparison of the postures assumed when using laptop computers and
desktop computers. Appl Ergon. 1997; 28(4), 263-8. PMID: 9414366

Harrison DD, Harrison SO, Croft AC, Harrison DE, Troyanovich SJ. 1999. Sitting biomechanics part I:
review of the literature. J Manipulative Physiol Ther. 1999; 22(9), 594-609. https://doi.org/10.1016/
S0161-4754(99)70020-5 PMID: 10626703

Ariéns GA, Bongers PM, Hoogendoorn WE, van der Wal G, van Mechelen W. High physical and psy-
chosocial load at work and sickness absence due to neck pain. Scandinavian journal of work, environ-
ment & health 2002; 28(4), 222-31. PMID: 12199423

Namwongsa S, Puntumetakul R, Swangnetr M. 2017. Prevalence of Musculoskeletal Disorders of
Smartphone Users in Khon Kaen University students, Thailand. In: Dare to Desire: The 2nd National
Ergonomics Conference.

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

Occupation Safety and Health Administration (OSHA). Ergonomics: The Study of Work. 2000. Available
from: https://www.osha.gov/Publications/osha3125.pdf. Cited 12 July 2017.

Occupational Health and Safety Council of Ontario (OHSCO). Part 2: Resource manual for the MSD
prevention guideline for Ontario. 2007. Available from: https://www.whsc.on.ca/Files/Resources/
Ergonomic-Resources/Resource-Manual-For-MSD-Prevention-Guideline.aspx. Cited 12 July 2017.

Chaiklieng S, Pannak A, Duangprom N. The assessment of ergonomics risk on upper limb disorder
among electronic workers. Srinagarind Med J. 2016; 31(2), 202-9.

Gustafsson E, Johnson PW, Hagberg M. Thumb postures & physical loads during mobile phone use-a
comparison of young adults with and without musculoskeletal symptoms. J Electromyogr Kinesiol.
2010; 20(1), 127-35. https://doi.org/10.1016/j.jelekin.2008.11.010 PMID: 19138862

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

PLOS ONE | https://doi.org/10.1371/journal.pone.0203394  August 30, 2018 16/16


https://doi.org/10.1016/j.apergo.2007.05.011
http://www.ncbi.nlm.nih.gov/pubmed/17761137
http://www.ncbi.nlm.nih.gov/pubmed/9414366
https://doi.org/10.1016/S0161-4754(99)70020-5
https://doi.org/10.1016/S0161-4754(99)70020-5
http://www.ncbi.nlm.nih.gov/pubmed/10626703
http://www.ncbi.nlm.nih.gov/pubmed/12199423
https://doi.org/10.1589/jpts.26.595
http://www.ncbi.nlm.nih.gov/pubmed/24764641
https://www.osha.gov/Publications/osha3125.pdf
https://www.whsc.on.ca/Files/Resources/Ergonomic-Resources/Resource-Manual-For-MSD-Prevention-Guideline.aspx
https://www.whsc.on.ca/Files/Resources/Ergonomic-Resources/Resource-Manual-For-MSD-Prevention-Guideline.aspx
https://doi.org/10.1016/j.jelekin.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19138862
https://doi.org/10.1589/jpts.27.575
http://www.ncbi.nlm.nih.gov/pubmed/25931684
https://doi.org/10.1371/journal.pone.0203394

