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A B S T R A C T   

This study aimed to characterize the biomechanical stresses in the neck and shoulder, self-reported discomfort, 
and usability by different target distance or size during augmented reality (AR) interactions. In a repeated- 
measures laboratory-based study, 20 participants (10 males) performed three standardized AR tasks (3-dimen-
sional (3-D) cube, omni-directional pointing, and web-browsing tasks) with three target distances (0.3, 0.6, and 
0.9 m from each participant denoted by near, middle, far targets) for the 3-D cube and omni-directional pointing 
tasks or three target sizes: small (30% smaller than default), medium (default: 1.0 � 1.1 m), and large (30% 
larger than default) for the web-browsing task. Joint angle, joint moment, muscle activity, self-reported 
discomfort and comfort in the neck and shoulders; and subjective usability ratings were measured. The results 
showed that shoulder angle (flexion and abduction), shoulder moment (flexion), middle deltoid muscle activity 
significantly increased as the target distance increased during the 3-D cube task (p’s < 0.001). Self-reported neck 
and shoulder discomfort significantly increased after completing each task (p’s < 0.001). The participants 
preferred the near to middle distance (0.3–0.6 m) or the medium to large window size due to task easiness (p’s <
0.005). The highest task performance (speed) was occurred at the near distance or the large window size during 
the 3-D cube and web-browsing tasks (p’s < 0.001). The results indicate that AR interactions with the far target 
distance (close to maximum reach envelop) may increase the risk for musculoskeletal discomfort in the shoulder 
regions. Given the increased usability and task performance, the near to middle distance (less than 0.6 m) or the 
medium to large window size (greater than 1.0 � 1.1 m) would be recommended for AR interactions.   

1. Introduction 

With rapid advancement in display, vision, and interaction tech-
nologies, computer-human interactions are not limited to 2-dimensional 
(2-D) conventional desktop or touchscreen environments, but expanded 
to 3-dimensional (3-D) interfaces such as augmented reality (AR) (Bach 
et al., 2018). The AR interaction overlays computer-generated percep-
tional information onto a real-world environment so that its users are 
still engaged in their real surrounding environment. 

AR technologies provide more natural and intuitive user interfaces 
than conventional desktop settings using a touchscreen, keyboard, and 
mouse (Cometti et al., 2018; Hanna et al., 2018). The AR technologies 
often involve a head-mounted display with built-in cameras and allow 
their users to interact with computer-generated contents by natural 
body gestures such as gaze and hand movements (e.g., grab, hold, move, 
etc.). Due to their intuitive interface and constant engagement with the 

users’ real surrounding environment, AR has recently been getting the 
public attention as an alternative computer-human interface in various 
environments including education, manufacturing, training, aerospace, 
military, gaming, and medical sectors (Chin et al., 2019; Gao et al., 
2019; Hanna et al., 2018; Helin et al., 2018; Matsas and Vosniakos, 
2017; Mitsuno et al., 2019; Regenbrecht et al., 2005; Ullo et al., 2019). 

The AR interactions usually require the entire upper extremity 
movements with lack of support (i.e. armrest) while performing tasks 
such as tapping, scrolling, dragging, zooming, resizing, pinching and 
moving. Previous studies on various computer-human interactions in 
the conventional computer and touchscreen mobile settings showed that 
prolonged arm movements without an adequate arm support signifi-
cantly increased shoulder discomfort, muscle activities, and the risks for 
musculoskeletal injuries such as Gorilla arm syndrome (Boring et al., 
2009; Kang and Shin, 2014, 2017; Penumudi et al., 2020; Shin and Zhu, 
2011; Syamala et al., 2018). Moreover, previous studies on virtual 

* Corresponding author. Department of Industrial and Systems Engineering, Northern Illinois University, 590 Garden Road, EB230, USA.. 
E-mail address: jhwang3@niu.edu (J. Hwang).  

Contents lists available at ScienceDirect 

Applied Ergonomics 

journal homepage: http://www.elsevier.com/locate/apergo 

https://doi.org/10.1016/j.apergo.2020.103175 
Received 20 December 2019; Received in revised form 20 May 2020; Accepted 26 May 2020   

mailto:jhwang3@niu.edu
www.sciencedirect.com/science/journal/00036870
https://http://www.elsevier.com/locate/apergo
https://doi.org/10.1016/j.apergo.2020.103175
https://doi.org/10.1016/j.apergo.2020.103175
https://doi.org/10.1016/j.apergo.2020.103175
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apergo.2020.103175&domain=pdf


Applied Ergonomics 88 (2020) 103175

2

reality (VR), which gestures and postures are similar to AR interactions, 
have shown that the VR-related movements and postures can pose the 
risks for upper extremity discomfort and fatigue (Kar et al., 2015; 
Penumudi et al., 2019, 2020; Ram et al., 2017; Samani et al., 2015). 
Therefore, despite the benefits of the AR’s intuitive user interfaces, the 
AR interactions can increase the risks for muscle fatigue and/or 
musculoskeletal discomforts, especially in the upper extremities. 
Moreover, as the AR interactions using various body gestures in the 3-D 
space can create a greater range of motion in the neck and upper ex-
tremities compared to the conventional 2-D human-computer in-
teractions, the AR interactions may further increase the risks for 
musculoskeletal discomfort and injuries compared to the conventional 
computer interfaces. 

Given relatively recent introduction of the AR technologies, there is 
lack of information on the effects of the AR interactions on the biome-
chanical stresses in the neck and upper extremities. Furthermore, given 
the potential greater range of motion during the AR interactions, it is 
important to provide interface design recommendations that provides an 
adequate 3-D reach envelop for the AR interfaces, which may reduce the 
biomechanical stresses in the neck and upper extremities. Therefore, the 
aims of this study were to 1) characterize the biomechanical stresses in 
the neck and shoulder, self-reported discomfort, and usability during 
simulated AR tasks; and 2) evaluate the effects of the different target 
distances and sizes on the biomechanical stresses and usability during 
the simulated AR tasks. 

2. Methods 

2.1. Experimental design 

In a repeated-measures laboratory-based study, the study partici-
pants performed three standardized AR tasks: 3-D cube task, omni- 
directional pointing task, and web-browsing task (Fig. 1). The order of 
the tasks was randomized to minimize any potential confounding due to 
the task order. Two repetitions were performed for each task condition. 

For the 3-D cube and pointing tasks, the independent variable was 
the target distance relative to the participant with three levels (0.3, 0.6, 
and 0.9 m). For the web-browsing task, the independent variable was the 
target size with three levels (30% smaller than default, default [1.0 �

1.1 m], and 30% larger than default). Across all the tasks, the dependent 
variables included the neck flexion angle and moment; shoulder flexion 
angle and moment; shoulder abduction angle and moment; muscle ac-
tivity in the trapezius (TRAP), anterior deltoid (AD), middle deltoid 
(MD), and left/right splenius capitis (L/RSPL); task performance 
(completion speed in the 3-D cube task and pointing task, and the 
number of questions answered in the web-browsing task); and self- 
reported measures of musculoskeletal discomfort comfort, and 
usability-related preference. 

2.2. Participants 

A total of 20 participants (10 males and 10 females) were recruited to 
this repeated-measures laboratory-based study via e-mail solicitation 
and printed flyers in a university community. All participants were 
right-hand-dominant healthy adults who had neither current pain in 
past 7 days nor history of the upper extremity musculoskeletal disorders. 
Their average (�SD) age, height, and weight were 23.2 (�2.0) years, 
170.2 (�9.4) centimeters, and 72.2 (�18.3) kilograms, respectively. The 
experimental protocol was approved by the University’s Institutional 
Review Board and all the participants gave their written consent prior to 
their participation in the study. 

2.3. Apparatus 

Microsoft HoloLens (Microsoft Corporation; Redmond, WA) was 
used as the wearable head mounted display to create AR interface and 
interactions. 

A 3-D optical motion capture system with 8 cameras (Flex 13; 
Optitrack; Natural Point, OR) was used to collect the kinematic data at a 
rate of 100 frames per second. 

A 8-channel wireless surface electromyography (EMG) data acqui-
sition system (WBA; Mega Electronics; Kuopio, Finland) with Ag/AgCl 
surface electrodes (Blue Sensor N-00-S; Ambu; Ballerup, Denmark) was 
used to collect the muscle activities in the TRAP, AD, and MD on the 
right side of the participants as well as bilaterally in the SPL at a sam-
pling rate of 1000 Hz. 

Fig. 1. Experimental setup and AR tasks. Marker locations: ① left tragus ② right tragus ③ vertex of head ④ C7 spinous process ⑤ sternal notch ⑥ xiphoid process ⑦ 
T8 ⑧ right acromion ⑨ right elbow lateral epicondyle ⑩ right elbow medial epicondyle ⑪ right wrist ulnar styloid ⑫ right wrist radial styloid ⑬ right second 
metacarpal head of the middle finger. 
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2.4. Experimental tasks 

The participants performed three AR tasks as explained below. 
Throughout the AR task sessions, the participants were instructed to 
maintain their speed to achieve a balance between accuracy and speed. 
Between the sessions, a 10-min break was given to minimize residual 
fatigue effects of the previous session. 

3-D cube task: While balancing the speed and accuracy, the partici-
pants moved and placed a cube into a randomly appeared location of the 
27 predetermined locations until they completed placing all the 27 
cubes (Fig. 1). This task involved the gaze (locating a cube and a 
destination), pinching (grabbing a cube), and dragging (moving a cube) 
gestures. The 27 predetermined locations were developed in a 3-D cube 
space such that the overall volume of the interacting space was 1.0 m3 (i. 
e., 1.0 m on each side) with the between-location distance set about 0.3 
m (Fig. 1). The maximum reach envelop distance (0.9 m) was deter-
mined based on the arm length of the 95th males from previously- 
published anthropometric databases (Stephan Pheasant, 1986; Ste-
phen Pheasant, 1996). The volume and between-location distance were 
set to create three reach distances (0.3, 0.6, and 0.9 m). Task completion 
time (i.e., speed) was measured as the performance outcome. 

Omni-directional pointing task: The participants pinched a randomly 
appeared target out of the 18 evenly spaced targets in a circular space 
using their right index finger and thumb finger (Fig. 1). This task has 
been developed based on fitt’s law and extensively used in previous 
studies (Blackstone et al., 2008; Chen and Or, 2017; Johnson and 
Blackstone, 2007; Kim et al., 2015; Kim et al., 2014). The target width 
and center-to-center inter target distance were 8.6 cm and 17.4 cm, 
respectively. When one of the 18 targets was randomly highlighted, the 
participants were asked to move the cursor by their gaze to the high-
lighted target and pinch the highlighted target with the index finger and 
thumb finger while balancing their speed and accuracy. Once the 
highlighted target was pinched, another target was randomly high-
lighted to continue the task until pinching all 18 targets. The 
omni-directional pointing tasks were repeated in three reach distance 
with a 0.3-m interval (matched with the 3-D cube task) in a random 
order. Task completion time (i.e., speed) was measured as the perfor-
mance outcome. 

Web-browsing task: The participants performed the web-browsing 
task for 3 min while the web-browser hologram was displayed with 
three different window sizes in a random order: small (30% smaller than 
default), medium (default: 1.0 � 1.1 m), and large (30% larger than 
default). This web-browsing task was developed in the AR interface 
based on Harvard University’s web-browsing task program (Dennerlein 
and Johnson, 2006; Kim et al., 2015) to create more realistic and 
practical interactions involving various AR-related gestures including 
gazing, tapping, pinching, and scrolling. For instance, the participants 
matched an object with its name through multiple-choice questions and 
answered a question by navigating a website via a provided hyperlink. 
The task program provided an instantaneous feedback (i.e., correct or 
wrong) and allowed the participants to correct their answers. The 
number of questions answered was recorded as the performance 
measure. 

2.5. Procedures 

Upon their arrival to the laboratory, the participants were briefed on 
the study protocol and gave written consents; then demographic infor-
mation (e.g., age, gender, height, weight, and handedness) were 
collected. The holograms were displaced at each participant’s eye 
height. 

Prior to the experiment, the participants had a training session with 
the head-mounted display, AR interface, three AR tasks, and the gestures 
to be performed (tap: equivalent to a computer mouse click, tap-and- 
hold: click-and-drag, and gaze: moving a cursor) until they became 
confident and proficient with the tasks. 

Throughout the AR task sessions, participants were instructed to 
stand upright to avoid potential variability in the outcome measure due 
to postural changes. Each participant performed 18 trials (3 tasks � 3 
target distance/size x 2 repetitions), which took approximately 3 h. 
During the AR tasks, the joint moment and moment-arm of the neck and 
shoulders using a 3-D optical motion capture system, and muscle activity 
in the neck (bilateral) and shoulder (right) using surface electromyog-
raphy were measured. 

For the 3-D optical motion capture data collection, thirteen 14-mm 
reflective markers (M4; Optitrack; Natural Point, OR) were attached 
on the left and right tragus, vertex of head, C7 spinous process, sternal 
notch, xiphoid process, T8, right acromion, right elbow lateral epi-
condyle, right elbow medial epicondyle, right wrist ulnar styloid, right 
wrist radial styloid, and right second metacarpal head of the middle 
finger (Fig. 1). 

For the EMG data collection, skin preparation, muscle identification, 
and electrode placement were performed based on the European 
Recommendation for Surface Electromyography (Hermens et al., 2000). 
At the end of the experimental sessions, the maximum voluntary con-
tractions (MVC) were collected to normalize the filtered EMG data (% 
MVC). The MVCs of the TRAP were collected while the participants 
performed two exertions: 1) the shoulder abducted 90� with the internal 
humeral rotation while being seated with the resistant force applied at 
wrist (i.e., empty can); and 2) the shoulder flexed 125� while being 
seated with the resistance force applied to the elbow and at the inferior 
part of the scapula (Boettcher et al., 2008). The MVCs of the SPL were 
collected during the maximal neck extension (Almosnino et al., 2009). 
Each contraction lasted for 3 s with verbal encouragement. The MVC in 
each muscle was repeated for three times with 2-min break between the 
trials. The highest value of the three MVCs were chosen for the EMG 
normalization. 

2.6. Outcome measurements 

Raw kinematic data were filtered by a digital zero-phase 4th order 
Butterworth filter with a cutoff frequency of 6 Hz using a motion capture 
software program (Motive; Optitrack; Natural Point, OR). The filtered 
kinematic data was used to calculate the joint angle and moment in the 
neck and right shoulder using a biomechanical analysis software pro-
gram (Visual3D; C-Motion Inc., Germantown, MD). The joint angle and 
moment of the neck and right shoulder were summarized as the 50th 
percentile (median) value, which has been used to evaluate the target 
location effects on the neck/shoulder joint angle and moment during VR 
interactions (Penumudi et al., 2020). 

The neck (C7/T1) and shoulder (joint center) moments were calcu-
lated based on gravitational moment-arms and segment mass (Syamala 
et al., 2018). The neck moment-arm was defined as the distance between 
the center of gravity (COG) of the head and C7/T1. The head’s COG was 
17% of the distance from the mid-tragus virtual marker to the vertex of 
the head marker (National Aeronautics and Space, 1980), and C7/T1 
was set at the midpoint between the C7 marker and the sternal notch 
marker (Vasavada et al., 2001). For the shoulder moment, the center of 
the shoulder joint was defined as 10.4% of the distance from the acro-
mion marker to the elbow joint marker (de Leva, 1996b); the COG lo-
cations were proportional to the segment lengths of the hand (79%), 
forearm (46%), and upper arm (58%) from the corresponding proximal 
joint centers (de Leva, 1996a). The masses of the hand, forearm, and 
upper arm were calculated proportional to individual participant’s total 
body mass (de Leva, 1996a). 

The raw EMG data were processed with a band pass filter of 10–350 
Hz and rectified with a moving average of 125-ms window (MegaWin; 
Mega Electronics; Kupio, Finland). Of the three collected MVC data, the 
maximum RMS (95th percentile) was used to normalize the field EMG 
data (Syamala et al., 2018). The normalized EMG data were summarized 
with the amplitude probability density function: 10th, 50th, and 90th 
percentile (Jonsson, 1982). 
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Before and after each session, the participants rated the levels of their 
perceived discomfort/fatigue using the Borg CR-10 questionnaire (Borg, 
1982). After each session, perceived comfort, usability, and preference 
were measured using a modified 7-point Likert scale questionnaire 
adapted from the ISO keyboard comfort questionnaire (ISO 9241–410; 
2008) with 1 being the worst and 7 being the best. Verbal anchors were 
used at both ends of each scale. 

For the 3-D cube and omni-directional pointing tasks, speed (task 

completion time in seconds) was measured as the task performance. The 
omni-directional pointing task software program measured the duration 
from when the task began to when a participant completed all the tar-
gets in each task. For the web-browsing task, the number of questions 
answered during the 3-min task was collected as the performance 
measure. 

Fig. 2. Comparisons (mean and standard error) of the 50th percentile joint angle (left column) and moments (right column) among three different target distances 
(0.3, 0.6, 0.9 m from the center of body) for 3-D cube and omni-directional pointing task, and three different window sizes for web-browsing task. Different letters (A, 
B, and C) indicate statistically significant difference (i.e., p < 0.05) among target distance (3-D cube and omni-directional pointing task) or window size (web- 
browsing task) based on Tukey HSD post-hoc tests. Positive values: flexion of the neck and shoulder; negative value: shoulder abduction angle. 
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2.7. Statistical data analysis 

The normality of the dependent variables was formally examined by 
goodness-of-fit tests in SPSS (version 24; IBM Corporation; Armonk, 
NY). The normally distributed data (the 3-D cube task: the neck and 
shoulder angles, the shoulder abduction moment, and 90th percentile 
TRAP EMG; the omni-directional pointing task: the shoulder angles and 
moments, 50th and 90th percentile AD EMG were analyzed by the 
repeated-measures Analysis of Variance (rANOVA). The target distance 
and size were set as the fixed effects and the participant was treated as 
the random effect. The non-normal data were transformed by logarithm 
or Johnson transformations and then analyzed by rANOVA. As self- 

reported comfort, preference, and task performance data still showed 
the non-normality even after transformations, these data were analyzed 
by the Friedman tests. Any statistical significance (p < 0.05) was fol-
lowed up with the Tukey HSD post-hoc tests for normally distributed 
data (parametric) while the Wilcoxon signed rank tests and the Steel- 
Dwass tests were used for non-parametric post-hoc tests. 

3. Results 

3.1. Joint angle and moment 

The neck and shoulder joint angle and moment data are summarized 

Fig. 3. Comparisons (mean and standard error) of 10th, 50th, and 90th percentile muscle activity (%MVC) in trapezius (TRAP), anterior/middle deltoid (AD/MD), 
and splenius capitis (SPL) among three different target distances (0.3, 0.6, 0.9 m from the center of body) for 3-D cube and omni-directional pointing task, and three 
different window sizes for web-browsing task. Different letters (A, B, and C) indicate significant difference (p < 0.05) among target distance (3-D cube and omni- 
directional pointing tasks) or window size (web-browsing task) based on Tukey HSD post-hoc test. 
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in Fig. 2. For the 3-D cube task, the shoulder flexion angle and moment 
as well as shoulder abduction angle increased as the target locations 
moved from the near (0.3 m) to the far condition (0.9 m). For the omni- 
directional pointing task, the target distance did not affect either the 
joint angle or moment measures (p’s > 0.26). For the web-browsing task, 
the shoulder abduction moment was significantly affected by the target 
distance (p ¼ 0.003) whereas other measures did not show any statistical 
differences. 

3.2. Muscle activity 

The results showed that the target distance affected the muscle ac-
tivity in some muscles during the 3-D cube task whereas little effect of 
the target distance was found on the muscle activity during the omni- 
directional pointing and web-browsing tasks (Fig. 3). For the 3-D cube 
task (Fig. 3), AD (10th percentile), MD (all percentiles), LSPL (90th 
percentile), and RSPL (10th and 50th percentile) muscle activities 
significantly varied by the target distance (p’s < 0.04). The far target 
distance showed the highest muscle activity in AD (10th: 8.7%MVC), 
and MD (10th to 90th: 4.4 to 14.3%MVC). 

3.3. Self-reported discomfort, comfort and preference 

The self-reported discomfort in the neck and shoulder significantly 
increased in all three tasks (p’s < 0.001) (Fig. 4). The average increase 
(�standard error) of the self-reported neck and shoulder discomfort 
after each tasks were: 3-D cube task (neck: 1.2 � 0.3; shoulder: 1.7 �
0.6); omni-directional pointing task (neck: 2.4 � 0.6; shoulder: 2.2 �
0.7); and web-browsing task (neck: 1.8 � 0.4; shoulder: 4.4 � 0.6). 

Regarding the comfort and preference measures, the easiness and 
shoulder and neck comfort were significantly different by target distance 
for the 3-D cube task (p’s < 0.01) (Fig. 5). For the omni-directional 
pointing task, the target distance significantly affected the easiness of 
tasks (p ¼ 0.005) and the neck discomfort (p ¼ 0.04). The participant felt 
performing the omni-directional pointing task at the middle or far dis-
tance was easier than the near distance. For the web-browsing task, the 
easiness of the task was significantly affected by the target size (p’s <
0.001). The participants perceived that performing the web-browsing 
task at the large window size was found to be easier than the other 
window sizes. 

3.4. Task performance 

The target distance and size appeared to affect the task performance 
measures (Fig. 6). For the 3-D cube task, the task completion time was 

significantly shorter when the targets were located in the middle as 
compared to the near or far targets (p ¼ 0.001). During the web- 
browsing task, the task performance (number of questions completed) 
was significantly higher with the large browser window size compared 
to the other sizes (p ¼ 0.001). The omni-directional pointing task speed 
was faster with the near targets than the middle and far targets; how-
ever, these differences did not reach the statistical significance (p ¼
0.13). 

4. Discussion 

This laboratory-based study characterized the joint angle, moment, 
muscle activity, self-reported discomfort in the neck and shoulders 
during the standardized AR tasks and determined whether the target 
distances and sizes affected the aforementioned biomechanical stress 
measures. The results indicate that the AR interaction may pose the risks 
for musculoskeletal discomfort especially in the shoulder regions given 
the substantial shoulder flexion and abduction. Furthermore, the target 
distances and sizes affected the biomechanical stress measures evaluated 
in this study with the different levels of statistical significance depend-
ing on the tasks. 

The shoulder flexion and abduction during the AR tasks ranged from 
40 to 46� and from 31 to 41�, respectively. The shoulder flexion angles 
during the AR interactions were substantially greater than those 
measured with the conventional computer interface (shoulder flexion <
12�) whereas the abduction angles were comparable with those in a 
convention computer setting (ranging 18–40�) (Straker et al., 2008). 
Previous studies have shown that such shoulder flexion and abduction 
are closely associated with musculoskeletal discomfort and injuries in 
the shoulder regions (Ng et al., 2014; Nguyen et al., 2013; Punnett et al., 
2000; Silverstein et al., 2008; Sjogaard et al., 2000; Svendsen et al., 
2004). Some of these studies showed that the shoulder flexion greater 
than 45–60� significantly increases the risk of shoulder injuries such as 
rotator cuff syndrome (Bernard and Putz-Anderson, 1997; Silverstein 
et al., 2008). Furthermore, the 50th and 90th percentile muscle activ-
ities in the trapezius and anterior deltoid ranged from 10 to 24 %MVC. 
Previous studies have shown that such low-level (10–30 %MVC) muscle 
activity in the trapezius can increase the risk of muscular fatigue and 
associated discomfort and injuries in the neck and shoulder regions 
(Bernard and Putz-Anderson, 1997; Hanvold et al., 2013; Madeleine, 
2010; Sjogaard et al., 2000). These findings are also in line with the 
self-reported discomfort in the neck and shoulder that significantly 
increased even after each of the AR tasks. 

The target distance significantly affected the shoulder angle and 
moment during the 3-D cube tasks (Fig. 2). The shoulder flexion angle 

Fig. 4. Comparisons of self-reported neck and shoulder discomfort between before and after each of the three tasks: 3-D cube, omni-directional pointing, and web- 
browsing tasks. 
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and flexion (þ) moment significantly decreased as the target moved 
from the far to near distance. A possible explanation is that the near 
targets are so close to the body that the upper arms do not have to be 
elevated in order to reach the targets. The lower shoulder flexion with 
the near targets should have reduced the moment-arm (i.e., the distance 
between the center-of-mass of the upper arm and the joint center of the 
shoulder, and therefore resulted in the lower shoulder flexion (þ) 
moment). This lower moment-arm with the near targets during the 3-D 
cube task was in line with the lower middle deltoid muscle activities 
(Fig. 3). The shoulder abduction angles also decreased as the target lo-
cations got closer to the body; however, the shoulder abduction moment 

was not affected by the target locations. Similar discrepancy between 
the joint angle and moment was found in a previous study with VR in-
teractions (Penumudi et al., 2020). This lack of differences in the should 
abduction moment may be due to the limited range of the moment-arms 
in the frontal plane. The results indicate that placing the targets in the 
AR interface close (30 cm) to a user may reduce the risk of the shoulder 
discomfort and strain. The subjective comfort, usability, and perfor-
mance data also showed that the AR tasks with the near targets were 
easier to complete and more comfortable in the neck and shoulders 
(Figs. 5 and 6). 

The neck flexion angles (<2�) and moment (<2 Nm) among all the 

Fig. 5. Comparisons of easiness and comfort (neck and shoulder regions) among three different target distances (0.3, 0.6, 0.9 m from the center of body) for 3-D cube 
and omni-directional pointing task, and three different window sizes for web-browsing task. Different letters (A and B) indicate significant difference (p < 0.05) 
among target distance (3-D cube and omni-directional pointing tasks) or window size (web-browsing task) based on Steel-Dwass tests (equivalent to Tukey’s method). 

Fig. 6. Comparisons of task performance by target among three different target distances (0.3, 0.6, 0.9 m from the center of body) for 3-D cube and omni-directional 
pointing task, and three different window sizes for web-browsing task. Different letters (A, B, and C) indicate significant difference (p < 0.05) among target distance 
(3-D cube and omni-directional pointing tasks) or window size (web-browsing task) based on Tukey’s method. 
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tasks were relatively small. This could be due to the study setup where 
the vertical target locations were adjusted to each participant’s eye 
height to create neutral neck postures (Penumudi et al., 2020). Despite 
such minimal neck flexion, the neck flexion angles showed high vari-
ability (i.e., coefficient of variation was ranged from 17% to 47%), 
which was related to various neck angles (� 6.4� [extension] to 14.6�
[flexion]) among the participants. The variability of the neck flexion 
angles was much higher than the variability of the shoulder flexion 
angles (i.e., the coefficient of variation ranged from 2% to 3%). This 
inter-subject variability might be related to individual’s different gaze 
behavior to move the cursor. Our recent study showed that the neck 
flexion can be substantially affected by the target locations during the 
VR interactions, which is very similar to the AR interactions in nature 
(Penumudi et al., 2020). Despite the near-neutral neck posture, the neck 
flexion angles differed by target location. That is, the neck flexion angles 
were lower with the far target location compared to the near and middle 
target locations during the 3-D cube task, whereas no differences were 
found in the omni-directional pointing and web-browsing tasks (Fig. 2). 
This finding was consistent with the right splenius capitis (cervical 
extensor) muscle activity, which 10th and 50th percentile values tended 
to be lower with the far targets (Fig. 3). 

Self-reported discomfort in the neck and shoulder significantly 
increased in all the AR tasks (Fig. 4). The shoulder discomfort increased 
at a much greater rate as compared to the neck discomfort. The greater 
increase in the shoulder discomfort may be due to the greater shoulder 
flexion and abduction angles (i.e., greater non-neutral shoulder pos-
tures) compared to the neck postures (nearly neutral). The shoulder 
posture, muscle activity, and self-reported discomfort measures indicate 
that the AR interactions may pose the risk of musculoskeletal discomfort 
especially in the shoulders when the interactions last a long period of 
time; therefore, an ergonomic intervention focusing on reducing 
shoulder biomechanical loadings may be merited. 

The target distance and size appear to be an important design 
consideration when designing AR user interface as our results showed 
that biomechanical stress in the neck and shoulders were significantly 
affected by different levels of target distance and the target size. This 
study results indicates that manipulating a target within the users’ two- 
thirds of forward arm reach distance and web-browsing with a window 
size greater than 1.0 � 1.1 m may reduce the risk of potential muscu-
loskeletal discomfort and fatigue of neck and shoulders. 

Despite the well-controlled laboratory experiment, there were some 
limitations in this study. The simulated AR tasks were developed to 
reduce the variability in the outcome measures in order to determine the 
effects of the target distance and size on the biomechanical loading, self- 
reported discomfort and usability. Although the tasks were designed to 
include the most commonly used gestures (gaze, tapping, pinching, 
dragging, pinching etc.) in the AR interfaces, the interactions during 
these AR tasks may have been limited to certain gestures and thus 
different from realistic and complex AR interactions. Hence, the study 
results should be carefully interpreted. Furthermore, as the AR in-
teractions in each task were relatively short (5.4–7.2 min), the study 
results does not provide implications on the muscle fatigue and 
musculoskeletal injury risks associated with long-term AR interactions. 
Future studies with more realistic AR interactions for longer duration 
will be merited to generalize the study implications and evaluate the 
effects of AR interaction on muscle fatigue and injury risks. Lastly, 
although this study did not evaluate task accuracy as a primary per-
formance measure given simplicity of tasks, future studies involving 
more complex tasks should evaluate task accuracy as an important 
performance measure. 

5. Conclusions 

The sustained shoulder flexion and abduction and self-reported 
discomfort indicate that the AR interactions may pose the risk of 
musculoskeletal discomfort especially in the shoulder regions. Such risk 

may be mitigated by appropriately locating the targets in the AR inter-
face as this study showed that the AR interactions with the targets 
located close to a user had less shoulder flexion and abduction, lower 
middle deltoid muscle activity, higher comfort and usability ratings. As 
the workstation design has been improved by the conventional reach 
envelop principle, the study findings may provide important ergonomic 
recommendations to further improve the AR interface design. 
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