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Testing procedure

The experimental setup and procedure had the fol-
lowing steps:

1. Participants’ consent and exclusion criteria. After
an introduction to the test procedure and obtaining
the participants’, parents’, or guardians’ consent, the
study proceeded. To ensure that all participants had no
high stakes examinations close to the time of testing,
the recruitment and testing took place early in the
academic school calendar. Furthermore, prior to ar-
rival, all participants were instructed not to have any
caffeinated or acidic drinks within up to 24 hours
before participating in the study.

2. General stress questionnaire. The participants
filled in a general stress questionnaire [20], which con-
sisted of 21 questions and focused on their expecta-
tions, internal feelings, and expression of the stress
response. The internal consistency, Cronbach’s a, of
the academic stress scale ranged 0.83-0.89 [20]. The
stress questionnaire was used to ensure the homoge-
neity of the participants. One of the 11 participants’
data had to be removed because the motion capture
data were corrupt.

3. Preparation and physiological data collection
phase. Before the stress task was performed, the par-
ticipants had their blood pressure measured (MDF
Instruments, USA) and provided a sample of saliva
(5 ml) UMBio Care, Republic of Korea). Then, each
subject changed into an outfit required for better data
acquisition (tight-fitting top, spandex shorts) and was
equipped with a heart rate monitor (Polar, Electro Oy,
Kempele, Finland) chest strap.

4. Relaxing phase. The goal of the relaxation phase
was to create a condition in which the participants
would be able to relax. The students were instructed to
go to a designated area (enclosed for privacy) to relax
sitting with their eyes closed on a large bean-bag; dur-
ing this relaxing 10-minute period, the participants’
heart rate was continuously monitored [21].

5. Motion capture data acquisition and stress task
phase. The participants were fitted with 11 reflective
markers (25 mm) on the upper body (left and right
shoulder, elbow, wrist, forehead, back of the head, and
the sternum). Each student was instructed to perform
a T-pose static position followed by 2 types of dynamic
arm circling movements (Figure 2); first, in the hori-
zontal (transverse) plane, and then in the vertical (fron-
tal) plane. Each movement was repeated 3 times. For
the horizontal movement, the left and right hand be-
gan in the anatomical position (standing straight with
the palms of the hands facing anteriorly), moving in
the anterior direction in the coronal plane, then per-
forming a lateral movement (Figure 2), and returning
to the anatomical position. For the vertical movement,
the left and right hand began in the anatomical posi-
tion, moving in the superior direction in the frontal
plane, then performing a lateral movement (Figure 2),
and returning to the anatomical position. The students
were instructed to perform these 2 circling movements
as large, smooth, and relaxed as possible, with no au-
dio stimulation for the timing. After that, the subjects
performed a stress task, sitting down at the desk. The
stress task consisted of 10 minutes of the FAIR con-
centration test, 3 minutes of the Stroop Test, and 7 min-
utes of filling in a 10 x 10 grid. To make a more stress-
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Figure 2. Horizontal and vertical arm
circling motion
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ful environment, each student was instructed that their
parents or guardians were watching and that they
were to do their best. After the stress task, the partici-
pants were asked to perform the same circling arm
movements in the horizontal (transverse) plane and in
the vertical (frontal) plane as before the stress task.
Directly after that, the students were requested to
provide a saliva sample and had their blood pressure
measured.

Equipment and data processing

Kinematic data were recorded with a 3D tracking
system (OptiTrack, USA) which consisted of 12 high-
resolution cameras (Prime 41, USA). The positional
data of reflective markers were recorded at 60 Hz by
the OptiTrack software Motive (version 1.10.3). The
data were post-processed: labelled and noise and jit-
ter trajectories were eliminated. Afterward, the data
were exported to the C3D file format for further analy-
sis in Visual3D (C-Motion, USA). Kinematic data were
filtered with a 2" order zero-lag low-pass filter (cut-
off frequency of 8 Hz), which was determined by ap-
plying a fast Fourier transform. The data are available
from the corresponding author upon request.

Movement features and physiological
measures extraction

In order to perform the movement analysis and
explore how stress affected movement, we calculated
and extracted movement features from the position
of right and left wrist markers changing through time:
accumulated distance, smoothness, and jerkiness. The
accumulated distance was calculated as a camulative
sum of the absolute values of the displacements, the
total distance travelled by the marker of the left and
right wrist. Smoothness was defined as the ratio be-
tween velocity and acceleration of the normalized and
averaged motion capture data. ‘Smoothness value’ is
the value in the range [0,1] (the higher the value, the
higher the smoothness). Jerkiness was calculated as
the rate of change of acceleration, that is, the derivative
of acceleration over time, and as such it is the second
derivative of velocity, or the third derivative of posi-
tion. The jerk is the rate of change of acceleration and
its units are meters per second cubed. The movement
features were computed by using a Motion Capture
Toolbox in MATLAB for computational analysis of
movement data.

For physiological data, heart rate (bpm), systolic
blood pressure (mm Hg), diastolic blood pressure
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(mm Hg), and cortisol concentration (ug/dl) were re-
corded. This study detailed various physiological fac-
tors to strengthen the validity of the stress level meas-
urement owing to the differences in stress depending
on personality types. Heart rate data were recorded
with a Polar sensor (RS400, Electro Oy, Kempele,
Finland) at a frequency of 100 Hz during the entire
testing period. Blood pressure was measured manu-
ally by the same research assistant, who was specifi-
cally trained for internal consistency. Salvia samples
were taken by the same research assistant and stored
in an icebox, which was delivered on the next day to
an independent company (JMBio Care, Republic of
Korea) for analysis.

Statistical methods

The statistical analysis was carried out by using
the SPSS software (version 23.0). The before- and after-
task data were calculated; then, a paired t-test was
used to investigate if there were statistical differences,
with a significance level of p < 0.05. To further inves-
tigate the meaning of the significant differences, we
followed with the recommendations by Dunlap et al.
[22] for calculating the effect size of the paired ¢-test
to see how large the significant differences were. On
the basis of Cohen’s effect size recommendations, the
d value of 0.2-0.5 stood for small effect size, d of
0.5-0.8 for medium effect size, and d > 0.8 for large
effect size [23]. Owing to the difficulty of recruiting,
we had 10 participants and so to check the statistical
power, we performed a post-hoc power analysis us-
ing the G*Power software, with the sample size of 10
and the alpha level of 0.05, which resulted in a power
of 0.839, deemed an acceptable power according to
Cohen [23].

Ethical approval

The research related to human use has complied
with all the relevant national regulations and institu-
tional policies, has followed the tenets of the Decla-
ration of Helsinki, and has been approved by the Pu-
san National University Institutional Review Board
(PNU# 2017_33_HR).

Informed consent

Informed consent has been obtained from all indi-
viduals included in this study and from their legal
guardians.
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Results

The paired t-test showed significant differences
between the status before and after the stress task for
the systolic and diastolic blood pressure. Among the
physiological variables, there were significant differ-
ences with medium to strong effect sizes between the
levels of cortisol (¢ = 2.35, p < 0.04, d = 0.61) and heart
rate (¢ = 3.93, p < 0.003, d = 0.53) before and after the
stress task. However, there were no significant differ-
ences in blood pressure (Table 1).

Among the kinematic variables from the motion

data, smoothness and jerkiness showed statistical dif-
ferences only for the vertical hand circling movement.
Among the kinematic data, there were significant differ-
ences with medium to strong effect sizes for smooth-
ness (left wrist: p < 0.008, d = 0.67; right wrist: p <
0.042, d = 0.41) and jerk (left wrist: p < 0.023, d = 0.82;
right wrist: not significant) during the vertical hand
circling movement. No significant differences were
reported for any of the variables, such as accumulated
distance, velocity, acceleration, smoothness, or jerk for
the horizontal hand circling movement between the
status before and after the stress task (Table 2).

Table 1. Comparison of physiological data between the status before and after the stress task

Parameter Before After p Effect size (d)
Blood pressure - systolic (mm Hg) 117.21 = 7.60 116.62 = 10.70 0.71 NA
Blood pressure - diastolic (mm Hg) 73.20 £ 6.12 72.40 = 9.27 0.62 NA
Cortisol (ug/1) 3.30 £ 0.81 4.30 = 1.61 <0.04* 0.61
Heart rate (bpm) 76.50 + 8.87 81.20 £ 9.40 <0.003** 0.53

Values are expressed as mean + standard deviation.
NA - not applicable
* p<0.05, ** p<0.01

Table 2. Comparison of kinematic and movement quality data between the status before and after the stress task

Horizontal circling

Vertical circling

Parameter

Left wrist Right wrist Left wrist Right wrist
Accumulated distance (m)
Before 479 + 1.57 4.65 + 1.82 4.03 + 1.88 499 + 1.51
After 4.33 =+ 1.61 411 = 1.38 5.32 +1.73 4.47 + 1.34
p 0.609 0.502 0.160 0.571
Velocity (m/s)
Before 0.0361 + 0.04 0.0291 £ 0.03 0.006 = 0.01 0.010 = 0.01
After 0.0349 = 0.04 0.0339 = 0.03 0.020 = 0.02 0.0171 £ 0.02
p 0.947 0.782 0.108 0.065
Acceleration (m/s?)
Before 0.0523 + 0.05 0.0343 + 0.04 0.0287 + 0.03 0.0359 + 0.04
After 0.0833 + 0.15 0.0793 £ 0.14 0.0568 + 0.09 0.0543 + 0.08
p 0.562 0.373 0.333 0.230
Smoothness
Before 0.22 + 0.025 0.23 = 0.021 0.27 + 0.045 0.27 = 0.049
After 0.22 + 0.028 0.23 = 0.030 0.24 + 0.032 0.25 + 0.027
p 0.939 0.871 0.008** 0.042*
Effect size 0.67 041
Jerk (m/s%)
Before 30.71 + 8.66 27.33 + 7.99 24.53 + 8.89 25.07 + 9.26
After 34.61 + 12.36 30.75 + 8.34 31.87 + 9.61 29.09 + 9.91
p 0.245 0.167 0.023* 0.161
Effect size 0.82

Values are expressed as mean + standard deviation.
NA - not applicable
*p <0.05, ** p<0.01
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Discussion

In summary, this study demonstrates how a simu-
lated stress task may influence the movement quality
among high school students in a laboratory setting.
The kinematic results in this study show that a stress
task can affect the smoothness and the jerk of the
movement. Interestingly, before the stress task was em-
ployed, the movements could be described as more
efficient, as the movement distance tended to be re-
duced, i.e. less mechanical work was performed; how-
ever, this was not statistically significant. Similar to
skill levels in sports and dance, more skilled athletes
and dancers’ movements are reported to be smoother
and have less jerk (golf [24], dancing [25]). Likewise,
the participants’ upward hand circling movements
were smoother after the relaxation period at the start,
and had lower jerk values than after the stress task.
Furthermore, high jerk values in the movement have
been linked with various health issues, such as Par-
kinson’s disease [26] and poor gait function [27].

Among the physiological data, cortisol level and
heart rate indicate that the participants’ stress level
increased as a result of our stress task as both param-
eters increased significantly (moderate to strong ef-
fect size) [28]. There was not a significant effect of the
stress task on the systolic or diastolic blood pressure.
There seem to be some contradictions in the published
research as some of the stress-related studies show
an increase in the blood pressure [29], whereas some
present no significant effects [30]. In an interesting
study, the authors demonstrated no significant differ-
ences between the blood pressure and heart rate be-
tween stress and control conditions. Remarkably, just
performing one 30-minute session of hatha yoga was
reported to significantly accelerate the recovery of blood
pressure and heart rate after doing a paced auditory
serial addition test as a psychological stress task [31].
Moreover, as stress is known to affect breathing pat-
terns and potentially induce different emotional states
[32], we hypothesized that stress could be reduced by
controlling breathing, which might decrease muscle
tension and thus help the movement to become more
smooth.

Another study, which measured heart rate varia-
bility and blood pressure during a mental stress task
in the course of computer work [33], showed that there
were significant differences between the heart rate
variability during rest and stress task. Contradictory
to our study, Hjortskov et al. [33] observed differences
in blood pressure during different testing periods as
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a response to combined physical and mental work-
loads, as well as during and after periods of rest. Our
study did not reveal any significant variations in the
blood pressure but there was an overall lowering of
systolic blood pressure after the stress task, which can
be viewed positively in an educational setting as it in-
dicates that the participants were more relaxed as soon
as the stress task was finished, and is linked to better
memory function [34]. A study investigating the effect
that conflict had on cortisol levels reported a rapid re-
duction of cortisol level after the conflict was termi-
nated [35], which might explain the lack of significant
blood pressure differences between the status before
and after the stress task. However, at this moment,
we are unsure why the stress task affected the cortisol
levels and heart rate, but not the systolic or diastolic
blood pressure. Further studies should be carried out
to investigate the relationship between different stress-
ors and individual responses across varied age groups,
i.e. from teenagers to older adults.

It is important to mention the various limitations of
this study. Creating a stress task that is not too severe
and therefore allows to obtain an institutional review
board approval is difficult [12]. Previous research has
employed several tests, which have a very narrow ap-
plication, such as the Trier Social Stress Test [36] or
Sing-a-Song Stress Test [37]. In the implementation
of these tests, research highlights the large variation
in the psychological and physiological effects of indi-
vidual participants’ responses as a limitation of their
usage [36]. In this study, we were focused on investigat-
ing the effect of academic type stress situations which
require concentration/attention during the stress task,
so these existing tests (Trier Social Stress Test and
Sing-a-Song Stress Test) would not have been suitable.
The present study can be perceived as a preliminary
investigation of the use of analysing movement quality
characteristics to detect stress early; by understand-
ing the dimensions in which movement is effected,
a stress relief procedure may be developed engaging
movement in the affected dimensions. The data in this
study show that the stress task affected the movement
pattern in the vertical plane but did not affect it in the
horizontal plane; therefore, we could develop a move-
ment-based intervention focusing on movement in the
vertical (frontal) plane to help reduce stress. In psy-
chological research on removing a nervous habit and
tics [38], the majority of nervous movements tended to
be upward movements of the limbs, i.e. shoulder jerk-
ing, as well as nail-biting, head jerking, and eyelash
plucking. To remove these habits and tics, the authors
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recommended and tested their theory of behavioural
pattern opposite corrective exercises, such as depress-
ing the shoulders, tensing of the neck, holding the
hands and shoulders down. Interestingly, these pat-
tern opposite exercises were reported to be effective
in 11 of the 12 participants of the study. We believe that
the correlations between the physiological states and
movement characteristics and movement quality data
may be helpful to establish more detailed automated
behavioural analysis techniques for an infield high
school classroom-based study.

A major limitation was the difficulty of recruiting
more than 10 students to participate in the study. Even
though the Institutional Review Board consent was re-
ceived from the University Hospital, it was very prob-
lematic to acquire the 3 parties involved (the school
principal, the students, and their parents/guardians)
to agree to partake in the research. As the majority of
high school students in Korea attend after-school in-
stitutes for additional study and classes up until 10:00
or 11:00 p.m. during school days, all the testing had to
be carried out during the weekend, which made the
students even more resistant to participate. We had
planned to test 30 individuals but even after recruit-
ing students for 3 months, we were only able to recruit
10 subjects.

As stress affects both physiological and movement
characteristics and movement quality, advanced com-
puter vision techniques may be developed to analyse
these so that they can be applied in stressful environ-
ments, such as schools, hospitals, flight control centres,
where the tracking of the patrons’ stress level would be
useful for improving quality of care and provide con-
tinuous monitoring of the psychological status. There-
fore, non-invasive behaviour-based stress analysis can
be a very useful method of detecting people’s stress-
based behaviours early. On the basis of the relation-
ship between stress and behaviour, Lefter et al. [11]
are developing a system that can recognize stress
through the analysis of semantics and modulation of
speech and associated gestures. They highlight the
difficulty of measuring stress through behaviour as it
is conveyed by a large variety of combinations of var-
ious communicative acts. Furthermore, the authors
suggest that it is easy to misinterpret a behaviour with-
out considering the overall gestures and other non-
verbal cues such as postures, facial expressions, and
body language.

Conclusions

This study shows that our stress task affected the
stress level and movement quality in male and female

high school students. Secondly, we indicate that stress
reactions to a simulated stress task can be measured
by physiological methods, i.e. changes in heart rate and
cortisol levels. More importantly, the data reveal that
stress affects our movement quality, which can be
measured by movement features calculated from mo-
tion capture data, such as smoothness and jerkiness
of the movements. This study illustrates the possibil-
ity to implement passive motion capture systems as a
diagnostic tool for evaluating mental (stress) and physi-
cal health through the measurement of movement
quality. In future studies, we plan to apply these move-
ment quality analysis techniques in a high school class-
room during class to see if there is a difference in move-
ment quality depending on students’ stress levels.
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