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Abstract: The center of mass dynamics of human seated posture in a work environment under
hypogravity (0<g<1) have rarely been investigated and it remains to be accomplished. The present
study determined the difference in the body system of 32 participants working under simulated
1/6g (Moon) and 1g (Earth) for comparison reason using static and dynamic action measurements.
This was based on analyzing the participant's center of mass before, during, and after the task when
they started to get fatigued. According to this analysis, there is a positive relation (p<0.01) with a
positive coefficient of correlation between CoM body shift down along the Y axis and gravity level
for males and females. At the same time, the same positive relationship (p<0.01) between the tilt of
the body back along the Z axis and the level of gravity was found only in females. This offers fresh
perspectives for comprehending hypogravity. It can also improve workplace ergonomics, body
stability, equipment design, and biomechanics.
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1. Introduction

The study of the center of mass (CoM) is crucial for workplace ergonomics [1-5] because it helps
to optimize the design of work environments, equipment, and tasks to ensure the safety, comfort,
and well-being of workers. The location of the CoM of a seated participant can be used for seat design,
restraint systems [6], and other human-centered products and environments. Also, its understanding
and consideration are important in body stability [7], posture and alignment [8], lifting and manual
handling [9-10], and biomechanics [11]. According [12], evaluation of the CoM requires a time-
efficient measurement and high accuracy, especially in the case of body balance measurements.

The CoM is one of the main problems of biomechanics and locomotion. It helps during the
modeling of the human body and its activity [13], i.e., assessment of the technique of static positions
and different kinds of movement. In general, the CoM can be measured using various direct and
indirect methods. In some situations, a laboratory approach with the reaction board on which a
participant can lie can be used for indirect measurements [14]. But this needs time and wearing off
the participants’ clothes. The direct approaches include methods with live subjects and cadavres [15].
In this case such as stereophotogrammetry systems, electromyography (EMG) and force platforms,
can be used. Direct approaches are expensive, require sufficient measurement space, and are difficult
to implement [16]. In this regard, there is a growing interest in new methods that provide ease of
measurement, better accuracy, and non-invasiveness. In other cases, especially during movement,
indirect methods may be useful. Indirect methods include an optical motion capture system with
reflected markers [17], motion capture systems using wearable inertial measurement units (IMUs)
[7,18] and markerless motion capture [19,20]. Due to the technical limitations of the listed methods,
the marker-free motion capture method can be one of the most convenient and non-invasive methods
for analyzing dynamic motions, especially for underwater simulation of motions in hypogravity
(HG) conditions.

The aim of this study was to determine the CoM of the seated underwater participants to
simulate HG using indirect methods, markerless motion capture, with 3D visualization elements. In
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this study, whole body CoM location analysis was assessed relative to the hip joint of participants
performing outstretched arm and arm bent at the elbow (S), dynamic (D) in two different
environments with 1/6g and 1g for comparison purposes. The hypothesis was that under HG
conditions, the upper body would exhibit a posterior tilt as opposed to 1g when engaging in tasks.
The findings of this investigation revealed a substantial alteration in the Center of Mass (CoM)
position due to the transition between different gravitational environments.

2. Materials and Methods

2.1. Experimental setup

The study included a total of 32 participants (18 males and 14 females). Prior to the experiments,
each participant signed a written informed form. The readiness of each participant for physical
activity was evaluated through the completion of a questionnaire [21], see Supplemetary materials
Figure S1. The Ethics Committee of Swiss Federal Institute of Technology gave its approval to all the
study's steps.

A water tank (Swissub, Vaud, Switzerland) was used to simulate HG (1/6g). The gravity
simulation was carried out with ballasts distributed on the body parts (forearm, upperarm, torso) of
the participants, having the necessary buoyancy proportional to the lunar gravity (g=1.626 m/s?), see
Figure 1. All participants conducted 2 types of tasks (S) and dynamic (D), with two tasks’ intensities:
(1kg and 3kg). Range of motion (ROM) for dynamic tasks was determined to have a minimal effect
on the force of water resistance [23]. The task intensity was provided with workloads held by the
participants in hand.
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Figure 1. Experimental setup. ROM - range of motion. Fw—weigh of the load.

The details of HG simulation model are described in the main author's study [22] and the same
author's doctoral dissertation [23]. The heads of the participants sitting on the adjustable chairs
without backrest and armrest were not submerged.

The location of subjects’ CoM was determined by using a vision-based markerless motion
capture method under 1g and 1/6g for comparison reason. Three video cameras with resolutions of
1,920x1,080 pixels at 30Hz (4k condition) (Gopro 8, Woodman Labs, Inc. San Mateo, California, U.S.)
were used for the chosen method. All cameras were calibrated using software created by the
computer vision laboratory (CVLab) [24] at the Swiss Federal Institute of Technology. Openpose
software (version 1.4.0) [25-27] was installed from GitHub to recognize participant’s 2D skeletons. To
run this software GPU (GEFORCE GTX 2080, Nvidia Corp, Santa Clara, CA, USA) was provided.
Twenty-five critical recognized participant’s skeleton keypoints were saved in JSON format for each
frame and camera. Using predictions from manually annotated data, and the data recognized by
software, joint recognition's quality was examined, see details in [28]. The results showed a sufficient
quality of recognition. Furthermore, a customized MATLAB script was utilized to determine the
CoM. This script reads JSON-formatted input data that it has received after performing a
triangulation.
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2.3. Statistical methods

The distribution of data was examined utilizing Microsoft Excel and the statistical software Stata
17 (SataCort, Colifirnia, US) and R software (R Core Team, USA). G*Power software was used to find
the necessary number of participants for this experiment, see results in the Supplementary materials
Table S1. Body segment masses and dimensions were assessed with respect to statistical information
[29]. Likewise, the Center of Mass (CoM) for the body segments was approximated using the
methodology of the same author. To illustrate, for the forearm, shoulder, and trunk, the CoM
locations are positioned at 43%, 43.6%, and 63% of the segment length, correspondingly, for males,
and at 43.4%, 45.8%, and 56.9%, respectively, for females, measured from the proximal end. From the
hip joint to the shoulder, the length of the entire trunk is 100%. The descriptive statistics of all
participants anthropometric data (all experiments) are presented in Table 1.

Table 1. Descriptive statistics of the participants. Modified and adapted from [23].

Total
Study variable (N=32) Male (N=18) Female (N=14) p-value
Mean (SD') Min/Max  Mean (SD) Mean (SD)

Age (year) 33.59 (8.16)  25/55 34 (9.62) 33.07 (6.11) 0.742
Height (m) 1.75(0.11)  1.54/1.95 1.83 (0.07) 1.66 (0.06) <0.001
Body mass (kg) 71.22 (17.01) 43.8/114.10 82.92 (13.02)  56.19 (5.95) <0.001

Upper arm (m)? 0.34 (0.04) 0.25/0.40 0.35 (0.33) 0.32 (0.03) 0.007
Forearm (m)? 0.28 (0.03)  0.20/0.33 0.30 (0.02) 0.25 (0.02) <0.001
Torso volume (dm?)  37.00 (11.00) 28.00/61.00 44.71 (6.93) 27.00 (4.42) <0.001
Upper arm volume (dm?) 2.00 (0.80) 0.8/3.8 2.70 (0.67) 1.48 (0.38) <0.001
Forearm volume (dm?® 1.00 (0.30)  0.4/2.00 1.37 (0.20) 0.72 (0.16) <0.001

1 SD - standard deviation. 2 Upper arm (m) — the distance between the keypoints related to the shoulder and the
upper part of the forearm. 3 Forearm (m) — the distance between keypoints related to the lower part of upperarm
and upper part of the hand.

The normality of the data was assessed through the application of the Shapiro-Wilk test, see
Supplementary materials Table S2. Gender/gravity level was used as an independent variable, and
endurance time (min) was used as the dependent variable, to calculate the mean of the value of the
CoM results.

2.4. CoM assesment

At the start, middle, and end of the experiment (the average of the first 5 seconds to 1 minute),
each participant had three measurements collected. The duration of the experiment was determined
by the endurance time of the participants. The endurance time is the period after the participant's
capacity to exert force has been lost when muscular tiredness begins to set in. Task duration data and
CoM position data were taken into consideration as the analysis's starting point in this study. Table
1 displays the data for the total endurance time for males and females for each task.

Table 1. Endurance time of the participants. Tasks: static (S) and dynamic (D) tasks are presented
separately. M- males, F — females. Modified and adapted from [22].

Gravity mn' ET (min) for 1 kg load mn ET (min) for 3 kg load
Static (S) (22 participants)
1g 1.67/0.95 0.85/0.34
1/6g 7.73/6.21 2.65/0.65
Dynamic (D) (25 participants)
1g 1.30/0.80 0.79/0.35
1/6g 14.93/9.34 2.16/0.82

I mn- mean value.
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The hip joint keypoint (pelvis) was used to determine the CoM. For each recorded frame, the
CoM of the participants in the seated position was estimated automatically.
The following equation of the weighted sum of limb centers was used [30]:

1 Pi+P;
CoM = -3 i jyeLimbs Mij lk , 1)

with M = Z m;; — total mass of all body segments;
(i,j)ELimbs

P;, P; — coordinates of keypoints of the body segment;

k — coefficient of location of CoM of the segment, measured from the proximal end.

3. Results

This analysis was conducted to assess the correlation between factors related to studies like the
study of CoM and gravity level. The graphs for the following variables' Y and Z CoM coordinates
were used. The results of the regression for all these factors for males and females individually for
the combined data sets for static and dynamic tasks are shown in Figure 2 below.

. Females *** (A=5.9 cm) _ ) Males *** (A=17 cm)
E Gravity: 1/6g +1g 5 Gravity: 1/6g +1g
g 10 2 10
E g
e =
g o - g o iy
T Type T pe
i 1/6G :: 166G
2 6o g 16
: :
Lé =20 ‘E -20°

—30 -30

Start (ET’ Middle (E Finish (ET 3 i ) Fini Ei
= Expeliment penbc e SRR ExpeR RSN G Firih 1)
(a) (b)

2%l Females *** (A=6 cm) 2y Males (A=-1.45 cm)
g Gravity: 1/6g > 1g E Gravity: 1/6g ~1g
g 10 ®
s =
= £
B B
g o g o
T Type T Type
o yee o 1/6G
s 1G ‘S 1G
2 -10 g -10
= &
= =
q =3
: =201 g -20
g g
= =

30 30

Start (ET) e ED) Finish (ET) Start (BT) ExpelBSdle (ET). Finish (ET)
(©) ()

Figure 2. CoM mean values for static and dynamic tasks [cm]: (a) CoM mean values on the Y axis for
females; (b) CoM mean values on the Y axis for males; (c) CoM mean values on the Z axis for males;
(d) CoM mean values on the Z axis for males. Gravity level is the transition from 1/6g to 1g of gravity.
A - delta between CoM shift under 1/6g and 1g. **p<0.1; **p<0.05; *p<0.01. Experiment periods are
presented by start, middle and finish of the endurance time (ET). CI, 95% - confidence interval.

Static and dynamic tasks were combined, since statistical calculations showed that if the type of
task practically does not affect the results, then the gender of the experiment participants affects the
change in the result. The Supplementary materials, Table S3 provides statistical findings on
computed CoM for split and combined data sets for males and females. All analyses are conducted
to contrast the impact of two different environments (1g and 1/6g) on the observed indicators (CoM).
Comparatively, the findings show that the CoM deviations vary greatly depending on the
environment. The significance of this difference was demonstrated by the value of p, which reveals
how significant the deviation is in general. As demonstrated in Figure 2, the average CoM/Pelvic Y
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(vertical axis)-coordinate is displaced downward significantly (p<0.01) for females by 5.9 cm and
downward for males by 17 cm. Only one significant correlation between the CoM/Pelvic Z (horizontal
axis) deviation for females doing static and dynamic tasks was found (p<0.01) at 6 cm.

4. Discussion

Studying the CoM is crucial for workplace ergonomics, optimizing the work environment,
equipment, and tasks for worker safety and comfort. Understanding the center of mass is vital for
multiple reasons. Firstly, it determines stability, impacting accident and fall risks. Ergonomists
analyze it to identify stability issues, enhance safety, and prevent accidents. Secondly, it influences
posture and alignment, reducing musculoskeletal disease risk and ensuring comfort. Thirdly, it's
crucial for safe lifting and movement. Ergonomic principles leverage CoM knowledge to guide lifting
techniques, define load limits, and design equipment, reducing body strain. Considering the CoM
enables ergonomic strategies that minimize injury risks, enhance worker well-being, and boost work
efficiency.

The human body's reaction to HG circumstances is still largely unknown, even though the
present focus of space exploration efforts is on how to go to Mars or beyond. In the frame of this
work, a method for CoM prediction under simulated HG for examining human posture was
described. The uniqueness of this study resides in the fact that for the first time, participant posture
as indicated in CoM location was evaluated in accordance with the load under HG while seated.
Additionally, simulating the biomechanics of the upper limbs at the workplace under HG is a recent
study subject, and there is still a knowledge gap in this field.

Tracking CoM is a challenging problem. During this study, this problem was automized by the
motion capture method application. It allowed collecting the input on specific keypoints related to
the head, upper, and lower extremities, and torso. The result of this study shows that for static tasks
and dynamic tasks for females and males, there was a significant correlation (p<0.01) between the
CoM displacement along Y (vertical axis) and the level of gravity change (from 1/6g to 1g), with a
range of correlation coefficient 5.9 cm to 17 c¢m, see Figure 2 (a) and (b). Only one significant
correlation was found between the deviation of the CoM along Z (horizontal axis) and the change in
the level of gravity (from 1/6g to 1g) for females performing static and dynamic tasks. Correlation
coefficient is 6.02 cm (p<0.01). This can probably be explained by the fact that when the body is under
stress (under load, under the earth's gravity), a person tends to straighten his back in a neutral sitting
position. This theory is supported by the result obtained in the Figure 2 (c), where the CoM of females
tends to the vertical under the 1g. At the same time, the CoM shifts upwards, as the results of females
and males show, see Figure 2 (a)-(b). The reverse situation is observed with simulated HG. This is
likely since the body of the participants becomes lighter in the simulated lunar gravity, and the
postural stability and overall adaptability of the body to the environment changes. Even with a
restraint system, participants' bodies are less stable in simulated lunar gravity, so this should be
considered when designing workplace design requirements. These results are consistent with the
previously reported in [23] results of spine inclination of the same participants in relation to the
vertical. According to the author, the findings regarding alterations in body positioning indicate a
significant (p<0.01) backward shift in torso inclination during seated positions while executing both
static and dynamic tasks under HG.

This may also be due to changes in participants' tactile, vestibular, or visual perception and body
tilt under simulated HG. This area is still under investigation and there are many ambiguities. In
accordance with [31], to understand this, it is necessary to conduct multisensory observation
combining visual, vestibular, somatosensory, and proprioceptive studies. Another author [32] found
a problem of perception of HG related to "G-shortage" illusion that can lead to for the
underestimation of roll tilt.

Another finding of this study was that the use of markerless motion capturing techniques could
increase experiment efficiency and fasten data collecting. Additionally, it is beneficial to carry out
non-invasive studies on volunteers, such as extensive water trials. These solutions are substantially
less expensive than sensor-based approaches, which can greatly enhance the amount of data collected
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and, consequently, the findings. Second, these techniques can be used on projects that are still in the
design phase. Since there are yet no definitive suggestions and decisions for how astronauts will
conduct operations, this has a direct bearing on the architecture of lunar and Martian bases. For
further experiments, the use of a single camera with LiDAR in underwater conditions can be
assumed.

As a result of the difficulty in stabilizing the body, it is anticipated that the energy costs for the
Moon's environment will be higher. However, this should still be validated.

There were still certain restrictions even if the results of the research on this subject were like
those on fatigue and in good agreement with the methods used in the European ergonomics
guidelines. These, in general, are connected to the scant number of motions examined. While
repetitive tasks and other categories of static tasks can also be analyzed, this study concentrated on
the investigation of just static and dynamic motions. This is due to the volume of video data generated
and the difficulty of processing the information gathered from the three cameras used in the postural
study.

As the further direction of this work, the total work and metabolic energy while performing the
tasks can be calculated for simulated 16G and 1G. For that the trajectory of body segments and CoM
trajectory of the whole body is necessary. The trajectory of body segments as well as the CoM of the
body can be potentially found with markerless motion capture.

There are several limitations of this work. These, in general, are connected to the scant number
of motions examined. While repetitive tasks and other categories of static tasks can also be analyzed,
this study concentrated on the investigation of just static and dynamic motions. This is due to the
volume of video data generated and the difficulty of processing the information gathered from the
three cameras used in the postural study.

Another constraint is associated with the markerless motion capture model, OpenPose, which
lacks intricacy in representing the participant's back, depicting it as a simple linear segment. Hence,
further investigations should be conducted to examine the impact of the back with multiple keypoints
on CoM displacement. Subsequent experiments in the realm of this research avenue could consider
Martian gravity as a viable option. Also, the results should be verified in real-world settings (for
instance, a parabolic flight campaign), as there may be errors related to markerless motion capture
prediction capacities, and water density impact on the participant's motions.

Supplementary Materials: The following supporting information can be downloaded at:
https://figshare.com/s/3ad227d2053821069fc9.
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