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Abstract: The aim of the study was to assess the impact of proprioceptive training with the use
of virtual reality (VR) on the level of postural stability of high–altitude workers. Twenty-one men
working at height were randomly assigned to the experimental group (EG) with training (n = 10)
and control group (CG) without training (n = 11). Path length of the displacement of the center
of pressure (COP) signal and its components in the anteroposterior and medial–lateral directions
were measured with use of an AccuGaitTM force plate before and after intervention (6 weeks,
2 sessions × 30 min a week). Tests were performed at two different platform heights, with or without
eyes open and with or without a dual task. Two–way ANOVA revealed statistically significant
interaction effects for low–high threat, eyes open-eyes closed, and single task-dual task. Post-training
values of average COP length were significantly lower in the EG than before training for all analyzed
parameters. Based on these results, it can be concluded that the use of proprioceptive training with
use of VR can support, or even replace, traditional methods of balance training.
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1. Introduction

Construction industries have the highest statistics of injuries and fatalities and working at height
involves a particularly high risk [1]. The risk is associated with being at high altitudes, often combined
with difficult weather conditions, e.g., strong winds, rain and snow [2]. Over 10% of all fatal accidents
in the construction industry are a consequence of falling from elevated surfaces [3]. According to the
Occupational Safety & Health Administration [4] any work where the level difference between the
workplace and the floor creates the threat of falling from one level to a lower level is working at height,
for example: on scaffolding, ladders or other elevations. For people working from one meter upwards,
examinations of the balance system are recommended [5]. Loss of balance, slips and trips are the most
common causes of accidents [6,7].

In order to prevent accidents among high-altitude workers, researchers are focusing on indicating
factors that affect instability and loss of balance. Maintaining stability and balance of posture is difficult
due to continual changes in the vertical projection of the center of mass (COM) on the base of support,
which may be affected by environmental and internal factors [8]. The stability of human posture
is associated with three main sensory senses: the visual, vestibular and somatosensory systems [9].
These senses are closely related to correctly interpreting reality and responding to it appropriately.
Such sensory integration is associated with the function of the central nervous system, as well as a
neurological process that organizes sensations flowing from the body and the environment in such a
way that they can be used for purposeful action [10,11].

Sensors 2020, 20, 3731; doi:10.3390/s20133731 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0001-7532-8121
https://orcid.org/0000-0003-4643-5635
https://orcid.org/0000-0002-1950-9363
https://orcid.org/0000-0002-0260-6378
http://dx.doi.org/10.3390/s20133731
http://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/20/13/3731?type=check_update&version=2


Sensors 2020, 20, 3731 2 of 17

In cases where one of the sensory systems is at risk, or the sensory information is inaccurate,
postural stability (PS) and balance may be disturbed, especially when the changes affect the visual
system [12]. Hsiao and Simeonov [13] noticed in their studies that moving visual scenes and depth
perception are among the key elements provoking instability and negatively affecting balance.

It was also found that lowering PS level is affected by performing tasks at height. Stability
disorders during performance of tasks at height are enhanced by visual stimuli, which cause additional
anxiety because task performance seems to be dangerous [14–17]. Another factor affecting PS may
be performing a dual task or switching between tasks. The effectiveness of posture control while
performing a dual task may decrease compared to performing a single task [18]. In addition, it has
been shown that it is very important to freely divide attention to prevent loss of balance, and falls as a
consequence, when performing a double task [19].

The ability of high-altitude employees to identify and assess risk is acquired through training
and experience. It is one of the key factors determining their behavior, and thus their safety. Training and
drills in this area are a very important element in protecting employees from falling [20–22]. In education
and training programs in construction engineering, virtual reality (VR) technologies have quickly
gained recognition [21]. For example, Goedert et al. [23] developed a virtual interactive educational
platform to provide safety training. The training was based on games through the use of simulation
and modeling. Overall, the project proved to be both effective and engaging for employees.

Donath, Rossler and Faude [24] demonstrated in their studies thatnew technologies such as VR
may also be used during training. Thanks to VR technologies, it is possible to train and strengthen
individual body parts more effectively and easily adapt the exercises to individual abilities and needs [8].
According to research, training using VR positively affects the improvement of PS [25]. VR has also
been integrated with applied science, e.g., these technologies have been applied in architecture and
design visualization, medicine and construction health and safety, enabling further improvements in
the efficiency of education and training in the construction industry, in particular among high-altitude
workers [21].

Recently, training platforms facilitating proprioceptive exercises with the use of VR, which recreate
a natural sense of instability because the body is forced to do more work, have become popular training
devices [26]. Through these, the muscles can be trained, reaction ability stimulated, and body balance
shaped [27,28].

This type of training may bring about additional effects compared to those achieved during
standard equivalent exercises, which can be predicted on the basis of studies on the sick and the elderly,
as well as the healthy and young [28–30]. Furthermore, VR simulation can be used as a comprehensive
system that integrates elements necessary for active learning for a group of high-altitude workers [31].
For example, Wang et al. [32] analyzed the effectiveness of using serious games in 4D technology
(3D + time) in training in the field of occupational health and safety in construction. It has been noted
that VR can increase users’ involvement and affect their ability to detect Occupational Safety and
Health risks. Similar conclusions were presented by Strobach, Frensch and Schubert [33] who stated
that the practice of video games improves executive control skills while performing a double task.

On the other hand, there are numerous studies showing that the benefits of virtual reality are
often surpassed by limitations due to cybersickness. Cybersickness is similar in symptoms to motion
sickness and can result in nausea, headaches and dizziness [34]. For example, Nalivaikoa et al. [35]
analyzed the influence of how cybersickness, provoked by a head-mounted display, affects cutaneous
vascular tone, heart rate and reaction time. It has been noted that Cybersickness evokes nausea,
increases body temperature and extends reaction time, raising obvious concerns regarding the safety
of this technology [35]. Therefore first, it should be checked if people participating in VR training do
not report similar ailments.

To our best knowledge, no research has been conducted regarding the effects of proprioceptive
training on a balance platform using VR for individual PS parameters in high-altitude workers.
However, based on the research of the elderly, the sick and those with neurological disorders, as well
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as healthy people [36–38], it can be assumed that this type of training can also produce positive effects
in high-altitude workers. For example, Amritha et al. [39] studied the effect of using a balance platform
that provides static and dynamic balance training through interactive VR games for those with balance
disorders. Studies have shown that balance training using a balance platform significantly improves
PS levels and has a positive effect on daily activities.

The aim of the work was to assess the impact of proprioceptive training using VR on the PS level
of employees working at height. We assumed the general hypothesis that proprioceptive training
with VR using a balance platform has a positive effect on the level of PS. Moreover, we assumed that
proprioceptive training with VR would contribute to increased stability in the case of (1) a standard
stability test with eyes open, (2) reduction of visual stimuli, (3) changing the height of the test plane
and (4) introducing an additional cognitive task.

2. Materials and Methods

2.1. Characteristics of the Research Group

The study involved 24 healthy men working at height between the ages of 22–47. High-altitude
workers (HW) were randomly assigned (Excel software) to the study and divided into two groups:

• Experimental group (EG)—HW training on a balance platform using VR: initial n = 12;
• Control group (CG)—HW not training on a balance platform using VR: initial n = 12.

During the study, 2 men in the EG withdrew from the study due to injury (injury was not related
to the experiment) and 1 man in the CG withdrew from the study without giving a reason. As a result,
21 men in both groups participated in the study (Figure 1). The eligibility criteria were as follows:
at least one year of experience in working at height, minimum age of 20, full mobility, verbal contact
skills enabling informed and logical answers.

All men participating in the experiment were informed in detail about the study procedures
and gave their written consent for the experimental procedure. Participation in the experiment
was voluntary. None of the subjects had experience in training on a balance platform using VR.
The basic characteristics of both groups are presented in Table 1. The study was approved by the
Bioethics Committee of the Poznan University of Medical Sciences (decision no. 1111/16) and was in
line with the Helsinki Declaration [40].

Table 1. Average values, standard deviations and differences between groups for the general
characteristics of the participants and physical activity before the start of the experiment.

Variable M (sd)
EG

M (sd)
CG

t
df = 19 p

Age [years] 34.00(8.04) 37.27(7.87) −0.94 0.36
Body height (m) 1.81(0.04) 1.81(0.06) −0.37 0.72
Body weight (kg) 88.52(9.64) 88.85(13.14) −0.06 0.95

BMI [kg/m2] 27.13(2.32) 26.97(3.40) 0.12 0.90
PA-E [cals/day/kg] 9.31(9.25) 11.63(9.14) −0.57 0.57

Note. EG—experimental group; CG—control group; BMI—body mass index; PA-EE—physical activity-energy
expenditure.
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Figure 1. Flowchart of the study participants.

2.2. Experimental Procedures

2.2.1. General Course of the Experiment

A general review of the experiment is shown in Figure 2. Intervention with the use of VR on
the balancing platform was introduced in the subjects. The level of postural stability was examined
before and after the intervention. The research was carried out at the Poznan University of Physical
Education in Poland, at the Department of Physical Activity and Health Promotion Science.
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Figure 2. General overview of the experiment. EO—Eyes Open, EC—Eyes Open, LT—Low Threat,
HT—High Threat, QS—Quiet Standing, DT—Dual Task.

2.2.2. Initial Measurements

Before the experiment, measurements of somatic characteristics were carried out, i.e., height
and weight measurement and BMI (Body Mass Index). In addition, patients were interviewed and
their overall health and well-being assessed. The level of physical activity was assessed using Caltrac
(Muscle Dynamics, Inc., Tarrance, CA) accelerometer reports, and the results were based on weekly
measurement of the energy expenditure associated with physical activity [41,42]. Subjects wore the
Caltrac for 7 days. The total result in kilocalories was divided by the number of days and body weight
(PA–EE) to obtain normalized values.

2.2.3. Intervention

The experimental group participated in proprioceptive training on a balance platform for 6 weeks
for 30 min per session. The trainings took place twice a week. The total number of training sessions
was 12, and 100% participation in the training sessions was required. A balance platform was used
for the training, Sigma (ACX.rehab element), which is a modern device for training proprioception
using VR (Sigma balance platform, Prod. AC International). It was equipped with an independent
system for assessing the swing angle of the platform using a gyroscope. The sampling frequency was
40 Hz and the delay of 25 ms. The sensor registered every change in the position of the platform,
converting these changes into an appropriate output signal and transmitting data in real time to a
computer with the software. This transmission was done wirelessly using a Bluetooth sensor.

During training, audio-visual feedback for participants was used, i.e., biofeedback in the form
of video games facilitating exercises through play. The games were simple and involved moving
objects like a fish, plane, car and balls. For instance, in the fish game, the subject mainly practiced
movement precision. The subject had the task of moving a blue circle to protect the fish from a
source of sparks, which was safe when it was in the center of the circle (Figure 3). The game made it
possible to measure and practice individual skills in implementing specific movement patterns while
maintaining a set speed and range. The goal of the exercise was to repeat movements in 3D space,
planned movement training, precision of movements and improving muscle strength. Alternatively,
in the sample plane game, the subject practiced functional movements. The subject’s task was to
fly a plane through circles. The closer to the circle they flew, the more points they scored (Figure 3).
The subject was thus able to practice focus, perceptiveness, precision of movements, predicting the
trajectory of moving objects in 3D space, as well as balance during the game.
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After each training, the subject could see the result obtained in a given game. After each game,
the program analyzed the accuracy, number of points and precision of moves and also showed the
progress that was achieved between individual trainings (Figure 4).

Exercises on the platform began with the simplest ones, and then the subjects proceeded to
more complex and complicated exercises. The guidelines for the experimental group were as follows:
the subject stood motionless in the center of the platform with feet spaced at hip width so that the feet
were on opposite sides of the disk, parallel to each other. The platform was placed 2 m in front of the
monitor stand where the games were broadcast. The subject was asked to perform a task according
to instructions in the games. During the intervention, the subject balanced their body standing on
the platform and carried out the exercises using their body and limbs (Figure 5). Exercises on the
balance platform took place in an area where there was free space so that in the event of falling off

the disk there was no risk of injury. During the tests, the person being examined was supported
by the researcher who, in addition to physical assurance, also verbally controlled the well-being of
the examinee. As part of their participation, each subject was asked to play all 9 games every time.
The game time could be set through the program and the length of a single game was set between
2–3 min so that the whole single session lasted 30 min. Respondents were also able to rest in the sitting
position for 30–60 s after each exercise.
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2.3. Measurement

2.3.1. Postural Stability (PS)

The level of postural stability was measured before and after the intervention using an AccuGaitTM
power plate system (Model AMTI PJB-101, AMTI, Watertown, MA, USA) with Balance Trainer software.
The sampling frequency was 100 Hz.



Sensors 2020, 20, 3731 8 of 17

The research procedure included posturographic tests assessing the balance of the human body on
a stabilometric platform at ground level and at a height of 1 m from the ground. A single trial lasted 30 s
and was carried out twice (the average of 2 trials was taken into account). A 20 s break was used between
measurements due to the large number of trials. In the event of fatigue or dizziness, participants
could rest in the sitting position. None of the participants took advantage of this opportunity, which is
why during all tests at low or high level they stayed on the platform at the same level. A stable,
one-meter-high pedestal was used to place the stabilometry platform at a height. Participants climbed
the pedestal via three-step stairs. Gym mattresses were positioned around the platform to ensure safety.
The subject, both on the ground and at height, performed tests with open and closed eyes and with or
without a cognitive task. During the examination, the subject stood still in the center of the platform
with their bare feet spaced at hip width and arms along the torso. The posturographic platform was
placed 3 m in front of a white wall, and subjects were asked to look directly at the wall. The following
tests were carried out in random order to avoid the learning factor:

• EO LT QS—Eyes Open—Low Threat (ground level)—Quiet Standing.
• EO LT DT—Eyes Open—Low Threat—Dual Task (the subject additionally performed a

mathematical task, which consisted of counting every 3 numbers down from 200, for the
period of the test registration [43])

• EO HT QS—Eyes Open—High Threat (1m above the ground)—Quiet Standing.
• EO HT DT—Eyes Open—High Threat—Dual Task.

All tasks with the eyes closed (EC) were performed in the same way as with the eyes open
(EC LT QS, EC LT DT, EC HT QS, EC HT DT, respectively).

The study took into account the length of the displacement path of the center of pressure (COP)
signal and its elements in the anteroposterior (AP) and medial-lateral (ML) directions. It is widely used
as a PC indicator [44]. Each test was performed twice and the results were averaged. Earlier studies
confirmed that averaging 2 results was sufficient to obtain the Intraclass Correlation Coefficient (ICC)
reliability coefficient above 0.9 for the average COP displacement speed (constant parameter equals
path length) [45].

2.3.2. Statistical Analysis

The main calculations related to the assessment of the variability of dependent variables were
calculated based on the ANOVA variance analysis method (test F). The analysis was applied taking into
account the intergroup factor (with EG and CG levels) and the repeated factor of the time measurement
(with the pre and post levels). The aim of the study was not focused on differences between conditions
effects so that’s why there were counted interaction effects (group x time) for each condition separately.
Similar calculations were used for all analyzed conditions related to the experiment: EO LT QS,
EO LT DT, EO HT QS, EO HT DT, EC LT QS, EC LT DT, EC HT QS and EC HT DT.

The difference assessments between groups in terms of basic characteristics (age, BMI, physical
activity indicators) were made using the Student’s t-test. The minimum level of statistical significance
was p ≤ 0.05. The study was conducted using the Statistica v. 13.0 software program (TIBCO Software
Inc., Palo Alto, CA, USA).

3. Results

3.1. Effect of the Intervention on Postural Stability with Eyes Open in Conditions of the Low-High Threat
during Quiet Standing or Performing a Dual Task (EO LT QS, EO HT QS, EO LT DT, EO HT DT)

In the case of quiet standing with the eyes open under low threat conditions, a significant
interaction effect was found only for the sway path medial-lateral (SPML) (F = 5.47, p < 0.05, η2 = 0.22).
In an analogical analysis for high threat conditions, a significant interaction effect was observed for
the sway path (SP), the sway path anteroposterior (SPAP) and SPML (F = 14.28, p < 0.001, η2 = 0.43;
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F = 8.1, p < 0.01, η2 = 0.29 and F = 24.78, p < 0.000, η2 = 0.57, respectively). For all studied variables,
a significant main time effect was also found (η2 between 0.25 and 0.52). In the EG, the post-training
values were significantly lower than the baseline values (Table 2).

In the dual-task study conditions, a significant effect of “time x group” interaction was found
for SP, SPAP and SPML when measured at ground level (F = 12.50, p < 0.01, η2 = 0.40; F = 12.38,
p < 0.01, η2 = 0.39; F = 7.29, p < 0.01, η2 = 0.28, respectively) and at the increased height of the
measuring station (F = 35.65, p < 0.0000, η2 = 0.65; F = 31.72, p < 0.0000, η2 = 0.62; F = 21.17, p < 0.0001,
η2 = 0.52, respectively). A significant main effect (time) was recorded for SP, SPML and SPAP during
measurement at ground level (F = 19.0, p < 0.000, η2 = 0.50; F = 15.29, p < 0.001, η2 = 0.44 and F = 20.05,
p < 0.000, η2 = 0.51, respectively) and for SP when measured at the elevated altitude (F = 5.03, p < 0.05,
η2 = 0.21). After VR training, lower values of tested variables in the EG were observed during the trial
with dual–task (Table 3).

3.2. Effect of the Intervention on Postural Stability with Eyes Closed in Conditions of Low-High Threat during
Quiet Standing or Performing a Dual Task (EC LT QS, EC HT QS, EC LT DT, EC HT DT)

A significant interaction effect was observed during quiet standing with the eyes closed for all
studied parameters SP, SPAP and SPML at both low threat (F = 14.17, p < 0.001, η2 = 0.43; F = 12.42,
p < 0.01, η2 = 0.39 and F = 8.95, p < 0.01, η2 = 0.32, respectively) and high threat (F = 17.24, p < 0.000,
η2 = 0.47; F = 15.72 p < 0.001, η2 = 0.45 and F = 7.33, p < 0.01, η2 = 0.27, respectively) altitudes.
Post-training values of average COP length were significantly lower in the EG than before training.
A significant main effect (time) was found for all studied parameters except for SPML-high threat
(>0.05) (Table 4).

In the case of dual-task with the eyes closed, a significant interaction effect was found for all
parameters studied during measurement at ground level (F = 7.36, p < 0.01, η2 = 0.27; F = 6.15, p < 0.05,
η2 = 0.24 and F = 20.49, p < 0.001, η2 = 0.52, respectively). At the increased height of the measuring
station (high threat) during a dual task, a significant effect of the “task x group” interaction was found
for SPAP (F = 6.56, p < 0.05, η2 = 0.25). Detailed results of the analysis of variance are presented in
Table 5.
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Table 2. Mean and standard deviation values of postural stability for quiet standing measures with eyes open on low and high threat in the experimental and the
control groups before and after intervention and results of two-way ANOVA.

Pre Post

Variable M (sd)
EG

M (sd)
CG

M (sd)
EG

M (sd)
CG

Interaction
F(p) η2 Group

F(p) η2 Time
F(p) η2

Low threat
SP-[mm] 193.1(44.32) 189.4(21.87) 166.2(36.27) 179.7(25.98) 4.02(>0.05) 0.17 0.11(>0.05) 0.01 20.47(<0.001) 0.52

SPAP-[mm] 153.7(36.55) 148.1(21.70) 131.1(28.65) 138.4(23.29) 2.66(>0.05) 0.12 0.005(>0.05) 0.00 16.82(<0.001) 0.47
SPML-[mm] 87.1(21.58) 87.9(17.38) 76.2(17.16) 85.7(18.19) 5.47(<0.05) 0.22 0.38(>0.05) 0.02 12.35(<0.01) 0.39
High threat

SP-[mm] 210.0(48.01) 218.1(40.82) 172.7(49.91) 220.5(38.51) 14.28(<0.001) 0.43 2.25(>0.05) 0.11 11.09(<0.01) 0.37
SPAP-[mm] 169.7(40.0) 176.3(32.35) 137.1(39.53) 175.6(27.59) 8.01(<0.01) 0.29 2.51(>0.05) 0.12 8.75(<0.01) 0.31
SPML-[mm] 90.5(24.34) 93.8(27.09) 76.1(21.73) 98.(30.63) 24.78(<0.000) 0.57 11.28(>0.05) 0.06 6.52(<0.01) 0.25

Note. HW—height workers; OW—office workers; SP—Sway Path; ML—medio-lateral; AP—antero-posterior; Low threat—measurement at ground level; High threat—measurement at
increased height of the measuring platform.

Table 3. Mean and standard deviation values of postural stability for dual-task with eyes open on low and high threat in the experimental and the control groups
before and after intervention and results of two-way ANOVA.

Pre Post

Variable M (sd)
EG

M (sd)
CG

M (sd)
EG

M (sd)
CG

Interaction
F(p) η2 Group

F(p) η2 Time
F(p) η2

Low threat
SP-[mm] 201.4(35.83) 211.9(47.06) 156.5(36.72) 207.3(51.90) 12.50(<.001) 0.40 2.83(>0.05) 0.13 19.0(<0.000) 0.50

SPAP-[mm] 163.0(31.89) 172.8(42.08) 122.5(29.22) 170.6(48.76) 12.38(<0.01) 0.39 3.18(>0.05) 0.14 15.29(<0.001) 0.44
SPML-[mm] 87.2(15.02) 89.5(24.73) 71.9(18.69) 85.7(21.43) 7.29(<0.01) 0.28 0.87(>0.05) 0.04 20.05(<0.000) 0.51
High threat

SP-[mm] 210.6(33.61) 217.5(35.95) 177.5(38.32) 232.5(42.85) 35.65(<0.0000) 0.65 3.7(>0.05) 0.16 5.03(<0.05) 0.21
SPAP-[mm] 172.9(28.58) 177.8(29.21) 142.7(28.16) 191.8(33.85) 31.72(<0.0000) 0.62 4.63(<0.05) 0.19 4.29(>0.05) 0.18
SPML-[mm] 87.8(15.47) 91.5(20.39) 77.7(17.90) 95.6(23.42) 21.17(<0.0001) 0.52 1.63(>0.05) 0.07 3.76(>0.05) 0.16

Note. HW—height workers; OW—office workers; SP—Sway Path; ML—medio-lateral; AP—antero-posterior; Low threat—measurement at ground level; High threat—measurement at
increased height of the measuring platform.
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Table 4. Mean and standard deviation values of postural stability for quiet standing with eyes closed on low and high threat in the experimental and the control
groups before and after intervention and results of two-way ANOVA.

Pre Post

Variable M (sd)
EG

M (sd)
CG

M (sd)
EG

M (sd)
CG

Interaction
F(p) η2 Group

F(p) η2 Time
F(p) η2

Low threat
SP-[mm] 293.2(81.55) 272.2(51.41) 224.4(55.28) 270.5(48.19) 14.17(<0.001) 0.43 0.26(>0.05) 0.01 15.71(<0.001) 0.45

SPAP-[mm] 254.8(72.31) 234.0 (54.31) 195.2(48.29) 235.0(63.04) 12.42(<0.01) 0.39 0.14(>0.05) 0.01 11.62(<0.01) 0.38
SPML-[mm] 101.8(30.98) 105.2(31.39) 84.2(22.98) 107.6(34.11) 8.95(<0.01) 0.32 1.1(>0.05) 0.55 5.16(<0.05) 0.21
High threat

SP-[mm] 279.4(70.73) 283.3(56.27) 212.1(68.06) 296.4(65.15) 17.24(<0.000) 0.47 2.72(>0.05) 0.12 7.86(<0.01) 0.29
SPAP-[mm] 238.2(64.39) 241.2(51.98) 172.4(61.38) 252.5(61.96) 15.72(<0.001) 0.45 2.92(>0.05) 0.13 7.9(<0.01) 0.29
SPML-[mm] 103.4(28.79) 104.6(23.30) 90.3(27.59) 109.6(25.18) 7.33(<0.01) 0.27 0.88(>0.05) 0.04 1.44(>0.05) 0.07

Note. HW—height workers; OW—office workers; SP—Sway Path; ML—medio-lateral; AP—antero-posterior; Low threat—measurement at ground level; High threat—measurement at
increased height of the measuring platform.

Table 5. Mean and standard deviation values of postural stability for dual-task with eyes closed on low and high threat in the experimental and the control groups
before and after intervention and results of two-way ANOVA.

Pre Post

Variable M (sd)
EG

M (sd)
CG

M (sd)
EG

M (sd)
CG

Interaction
F(p) η2 Group

F(p) η2 Time
F(p) η2

Low threat
SP-[mm] 263.8(49.43) 259.9(53.15) 217.2(42.11) 257.3(73.45) 7.36(<0.01) 0.27 0.6(>0.05) 0.03 9.23(<0.01) 0.33

SPAP-[mm] 225.1(49.19) 224.2(50.23) 186.2(39.92) 224.7(68.33) 6.15(<0.05) 0.24 0.74(>0.05) 0.04 5.82(<0.05) 0.23
SPML-[mm] 96.7(13.49) 97.73(30.62) 79.7(17.11) 100.6(40.43) 20.49(<0.001) 0.52 0.83(>0.05) 0.04 10.26(<0.01) 0.35
High threat

SP-[mm] 256.8(61.18) 263.1(65.90) 224.5(69.95) 270.4(78.96) 4.15(>0.05) 0.17 0.82(>0.05) 0.04 1.65(>0.05) 0.08
SPAP-[mm] 219.3(57.86) 222.7(60.54) 179.6(63.29) 230.4(73.45) 6.6(<0.05) 0.25 1.04(>0.05) 0.05 3.0(>0.05) 0.14
SPML-[mm] 95.3(19.49) 99.4(25.17) 85.8(20.20) 100.6(26.46) 3.3(>0.05) 0.14 0.94(>0.05) 0.05 1.99(>0.05) 0.09

Note. HW—height workers; OW—office workers; SP—Sway Path; ML—medio-lateral; AP—antero-posterior; Low threat—measurement at ground level; High threat—measurement at
increased height of the measuring platform.
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4. Discussion

4.1. Effect of Intervention on Postural Stability with Eyes Open

Balance training is necessary to maintain and improve the level of PS, especially in high-altitude
workers [8,32]. In this study, we used proprioceptive training on a balance platform using VR
technology to improve the PS level of high–altitude workers.

The obtained results confirmed that training significantly improved PS level both under conditions
on the ground and with increased height of the measuring platform [33,46]. In quiet standing tests
with visual inspection, both a decrease of the overall length of the COP movement path and its
components in the forward-backward and right-left directions at both heights were obtained. The EG
group achieved lower results (which may indicate a higher level of postural stability) in all analyzed
parameters after training. Higher levels of PS in the EG group probably resulted from increased
involvement of the visual, vestibular and somatosensory systems, as well as individual muscle groups
used in tasks performed on the balance platform during VR training. Based on the results, it can be
assumed that even in the case of visual-vestibular-sensory conflict, the EG group would probably
maintain the correct PS level, which may reduce the percentage of accidents while working at height.
The results obtained at height also suggested that training using VR eliminated the negative impact of
height as well as visual stimuli on the level of postural stability.

Carozza et al. [47] used virtual reality goggles to train construction workers in risk recognition skills.
The authors of the study stated that performing realistic training reduced the risk associated with
performing tasks in real conditions. Positive results were reported especially in the context of work
at height. There is no other research on the impact of proprioceptive training on a balance platform
using VR on the PS level of high-altitude employees. However, indirect evidence can be sought in
studies using interactive training in the elderly or the sick.

Schwenk et al. [29] conducted pilot studies of interactive balance training in the elderly based
on visual motion feedback sensors. The authors noted that older people at risk of falling may benefit
from participating in a balance training program. In addition, this training may in the future support
traditional balance training or completely replace it. In turn, Srivastava at al. [30] noted that even
in the chronic phase after stroke, significant improvement in balance and functional outcome can be
achieved after training on a balance platform with Visual Feedback (FPVF).

In cognitive standing tests at visual control, the EG group achieved both a reduction in the overall
length of the COP path and its components in the forward-backward and right-left directions at
both heights. We can assume that the higher level of PS in the EG group probably resulted from an
increase in cognitive involvement when performing realistic tasks in VR training [33,48]. Experience in
action games results in the improvement of a wide range of perceptual skills. Players also show an
improvement in other cognitive skills, in particular the ability to effectively switch between tasks [49,50].
So far, no studies on the impact of proprioceptive training on a balance platform using VR on the
PS level in a dual task with the eyes open have been conducted in high-altitude workers. However,
research among players has shown the positive impact of games on cognitive performance.

Colzato et al. [51] studied whether, and to what extent, experience in video games affected the
performance of a cognitive task. Experienced players were faster and more accurate in monitoring and
updating working memory, and also reacted faster to the signals sent compared to inexperienced players.
The authors suggest that the use of games was associated with increased flexibility in updating
information while performing a cognitive task. In turn, Strobach, Frensch and Schubert [33] noticed
that when performing a task that requires split attention, action-game players had an excellent ability
to perform two tasks at the same time and to switch efficiently between tasks.
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4.2. Effect of the Intervention on Postural Stability with Eyes Open

When visual control is restricted, mainly proprioceptive information is used. In this study,
during the trial, we turned off the visual effect to check whether proprioceptive training on a balance
platform using VR would have a positive effect on the level of PS of high-altitude workers.

The EG group in quiet standing tests without visual control obtained both a reduction in the
length of the COP path as well as both its components towards AP and ML. Significant differences
were also found in all parameters of the COP path length in the test at the elevated height of the
measuring station. This indicated that training had a positive effect on the level of PS in the EG
regardless of the altitude.

Based on the result, we can assume that the EG group relied more on proprioception, and less
on visual input to maintain balance, than the CG, which was associated with increased ability to
maintain balance. Research has shown that this type of ability can be successfully developed [52]. It is
likely that the EG group acquired such skills during proprioceptive training on a balance platform
using VR. Hutt and Redding [52] studied the impact of specific training on balance control among
ballet dancers. They stated that a program based on reducing visual stimuli increased the level
of balance. Other studies have found that training with the Nintendo Wii Fit console improved balance
and gait in those with Parkinson’s disease [53].

Positive training effects were also obtained in tests at ground level with the eyes closed during a
dual task. The EG group achieved lower results in all analyzed parameters. Presumably, the better
PS in the EG group resulted from the combination of proprioceptive training with the daily training
of individual muscle groups used in the professional tasks of high-altitude workers, as well as the
conditions and nature of the work [2,11,51].

In both groups, no significant changes were observed in the PS level with an increase in perceived
difficulty in maintaining balance due to height and task performance. Despite the fact that the training
was performed only with the eyes open, the measurement results with the eyes closed were close
to statistically significant. The result may have been affected by the difficulty of the task being
performed, as well as insufficient ability to rely on proprioception in the absence of visual control.
Perhaps continuing training would also result in significant differences in the test with the eyes closed
at height.

Van Diest et al. [54] studied the impact of 6 weeks of training using games on the level of balance,
where participants trained at home. The training led to a reduction in postural swaying after 6 weeks
of participation in healthy older people in all analyzed tests.

Research on the impact of video games on cognitive performance suggests that some types of video
games may increase attention, memory capacity, working memory, and performance of dual tasks.
This demonstrates the potential of usefulness of these commercial games for practical applications in
the real world, such as rehabilitation or training of skills related to work at height [55]. The above
results have been confirmed by the results of the research obtained in this article.

Finally, it should be mentioned that this work was limited. It only included VR technologies
related to games on a balance platform using proprioceptive training. In the future, VR glasses
could be implemented to deepen the immersion and learning processes through experiences in VR.
For example, Angelov [56] found out that the usage of the balance training program while using
VR glasses (with increased difficulty level conditions) led to balance stability improvement. Similar
conclusions were presented by Duque et al. [57] who studied the effect of balance training using a new
VR system (the Balance Rehabilitation Unit) in older fallers. It has been showed that training is an
effective and well-accepted intervention to improve balance, increase confidence and prevent falls in
the elderly.

Secondly, the CG did not take any training exercise, so it’s difficult to separate between two
factors acting here, namely, proprioceptive training and VR. In future studies, the control group
should participate in training on the platform without VR feedback to separate the influence of these
two factors.
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The results of the study are expected to be a useful source of information for future research or
practice in implementing VR in the field of education and training among high-altitude workers to
prevent accidents at height and related injuries, and even death.

5. Conclusions

We provided evidence that proprioceptive training on a balance platform using VR improved the
PS level in all analyzed parameters of low-high threat, eyes open-eyes closed and single task–dual task.
Firstly, the proprioceptive training on a balance platform using VR turned out to be an appropriate
element for direct training of the visual-vestibular-sensory system in order for high-altitude employees
to learn an adequate response to threats without exposing them to danger. Secondly, proprioceptive
training on a balance platform using VR likely resulted in greater cognitive involvement and could
also increase the effectiveness of switching between tasks. Thirdly, we can assume that the EG group,
after proprioceptive training with the use of VR, relied more on proprioception, and less on visual control,
to maintain balance. These facts can be used to teach high-altitude workers how to automatically
respond to a threat and control safety in their work environment.

Overall, training on the platform can have a number of positive effects that seem to be difficult
to achieve during standard balance exercises. It is possible that the improvement of the PS level of
high-altitude workers under the influence of proprioceptive training with the use of VR will positively
affect quality and safety at work and prevent falls and injuries in the future.

Author Contributions: Conceptualization: M.C.-W., R.S., and J.T.; methodology: M.C.-W. and R.S.;
project administration: M.C.-W.; funding acquisition: M.C.-W.; investigation: M.C.-W., R.S., J.T., and K.M.;
formal analysis: R.S.; writing—original draft preparation: M.C.-W., R.S., and J.T.; writing—review and editing:
M.C.-W., R.S., J.T. and K.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We would like to thank Michal Wejchenig for support in all research and valuable input
throughout this project.

Conflicts of Interest: The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

References

1. Nadhim, E.A.; Hon, C.; Xia, B.; Stewart, I.; Fang, D. Falls from Height in the Construction Industry: A Critical
Review of the Scientific Literature. Int. J. Environ. Res. Public Health 2016, 13, 638. [CrossRef] [PubMed]

2. Umer, W.; Li, H.; Lu, W.; Szeto, G.P.Y.; Wong, A.Y.L. Development of a tool to monitor static balance of
construction workers for proactive fall safety management. Autom. Constr. 2018, 94, 438–448. [CrossRef]

3. Bureau of Labor Statistics (BLS). Bureau of Labor Statistics (BLS). Fatal work injuries, by industry and
contractor adjusted industry, by selected industry, 2012. Injuries, Illnesses, and Fatalities, U.S. Dept. of Labor,
Washington, DC, 2016. Available online: https://www.bls.gov/opub/mlr/2013/ (accessed on 22 May 2020).

4. Occupational Safety & Health Administration (OSHA). Walking-Working Surfaces and Personal Protective
Equipment (Fall Protection Systems). Federal Registered The Daily Journal of the United State
Government. 2016. Available online: https://www.federalregister.gov/documents/2016/11/18/2016-
24557/walking-workingsurfaces-and-personal-protective-equipment-fall-protection-systems (accessed on
22 May 2020).

5. MZiOS Regulation 1996 on carrying out medical examinations for workers, the scope of preventive health
care for workers, and medical certificates issued for the purposes set out in the Labor Code (Journal of Laws,
No.69, item 332).

6. Antwi-Afari, M.F.; Li, H.; Seo, J.; Lee, S.H.; Edwards, J.D.; Yu Lok Wong, A. Wearable insole pressure sensors
for automated detection and classification of slip-trip-loss of balance events in construction workers.
In Proceedings of the Conference Paper Construction Research Congress, New Orleans, Louisiana,
2–4 April 2018.

7. Koepp, G.A.; Snedden, B.J.; Levine, J.A. Workplace slip, trip and fall injuries and obesity. Ergonomics 2015,
58, 1–6. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijerph13070638
http://www.ncbi.nlm.nih.gov/pubmed/27367706
http://dx.doi.org/10.1016/j.autcon.2018.07.024
https://www.bls.gov/opub/mlr/2013/
https://www.federalregister.gov/documents/2016/11/18/2016-24557/walking-workingsurfaces-and-personal-protective-equipment-fall-protection-systems
https://www.federalregister.gov/documents/2016/11/18/2016-24557/walking-workingsurfaces-and-personal-protective-equipment-fall-protection-systems
http://dx.doi.org/10.1080/00140139.2014.985260
http://www.ncbi.nlm.nih.gov/pubmed/25532054


Sensors 2020, 20, 3731 15 of 17

8. Chander, H.; Kodithuwakku Arachchige, S.N.K.; Hill, C.M.; Turner, A.J.; Deb, S.; Shojaei, A.; Hudson, C.;
Knight, A.C.; Carruth, D.W. Virtual-reality-induced visual perturbations impact postural control system
behavior. Behav. Sci. 2019, 9, 113. [CrossRef] [PubMed]

9. Jeter, P.E.; Moonaz, S.H.; Bittner, A.K.; Dagnelie, G. Ashtanga-based yoga therapy increases the sensory
contribution to postural stability in visually-impaired persons at risk for falls as measured by the wii balance
board: A pilot randomized controlled trial. Public Libr. Sci. 2015, 10, e0129646. [CrossRef]

10. Nishiike, S.; Okazaki, S.; Watanabe, H.; Akizuki, H.; Imai, T.; Uno, A.; Kitahara, T.; Horii, A.; Takeda, N.;
Inohara, H. The effect of visual-vestibulosomatosensory conflict induced by virtual reality on postural
stability in humans. J. Med. Investig. 2013, 60, 236–239. [CrossRef]

11. Smalley, A.; White, S.C.; Burkard, R. The effect of augmented somatosensory feedback on standing
postural sway. Gait Posture 2018, 60, 76–80. [CrossRef]

12. Assländer, L.; Hettich, G.; Mergner, T. Visual contribution to human standing balance during support surface
tilts. Hum. Mov. Sci. 2015, 41, 147–164. [CrossRef]

13. Hsiao, H.; Simeonov, P. Preventing falls from roofs: A critical review. Ergonomics 2001, 44, 537–561. [CrossRef]
14. Orrell, A.J.; Masters, R.S.; Eves, F.F. Reinvestment and movement disruption following stroke. Neurorehabilit.

Neural Repair 2009, 23, 177–183. [CrossRef]
15. Huffman, J.L.; Horslen, B.C.; Carpenter, M.G.; Adkin, A.L. Does increased postural threat lead to more

conscious control of posture? Gait Posture 2009, 30, 528–532. [CrossRef] [PubMed]
16. Adkin, A.L.; Carpenter, M.G. New insights on emotional contributions to human postural control.

Front. Neurol. 2018, 10, 789. [CrossRef]
17. Zaback, M.; Adkin, A.L.; Carpenter, M.G. Adaptation of emotional state and standing balance parameters

following repeated exposure to height-induced postural threat. Sci. Rep. 2019, 9, 12449. [CrossRef]
18. Cullen, R.H.; Agnew, M.J. Comparing different measures of overall workload in a multimodal

postural/auditory dual-task environment. J. Iie Trans. Occup. Ergon. Hum. Factors 2016, 4, 2–3. [CrossRef]
19. Schnitther, A.J. The Effects of a Cognitive Dual Task on Jump-Landing Mechanics. Master’s Thesis,

Ohio University, Athens, OH, USA, 2017.
20. Shia, Y.; Dua, J.; Ahnb, C.R.; Raganc, E. Impact assessment of reinforced learning methods on construction

workers’ fall risk behavior using virtual reality. Autom. Constr. 2019, 104, 197–214. [CrossRef]
21. Wang, P.; Wu, P.; Wang, J.; Chi, H.L.; Wang, X. A critical review of the use of virtual reality in construction

engineering education and training. Int. J. Environ. Res. Public Health 2018, 15, 1204. [CrossRef]
22. Wilkins, J.R. Construction workers’ perceptions of health and safety training programmes.

Constr. Manag. Econ. 2011, 29, 1017–1026. [CrossRef]
23. Goedert, J.D.; Rokooei, S. Project-based construction education with simulations in a gaming environment.

Int. J. Constr. Educ. Res. 2016, 12, 208–223. [CrossRef]
24. Donath, L.; Rossler, R.; Faude, O. Effects of virtual reality training (exergaming) compared to

alternative exercise training and passive control on standing balance and functional mobility in healthy
community-dwelling seniors: A meta-analytical review. Sports Med. 2016, 46, 1293. [CrossRef]

25. Guo, H.; Lia, H.; Chana, G.; Skitmore, M. Using game technologies to improve the safety of construction
plant operations. Accid. Anal. Prev. 2012, 48, 204–213. [CrossRef]

26. Rizzo, A.A. Virtual reality and disability: Emergence and challenge. Disabil. Rehabil. 2002, 4, 567–569.
[CrossRef]

27. Kalron, A.; Fonkatz, I.; Frid, L.; Baransi, H.; Achiron, A. The effect of balance training on postural control in
people with multiple sclerosis using the CAREN virtual reality system: A pilot randomized, controlled trial.
J. Neuro Eng. Rehabil. 2016, 13, 1–10. [CrossRef]

28. Ko, Y.; Ha, H.; Bae, Y.H.; Lee, W. Effect of space balance 3D training using visual feedback on balance and
mobility in acute stroke patients. J. Phys. Ther. Sci. 2015, 27, 1593–1596. [CrossRef]

29. Schwenk, M.; Grewal, G.S.; Honarvar, B.; Schwenk, S.; Mohler, J.; Khalsa, D.S.; Najafi, B. Interactive balance
training integrating sensor-based visual feedback of movement performance: A pilot study in older adults.
J. Neuroeng. Rehabil. 2014, 13, 164. [CrossRef]

30. Srivastava, A.; Taly, A.B.; Gupta, A.; Kumar, S.; Murali, T. Post-stroke balance training: Role of force platform
with visual feedback technique. J. Neurol. Sci. 2009, 287, 89–93. [CrossRef] [PubMed]

31. Lia, X.; Yib, W.; Chi, H.L.; Wang, X.; Chana, A.P.C. A critical review of virtual and augmented reality (VR/AR)
applications in construction safety. Autom. Constr. 2018, 86, 150–162. [CrossRef]

http://dx.doi.org/10.3390/bs9110113
http://www.ncbi.nlm.nih.gov/pubmed/31718105
http://dx.doi.org/10.1371/journal.pone.0129646
http://dx.doi.org/10.2152/jmi.60.236
http://dx.doi.org/10.1016/j.gaitpost.2017.11.015
http://dx.doi.org/10.1016/j.humov.2015.02.010
http://dx.doi.org/10.1080/00140130110034480
http://dx.doi.org/10.1177/1545968308317752
http://dx.doi.org/10.1016/j.gaitpost.2009.08.001
http://www.ncbi.nlm.nih.gov/pubmed/19729308
http://dx.doi.org/10.3389/fneur.2018.00789
http://dx.doi.org/10.1038/s41598-019-48722-z
http://dx.doi.org/10.1080/21577323.2016.1165315
http://dx.doi.org/10.1016/j.autcon.2019.04.015
http://dx.doi.org/10.3390/ijerph15061204
http://dx.doi.org/10.1080/01446193.2011.633538
http://dx.doi.org/10.1080/15578771.2015.1121936
http://dx.doi.org/10.1007/s40279-016-0485-1
http://dx.doi.org/10.1016/j.aap.2011.06.002
http://dx.doi.org/10.1080/09638280110111315
http://dx.doi.org/10.1186/s12984-016-0124-y
http://dx.doi.org/10.1589/jpts.27.1593
http://dx.doi.org/10.1186/1743-0003-11-164
http://dx.doi.org/10.1016/j.jns.2009.08.051
http://www.ncbi.nlm.nih.gov/pubmed/19733860
http://dx.doi.org/10.1016/j.autcon.2017.11.003


Sensors 2020, 20, 3731 16 of 17

32. Wang, X.; Li, H.; Wong, J.; Li, H. Construction health and safety training: The utilisation of 4D enabled
serious games. J. Inf. Technol. Constr. 2014, 19, 326–335.

33. Strobach, S.; Frensch, P.A.; Schubert, T. Video game practice optimizes executive control skills in dual-task
and task switching situations. Acta Psychol. 2012, 140, 13–24. [CrossRef]

34. Rebenitsch, L.; Owen., O. Review on cybersickness in applications and visual displays. Virtual Reality 2016,
20, 101–125. [CrossRef]

35. Nalivaikoa, E.; Davis, S.L.; Blackmore, J.L.; Vakulin, A.; Nesbitt, K.W. Cybersickness provoked by
head-mounted display affects cutaneous vascular tone, heart rate and reaction time. Physiol. Behav.
2015, 151, 583–590. [CrossRef]

36. Ciou, S.H.; Hwang, Y.S.; Chen, C.C.; Chen, S.C.; Chou, S.W.; Chen, Y.L. Balance training using an interactive
game to enhance the use of the affected side after stroke. J. Phys. Ther. Sci. 2015, 27, 3855–3861. [CrossRef]
[PubMed]

37. Kümmel, J.; Kramer, S.A.; Giboin, L.S.; Gruber, M. Specificity of balance training in healthy individuals:
A systematic review and meta-analysis. Sports Med. 2016, 46, 1261–1271.

38. Maciaszek, J. Effects of Posturographic Platform Biofeedback Training on the Static and Dynamic Balance of
Older Stroke Patients. J. Stroke Cerebrovasc. Dis. 2018, 27, 1969–1974. [CrossRef] [PubMed]

39. Amritha, N.; Mahima, M.M.; Namitha, K.; Unnikrishnan, R.; Harish, M.T.; Sankaran Ravi, M.D.; Bhavani, R.R.
Design and development of balance training platform and games for people with balance impairments.
In Proceedings of the 2016 International Conference on Advances in Computing, Communications and
Informatics (ICACCI), Jaipur, India, 21–24 September 2016. [CrossRef]

40. World Medical Association. World Medical Association Declaration of Helsinki Ethical Principles for Medical
Research Involving Human Subjects. J. Am. Med Assoc. 2013, 310, 2191–2194. [CrossRef] [PubMed]

41. Bassett, D.R.; Troiano, R.P.; McClain, J.J.; Wolff, D.L. Accelerometer-based physical activity: Total volume per
day and standardized measures. Med. Sci. Sports Exerc. 2015, 47, 833–838. [CrossRef] [PubMed]

42. Mynarski, W.; Grabara, M.; Rozpara, M.; Nawrocka, A.; Powerska-Didkowska, A.; Borek, Z. Energy
expenditure of nordic walking and conventional walking assessed by accelerometer. Biomed. Hum. Kinet.
2014, 6, 109–115. [CrossRef]

43. Sample, R.B.; Jackson, K.; Kinney, A.L.; Diestelkamp, W.S.; Reinert, S.S.; Bigelow, K.E. Manual and cognitive
dual tasks contribute to fall-risk differentiation in posturography measures. J. Appl. Biomech. 2016, 32,
541–547. [CrossRef]

44. Bizid, R.; Margnes, E.; François, Y.; Jully, J.; Gonzalez, G.; Dupui, P.; Paillard, T. Effects of knee and ankle
muscle fatigue on postural control in the unipedal stance. Eur. J. Appl. Physiol. 2009, 106, 375–380. [CrossRef]
[PubMed]

45. Stemplewski, R.; Maciaszek, J.; Salamon, A.; Tomczak, M.; Osiński, W. Effect of moderate physical exercise
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