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Experimental study of the loss of balance process
before falling from a height
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Due to a high number of accidents at work, actions have been undertaken to apply numerical simulation for reconstruction of their
course in time. First works on this issue showed that the numerical human body model developed in the Central Institute for Labour
Protection – National Research Institute (CIOP-PIB) should be adjusted to the nature of specific accidents. Hence, a need arose to adjust
the model for reconstruction and simulation of falls from heights. The adjustment involved supplementing the model with functions
enabling taking into account movements of a person at the time of losing their balance, as such movements influence the course of a fall.
For this purpose, a study with participation of volunteers has been conducted to define these movements. Within the framework of the
study, reactions (body movements) of the subjects at the time of losing their balance were recorded. The works resulted in obtaining
parameters that, after an analysis, may be used as initial conditions for a numerical model of the human body.
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1. Introduction

According to data provided by the Central Statisti-
cal Office of Poland (GUS), every year the number of
persons injured in accidents at work in Poland remains
at the level of about 90,000 [9]. The most numerous
group of such incidents includes slipping, tripping and
falling from heights. They constitute an average of
25–30% of all accidents at work. The most common
incidents resulting in falling from a height are: loss of
balance caused by instability of a material agent (e.g.,
a ladder), slipping, tripping, climbing posts, scaffolds
and other structures and loss of balance during works
on a roof edge [7].

Due to the large number of accidents at work, for
several years the Central Institute for Labour Protec-
tion – National Research Institute (CIOP-PIB, Warsaw,
Poland) has been conducting works on application of

numerical methods for reconstruction of accidents
related to mechanical hazards [17]. The basic assump-
tion for application of numerical methods for recon-
struction of accidents is the need to recreate a real acci-
dent situation by means of a numerical simulation.
Numerical modelling of physical phenomena enables
recreation of a real or close to real course of an acci-
dent, its reasons and outcomes, based on the laws of
physics. Simulation of accidents at CIOP-PIB uses
a MADYMO numerical model of the human body by
TASS [14], which is an accurate reflection of human
kinetics and enables an assessment of injuries. How-
ever, reconstruction works have shown some limita-
tions to the existing model, preventing a complete and
reliable analysis of some types of accidents, among
others, accidents related to falling [16]. Currently,
numerical reconstruction and simulation of accidents
related to falling uses passive numerical models of the
human body, i.e., models maintaining general human
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kinetics but not taking into account movements of the
body resulting from muscle tension. This means that
during simulation of a fall, the numerical model de-
scribes an inert fall of the human body to the ground.
Meanwhile, a crucial factor influencing the trajectory
of a fall is the reaction of a person at the time of los-
ing their balance. At that time, the falling person de-
termines the initial conditions constituting the input
data to begin a numerical simulation of a fall. In order
to include human reactions into a reconstruction of
a fall from a height, the numerical model needs to be
supplemented with functions describing the initial
movement of the human body at the time of loss of
balance, e.g., functions including information about
values of angles at a given moment in time, as meas-
ured for individual human joints. Consequently,
simulation of a fall will be more accurate. In order to
obtain functions describing the initial conditions, it is
necessary to conduct studies with participation of
volunteers, in order to record movements of a person
at the time of losing their balance. Conducting such
studies in real conditions, i.e., initiating a fall of a sub-
ject from a considerable height, is impossible for two
reasons: firstly, due to exposure of the subject to a real
risk of damaging their health or losing their life; sec-
ondly, due to the fact that the course of the test should
be recorded with special equipment, very difficult to
install in such conditions. As a result, studies need to
be conducted within a limited scope, i.e., in laboratory
conditions at the ground level or at a very small height
above the ground. Unfortunately, a laboratory does
not resemble conditions of working at heights, so
initiating loss of balance in such conditions could
produce results inconsistent with the reality. A solu-
tion to this problem is the modern technology of im-
mersion virtual reality (VR). The VR technology in-
volves isolation of a test subject from visual and
sound stimuli of the real environment, which are re-
placed by an image and sound of a presented simu-
lated world. This is executed with the use of a device
called HMD (Head Mounted Display), with a struc-
ture resembling goggles with a display mounted in
front of each of the eyes. The rest of the field of view
is covered, isolating a person from visual sensations
of the real world. Additionally, sensors tracing
movement of the head and hands installed in an HMD
and held in hands enable looking around and moving
across the virtual environment in a natural way exe-
cuted with movements of the human body. Due to
application of this technology, it is possible to create
a virtual construction site and “transfer” a subject to
scaffold so that they have an impression of working at
a very great height.

2. Materials and methods

2.1. Study population

30 males at the age of 22.90 ± 1.94, of a weight of
79.70 ± 8.93 kg and a height of 181.83 ± 6.94 cm
volunteered in the study. The subjects had no previous
experience in working at heights due to the fact that
most accidents happen among young and inexperi-
enced workers. Before the test, every subject was
given general information about the study and signed
a consent to perform the tests. Since the element of
surprise, in the form of an unexpected loss of balance,
played a crucial role in the study, the subjects were not
informed about the actual purpose of the study itself.
However, they knew that during the study a situation
might (while not necessarily will) occur that could
result in loss of balance.

2.2. Test rig

In order to conduct the study, a test rig was de-
signed and made to enable simulation of working at
a height. The main element of the rig was a computer
program resembling a computer game with a visuali-
sation of a construction site with scaffolds and con-
struction equipment. The program was displayed on
an HMD screen, so that after putting on the VR
equipment, the test subject had an impression of being
on a scaffold 20 m above the ground. Design of the
program enabled execution of various construction
works. Looking around the environment was made
possible with the use of two Razer Hydra [22] sensors
recording location in space. One sensor was mounted
on the HMD and the other was held in the subject’s
right hand. The hand-held controller was equipped
with a small joystick used to control a rope winch in
the virtual work environment.

Another component of the rig was a special device
used to unbalance the subjects. The device is made of
aluminium alloys and is composed of two main parts:
a fixed base and a swivelling platform, linked to the
base with a bearing mounting. The base consists of
a frame of the dimensions of 800 × 1,200 mm and an
extension arm; the platform is made of a metal frame
of the dimensions of 500 × 800 mm to which an anti-
skid mat of the same dimensions has been fixed.
Thanks to the application of the extension arm, it is
possible to adjust the height of the platform within the
range of 250–375 mm. In the initial condition the
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platform is positioned in parallel to the ground and is
locked in this position with the use of a SCOT EL
1200SL electromagnetic jumper, locking the platform
to the base with a force of ca. 5.4 kN. The electro-
magnetic jumper works correctly (i.e., closes both
elements of the platform) after applying a voltage of
24 V. Cutting the voltage off results in switching off
the electromagnet, enabling the platform to tilt. The
electromagnetic jumper was connected to the com-
puter with an Arduino Uno microcontroller. The
jumper was controlled from the level of the computer
program (Fig. 1).

Fig. 1. Test rig configuration. 1 – platform, 2 – VICON markers,
3 – Razer Hydra controller, 4 – HMD, 5 – belay rope

2.3. Procedure of the study

The purpose of the study was to obtain data de-
scribing movements resulting from human muscle
tension due to loss of balance. The study was con-
ducted in the Central Research Laboratory of the
Academy of Physical Education in Warsaw. A permit
to conduct the study was issued by the Senate Com-
mittee for Ethics in Scientific Research of the Józef
Piłsudski Academy of Physical Education in Warsaw
(No SKE 01-05/2013 of 8.03.2013).

Before the test, test rig set up was introduced to
the subjects and the course of study was explained.
During the test, a subject stood on the edge of the
platform with an HMD on his head. He held a joystick
controller in his hand. The HMD displayed an image
of a virtual work environment, so the subject had an
impression of standing on the edge of scaffold, about

20 m above the ground. The subject’s task was to
control a virtual rope winch. He looked down and
used the joystick to control an object placed at the end
of a rope. Due to the design of the task, initially each
subject of the study stood in a similar position and
at the same place. At the same time, this task re-
quired focus, so a subject did not expect that an inci-
dent might occur any time and result in falling from
a height.

Initially the platform was locked and constituted
a stable platform for the subject. The platform was
placed 390 mm above the floor. At a moment unex-
pected for the subject an incident was initiated in-
volving sliding off the platform that lock was released
and the platform tilted by an angle of almost 90 degrees.
At that time, the subject lost his balance and fell on
a prepared mattress. In order to prevent tripping, every
subject was wearing a harness for work at heights
attached to a belay rope.

2.4. Measuring instruments

Movements of the subjects at the time of losing
their balance were captured by means of VICONMx
[27], a system for 3D motion analysis. Body move-
ment was recorded with 9 digital cameras filming with
the frequency of 100 Hz. The cameras recorded loca-
tion of 34 light reflexive markers stuck on various
spots of the human body. Location of the markers
complied with the Full Body PlugInGait (SACR)
protocol. It is a protocol included in the VICON sys-
tem and precisely describing the spots on the human
body where markers should be placed.

The main result of the filming was a 3D recording
of location of 34 markers in the VICON coordinate
system. VICON has its own software to control the
cameras. Before recording a test, the program creates
a virtual model of the subject’s skeleton. For this pur-
pose, the person controlling the system selects each
marker individually and assigns it to a respective body
part. This way every marker placed on the subject’s
body is assigned to a respective body part.

Recorded marker locations are used by the sys-
tem to calculate angles in individual joints. During
the study angles in 14 human joints were recorded
(neck, shoulders, elbows, wrists, spine, hips, knees,
ankles) and 3 angles measured between the head,
chest, pelvis and a system of inertial coordinates
related to the laboratory. The beginning of the co-
ordinate system (0,0,0) is located on the floor, at
a distance of X = 342.5 mm from the centre of the
platform, Y = 1.280 mm from the platform rotation
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axis and Z = 390 mm from the surface on which the
subject stands (see Fig. 1).

Additionally, the study was filmed using two GoPro
Hero2 cameras [10], recording image with the frequency
of 120 fps. Camera placement enabled filming of the
experiment from the side (Fig. 2) and from the front.

3. Results

Results of the study have a form of trajectories for
individual parts of the subject’s body. On the basis of
the recorded trajectories, the following parameters
were calculated:
• positions, speeds and accelerations of the body

centre of gravity in 3D,
• values of angles, speeds and angle accelerations

for selected body parts and most of human joints.
Within the framework of the study, 30 reactions

(body movements) of the subjects at the time of losing
their balance were recorded. Completion of the test
recording for every subject was determined individu-
ally and was from 40 to 65 ms from the moment of re-
leasing the lock. Finishing recording after such a short

time was necessary, because the belay rope stretched,
causing a change in trajectories of the fall (the hu-
man body was hampered and pulled to the front).
Different timing for every subject results from the
fact that the rope stretched at a different moment for
every subject.

The histograms show values of angles measured in
the selected human joints at the finishing moment of
a test recording. The most frequent angle values for
individual measurement points are:
– The angle between the chest and the pelvis in the

lumbar section, in the sagittal plane, the X-axis
(flexion – positive values, extension – negative
values); 15÷30 degrees (Fig. 3);

– The angle in the lumbar section, in the frontal plane,
the Y-axis (lateral bending to the right – positive
values, lateral bending to the left – negative values):
–4÷4 degrees (Fig. 3);

– The angle in the lumbar section, in the transverse
plane, the Z-axis (rotation to the right – positive val-
ues, rotation to the left – negative values): –5÷5 de-
grees (Fig. 3);

– Angles in the hip joints, in the sagittal plane
(flexion – positive values): 0÷30 degrees (left),
5÷25 degrees (right) (Fig. 4);

Fig. 2. Test course filmed using GoPro Hero2 camera for one of the subjects

Fig. 3. Angle values at the finishing moment of a test measurement recorded in the lumbar spine section
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– Angles in the knee joints, in the sagittal plane
(flexion – positive values): 10÷30 degrees (left),
10÷40 degrees (right) (Fig. 4);

– Angles in the shoulder joints, in the sagittal plane,
the X-axis (flexion – positive values): –30÷10 de-
grees (left), –20÷20 degrees (right) (Fig. 4);

– Angles in the shoulder joints, in the frontal plane,
the Y-axis (abduction – positive values): 10÷30 de-
grees (left), 10÷40 degrees (right) (Fig. 4);

– Angles in the elbow joints, in the sagittal plane
(flexion – positive values): 40÷60 degrees (left),
50÷90 degrees (right) (Fig. 4).

Fig. 4. Angle values at the finishing moment of a test measurement
recorded in the joints of the upper and lower limbs
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Chest and pelvis rotation in relation to the coordi-
nate system of the laboratory:
– The chest angle in the sagittal plane, around the

X-axis (flexion – positive values, extension – nega-
tive values): 0÷15 degrees (Fig. 5);

– The chest angle in the frontal plane, around the
Y-axis (rotation to the right – positive values, rota-
tion to the left – negative values): –5÷5 degrees
(Fig. 5);

– The chest angle in the transverse plane, around the
Z-axis (rotation to the right – positive values, rota-
tion to the left – negative values): –20÷–15 and
–5÷10 degrees (Fig. 5);

– The pelvis angle in the sagittal plane: –25÷–5 de-
grees (Fig. 5);

– The pelvis angle in the frontal plane: –2÷4 degrees
(Fig. 5);

– The pelvis angle in the transverse plane: –10÷10 de-
grees (Fig. 5).
Results of 28 subjects underwent further analysis;

results of two subjects were eliminated due to techni-
cal mistakes (measurement of some angles had not
been recorded). Works determined the phases of hu-
man reactions that occurred subsequently during the
test and parameters influencing the course of a human
reaction at the time of loss of balance were investi-
gated.

The moment of loss of balance was divided into
three phases (Fig. 6):

Phase 1: The time from releasing the platform
lock to the moment of first human reaction. In this
time, plantarflexion of the feet in the ankle joint be-
gins, due to a change in the platform angle. This phase
lasts an average of 10.85 ms.

Fig. 6. Example of a recorded angle transition
for one of the subjects, showing phases of human reaction

at the time of loss of balance

Phase 2: Human reaction to tilting of the platform.
The earliest noticeable human reaction to a sudden
change of the platform position is the sudden flexion
of the lower limbs in hip joints. At the same time, or
several milliseconds later, a reaction is visible in the
knee joints (flexion) and in the upper limb joints

Fig. 5. Angle values at the finishing moment of a test measurement recorded for the pelvis and chest
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(flexion with simultaneous abduction in the shoulder
joints and flexion in the elbow joints). In most cases,
the reaction in the ankle joints (dosiflexion) is the last
to occur at this phase – on average 6.25 ms after the
initial reaction in the hip joints. Duration of this phase
is an average of 12.55 ms.

Phase 3: Flexion in the lumbar spine section.
A movement measured in the lumbar spine section is
the last to be noticed, hence this motion has been clas-
sified as the next phase. Flexion of the upper body in
relation to the pelvis is visible in this phase. This re-
action is frequently accompanied by sudden extension
and re-flexion of the upper and lower limbs in the
joints or a slowdown of flexion in these joints. This
phase ends with the end of the measurement. It lasts
an average of 24.5 ms.

All 3 phases result in pelvis deflection in rela-
tion to the coordinate system of the laboratory.
However, the chest initially deflects backwards, but
then, due to flexion in the lumbar spine section,
forward deflection occurs. The entire body, how-
ever, shows a tendency to deflect. What is more,
some of the subjects additionally leaned and rotated
to the right or left.

Within the framework of the analysis, parameters
influencing the body angular position and velocity at
the finishing moment of the test measurement were
investigated. The following parameters were se-
lected: initial value of the chest, pelvis, hip angles,

maximum rotational speed of the lumbar spine and
chest angles at the finishing moment of a test re-
cording. The Shapiro–Wilk test showed that data
within these parameters were normally distributed. A
Pearson product-moment correlation was conducted
at a statistical significance of p < 0.05. Statistical
analysis was performed using the Statistica 10
(StatSoft, Inc.). Human body angular position was
assessed on the basis of chest and pelvis rotation in
relation to the coordinate system of the laboratory.
All results are given in Table 1.

• Pelvis
The initial value of the pelvis rotation angle in re-

lation to the laboratory coordinate system is influ-
enced by the initial position of the lower limbs. An
influence of flexion of limbs in the hips just before
releasing the platform lock on the pelvis rotation was
observed at the finishing moment of the test record-
ing. The more bended the limbs in both the hip joints,
the lower the pelvis extension (turn in the sagittal
plane) at the finishing moment of the test recording.
Moreover, on the basis of the initial pelvis position, it
could be observed that pelvis lateral bending (turn in
the frontal plane) to the left (or right) just before re-
leasing the platform lock causes deflection and rota-
tion of the pelvis to the left (or right) in the final phase
of a test measurement. A similar situation takes place
in the case of rotation (turn in the transverse plane) to
the left (or right).

Table 1. Pearson correlation matrix

Pelvis angle at the finishing moment
of a test recording

Chest angle at the finishing moment
of a test recordingN = 28 flexion

– extension
lateral

bending rotation flexion
– extension

lateral
bending rotation

left r = –0.46
p = 0.013Initial value

of the hip
angle right r = –0.55

p = 0.002
lateral
bending

r = 0.51
p = 0.006

r = –0.46
p = 0.015Initial value

of the pelvis
angle rotation r = –0.55

p = 0.002
lateral
bending

r = 0.37
p = 0.05Initial value

of the chest
angle rotation r = –0.54

p = 0.003

extension r = 0.39
p = 0.042

rotation
to the right

r = –0.54
p = 0.003

r = 0.45
p = 0.017

Maximum
rotational
speed of the
lumbar spine rotation

to the left
r = –0.58
p = 0.001

r = 0.45
p = 0.017

where: r – Pearson product-moment correlation coefficient; p – statistical significance; N – number of
subjects.
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• Chest
The chest rotation angle in relation to the labora-

tory coordinate system, in the final phase of a test
measurement, is influenced by the rotational speed of
the lumbar spine. The higher the maximum rotational
speed of extension in the lumbar spine section, the
higher the angle of the chest extension in relation to the
laboratory coordinate system. Moreover, the higher the
maximum rotational speed of rotation and lateral
bending in the lumbar spine section to the right (or
left), the higher the angle of chest rotation and lateral
bending to the right (or left) at the finishing moment
of a test recording.

4. Discussion

Studies related to human balance are mainly con-
ducted for the rehabilitation purposes. For example,
balance rehabilitation can be carried out after stroke
[6], lower limbs injuries [8], [25] or for people with
different types of disabilities [1], [19]. But there are
very few studies in the field of the occupational safety
and health described in literature.

The aim of the study was to determine initial con-
ditions describing the movement of the human body at
the time of loss of balance. The initial conditions will
be used with the numerical human model during re-
constructions of a fall from a height. There are no
reports in the literature about similar studies related to
biomechanics of work. However, numerical human
models that use initial conditions (active human
model) for the purpose of analysis of car accidents are
known. One of the most advanced is active human
model developed by TASS-International [15]. The
model allows the simulation of human responses dur-
ing car rollover. The model uses “virtual actuators” to
simulate movement of the spine.To develop the model
it was necessary to carry out experimental studies with
volunteers [18]. The experimental set-up was de-
signed for the quantification of the overall human
kinematics (body response) in low-severity impact
scenarios. Six male volunteers participated in the
tests. In a test set-up a pendulum hits a volunteer lat-
erally in order to investigate the effects of the muscle
state on the overall human kinematics. Experiments
were captured with the 3D motion analysis system.
Moreover, active models of individual parts of the
body are developed, an example can be active model
of upper extremity using numerical muscles [2], [21].
Another example is an active model of head and neck
controlled by a number of muscles used to car acci-

dent analyses developed by the University of Lough-
borough [26].

The idea of conducting a study of the loss of bal-
ance process before falling from a height using VR
technology was taken from the literature. Effective-
ness of this solution has also been proven by numer-
ous researches to treat the fear of heights [3]–[5],
[12], [20] and researches for the needs of neurology
[11], [13], [24]. The actual test of subject’s sensation
of being at a certain height has been proven by re-
sults of studies by Canadian researchers [5]. They
performed an experiment involving comparison of
sensations of persons placed at a certain height above
the ground with sensations experienced by persons
wearing an HMD displaying an image from the per-
spective of several metres above the ground during
a repeated test. The results obtained from the study
have proven that the level of fear and the sense of
spatial presence during the simulation of being at
a certain height above the ground with the use of the
VR technology are indeed lower than when actually
being at a height, but they increase considerably as
compared with standing on the ground without an
HMD on.

The conducted tests resulted in obtaining 28 sets
of functions describing human reaction at the time of
loss of balance. In order to investigate the angular
position of the human body, the angle of the pelvis
and chest deflection in relation to the laboratory was
studied. At the last phase of the recording, all the
subjects had their pelvis tilted to the back (at various
angles) and showed a tendency to further tilting. What
is more, 8 subjects showed deflection and rotation of
their pelvis and chest to the right and 7 – to the left.

Movement in the lumbar spine section has a con-
siderable influence on the angular value of back-
wards deflection. Depending on how strong the
flexion or strengthening and its angular velocity are,
deflection of the entire body becomes larger or
smaller. The degree of the deflection is also influ-
enced by the initial value of flexion of the lower
limbs in the hips. It could be inferred that the more
a subject was initially (just before releasing the plat-
form lock) leaning forward, the lower was his back-
wards deflection at the last phase of a test recording
and the lower was the deflection velocity. Movement
of the upper limbs was not observed to have a sig-
nificant influence on the trajectory of the recorded
part of a fall. This could result from the fact that
flexion and abduction of the upper limbs was sudden,
but changes of joint angles were small. However, the
initial position of a subject on the platform had the
greatest influence on deflection and rotation of the
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body at the recorded moment of a fall. Despite the
fact that the subjects’ positions were similar, small
differences of their positions influenced the course of
the fall, frequently causing rotation and deflection of
the body. According to the observations, body
weight and height did not have an influence on the
subject’s reaction.

A limitation of the study was the fact that the test
recording lasted only 40–65 ms. However, conducting
the test on a full scope of a fall from a larger height
would be too dangerous for the human subjects. Short
time of test recording results also from the use of
protection in the form of a harness and a belay rope.
A subject falling from a height of 35 cm, at a certain
moment, caused stretching of the belay rope, which
started to hamper and rotate the subject, distorting the
fall trajectory.

As a result of the study, a set of initial conditions
was obtained, enabling conducting numerical simula-
tions taking into account human reaction with the use
of a human body model from the MADYMO package
[23]. This package is used for biomechanical analyses
and reconstructions of accidents. As a result, an as-
sessment of human reactions to results of a fall will be
possible.
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