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A B S T R A C T

Falls from height constitute the largest group of incidents out of approximately 90,000 occupational
accidents occurring each year in Poland. Reconstruction of the exact course of a fall from height is
generally difficult due to lack of sufficient information from the accident scene. This usually results in
several contradictory versions of an incident and impedes, for example, determination of the liability in a
judicial process. In similar situations, in many areas of human activity, researchers apply numerical
simulation. They use it to model physical phenomena to reconstruct their real course over time; e.g.
numerical human body models are frequently used for investigation and reconstruction of road
accidents. However, they are validated in terms of specific road traffic accidents and are considerably
limited when applied to the reconstruction of other types of accidents.
The objective of the study was to develop an active numerical human body model to be used for

reconstruction of accidents associated with falling from height. Development of the model involved
extension and adaptation of the existing Pedestrian human body model (available in the MADYMO
package database) for the purposes of reconstruction of falls from height by taking into account the
human reaction to the loss of balance. The model was developed by using the results of experimental
tests of the initial phase of the fall from height. The active numerical human body model covering 28 sets
of initial conditions related to various human reactions to the loss of balance was developed.
The application of the model was illustrated by using it to reconstruct a real fall from height. From

among the 28 sets of initial conditions, those whose application made it possible to reconstruct the most
probable version of the incident was selected. The selection was based on comparison of the results of the
reconstruction with information contained in the accident report. Results in the form of estimated
injuries overlap with the real injuries sustained by the casualty.

ã 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Each year the number of persons injured in work accidents in
Poland remains at the level of approx. 90,000. The largest group of
such events includes slips, falls and falls from height. On average,
they make up 25–30% of all work accidents. Most frequent
incidents causing a fall from height include: loss of balance due to
instability of a material factor (e.g. a ladder); slipping; tripping;
climbing posts, scaffolds and other structures; and loss of balance
during work on the edge of a roof. As a result of a large number of
accidents at work, for several years the Central Institute for Labour

Protection—National Research Institute, Warsaw, Poland (CIOP-
PIB) has initiated the process of application of numerical methods
to reconstruct accidents associated with mechanical hazards [1]. A
basic assumption for using numerical methods to reconstruct
accidents is to strive to recreate a real accident scene by the way of
numerical simulation. Numerical modeling of physical phenomena
makes it possible to render, based on the laws of physics, a real or
close-to-real sequence of events, their results and causes. For
simulations of accidents, the Institute uses a numerical human
body model which accurately represents human kinematics and
enables to assess injuries. However, work on the reconstruction
revealed certain limitations of the existing model preventing full
and credible analysis of specific types of accidents, including those
associated with falls.

Currently, computer reconstruction of accidents related to
falling from height is performed with the use of passive computer
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human body models, i.e. models which maintain overall human
kinematics but do not reflect motions of the body resulting from
muscular action, e.g. Refs. [2,3]. It means that during a fall
simulation, the computer model “falls” inertly to the ground.
However, an essential factor affecting the trajectory of the falling
human body model is its reaction at the moment of the loss of
balance. It is a moment when a person defines the initial conditions
which are used as input data to begin a numerical fall simulation.
Similar problems were observed in the case of the road accident
analysis. It appears that human reaction just before or/and during a
car crash also has a very significant impact on the trajectory of the
injured person’s body. Therefore, there was a need for developing
active human body models, i.e. models which enable simulation of
motions resulting from muscular activity. One of the most
advanced models is an active human body model developed by
TASS-International which enables to simulate human reactions at
the moment when a car rollover [4], and this has a bearing on the
accuracy of estimation of predicted body injuries of a driver or a
passenger. The model is developed by means of a net-torque
technique, which means that its activation is possible with the use
of “virtual actuators” generating a proper torque in kinematic pairs
simulating human joints, including individual intervertebral joints
of the spine. Development of the model required performance of
tests based on the participation of volunteers which made it
possible to define a typical reaction of a person taking part in this
type of accident [5]. Furthermore, active models of individual parts
of the body are created for the purposes of the automotive
industry, for example a model of an upper extremity controlled by
means of numerical muscles [6,7]. Another example is a model of
the head and neck developed by Loughborough University. It is
controlled by numerical models of muscles and used to study
whiplash injuries, i.e. injuries of the neck caused by its sudden
distortion, most often as a result of rear-end car collision [8].

In order to take into account human reactions in the process of
reconstructing a fall from height, it is necessary to introduce the
functions defining the initial motion of the body at the moment of
the loss of balance to the numerical model, for instance functions
containing information about the time-courses of angles at the
beginning of falling motion, measured in individual joints. In other
words, it is necessary to save in the numerical human body model
the way the body should move at the beginning of the process of
the loss of balance. Thanks to this, the fall simulation will be
considerably closer to reality. Advantages of using such model
include, primarily, the possibility of determining a more accurate
(than in the case of the passive model) trajectory of a falling body
and more credible assessment of injuries sustained as a result of
the fall. In order to develop functions defining this motion, the
authors carried out tests involving volunteers which made it
possible to record motions performed by a person right after the
loss of balance [9]. Results of the tests were used to develop the
active numerical model of the human body.

2. Methods

2.1. Numerical model of human body

An active numerical human body model was developed with
the use of the MADYMO package [10]. A numerical Pedestrian
model of the human body available in the package library was used
as a basic model. Functions of angles versus time (time-courses) for
individual human joints obtained as a result of experimental tests
were used to model motion in the kinematic pairs of the Pedestrian
model simulating these joints.

The Pedestrian numerical human body model by TASS-
International included in the MADYMO package was developed
according to the method of multibody dynamics and is available in

5 versions: a three-year old and a six-year-old child, 5-centile
woman, and 50- and 95-centile man. This model can be
additionally scaled to the required dimensions of the body of a
specific person subject to modeling. It consists of segments
simulating individual parts of the body. Each segment features pre-
set dimensions, weight, moments of inertia and location of the
center of gravity corresponding to anthropometric data of a human
body. The segments are connected to each other by means of
kinematic pairs simulating human joints. The kinematic pairs have
pre-set parameters, including stiffness, a friction factor and
limitations of movements defined by mathematical functions
due to which they operate in a manner more or less similar to real
human joints. The segments connected in this way form a
numerical model of the human body. Moreover, the numerical
human body model is equipped with virtual sensors. They are
points located in various segments of the body, in locations which
are important in terms of biomechanics, and enable to record
various physical parameters, including velocity, acceleration,
position of a specific segment, as well as forces and moments of
forces acting on the segment. These parameters are used to
determine the trajectory of a moving body and its velocity, and to
estimate injuries suffered due to loads. The model has been
modified at CIOP-PIB by developing models of upper limbs
enabling simulation of their fractures [11], as well as a model of
an industrial safety helmet. Modifications were introduced for the
purposes of reconstruction of accidents related to mechanical
hazards acting on a human body at work environment.

2.2. Experimental tests

As mentioned above, an essential factor affecting the trajectory
of the falling human is its reaction at the moment of the loss of
balance. Based on the analysis of many cases of falls recorded by
industrial cameras and consultations with professional stunt it can
be assumed that further reactions of human (except catching the
surrounding objects) have no significant impact on the course of
the accident. Therefore, in order to obtain initial conditions
required to initiate simulation of the fall, extensive (30 volunteers)
experimental tests of the initial phase of a fall from height were
performed [9]. The study was conducted in the Central Research
Laboratory of the Academy of Physical Education in Warsaw,
Poland. A permit to conduct the study was issued by the Senate
Committee for Ethics in Scientific Research of the Józef Piłsudski
Academy of Physical Education in Warsaw (No. SKE 01-05/2013 of
8.03.2013). The accident involving the collapse of a material factor,
such as a roof skylight, a sheet metal plate or a board, under the feet
of a person standing on it has been chosen for the experiment.
According to statistical records such an event is the most common
type of accident. A tilt platform designed and constructed by the
researchers was used in the testing. The volunteers were asked to
stand on the platform and as it suddenly and unexpected tilted,
they lost their balance. In this way, it has been simulated first phase
of an accident. The platform on which the volunteers stood was
placed 40 cm above the ground. The volunteers worn safety
harnesses attached to a life rope. The immersion virtual reality
(VR) method was used to induce in the subject the impression of
being and working at height. Due to the application of this method,
it was possible to create a virtual construction site and “transmit”
the volunteers on the scaffolding, evoking an impression of
standing at a great height above the ground. In order to see a view
from a scaffolding platform the volunteers wore a head-mounted
display (HMD). The effectiveness of the VR method has been
confirmed by the results of the studies performed by the University
of British Columbia, Vancouver, Canada [12]. The aim of the
research was to compare feelings of volunteers standing at certain
height above the ground with and without HMD. The efficiency of
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