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Abstract
The purpose of the system presented in this paper is to perform different biomechanical
measurements among persons with special needs or malformations, as well as implementing special
engineering arrangements and procedures, especially biomechanical motion tests, during which
orthoses, prostheses and implants applied in health care will be developed and tested with the help
of Ariel Performance Analysis System (APAS), a video-based, computer-controlled motion-analysis
software acting on optical principle. To achieve the above objectives, I have made the following
modifications to the arrangement - and method - of Ariel Performance Analysis System (APAS)
developed by the American Ariel Dynamics Inc.:
1. Automatic camera management: synchronous usage of four or more online cameras,
2. development of the measurement environment: determining the accurate position of the
cameras to ensure better calibration,
3. development of calibration solids,
4. development of illumination for automatic marker-recognition,
5. production of markers suitable for automatic recognition,
6. development of markers for our subjects with special needs,
7. development of environment safety for disabled persons,
8. composition of modified marker sets for full-body measurement model,
9. design of database and mathematical process for calculation of parameters of physical bodymodel,
10. elaboration of subject data records,
11. compatibility design of the system environment,
12. retrieval of data from measurement environment and design of statistical data processing.
Thanks to these changes, the motion tests can be performed quickly, simply and painlessly. Thus,
the execution of the investigation does not cause either physical or psychological stress to the subject.
However, the medical methods are on the one hand expensive and therefore their application is to be
considered, on the other hand the methods are static and therefore they cannot provide data during

motion. That is the reason why we use the optical tracking method. This can help the doctor in three
areas:
1. Determination of diagnosis,
2. Selection of the therapy and analysis of the therapeutic efficiency,
3. Selection and design of aids.
It will be possible in all three areas to develop better procedures and therapies. The goal of the
creation and operation of the Goethe Gait Lab was to help this important work in case of abnormal
motion development. In order to do this, I tried to develop an efficient and accurate measurement
procedure.
The components of the arrangement are cameras, which are connected to the central
computer one-by-one through A/D converters, through FireWire cards and via PCI bus, and from
there further to the computer performing data processing.
The motion laboratory in the specified layout comprises four video cameras and a central
computer.
During the calibration procedure I use a calibration solid. The solid consists of connecting
sections and special units, so-called calibration points. To indicate the test object, I used markers that
are either active or passive, depending on whether they have their own light source. In the case of
passive markers, I used low temperature emission illuminations mounted over the camera lenses,
built from LED light sources placed in specific angular offset.
The main purpose of the physical body-model is to approximate the location of the joint
surfaces. Therefore, I designed it by placing the markers in three directions around a single
anatomical joint. The software calculates with the average of these, in search of the virtual centre of
anatomical structures, the motion axis. To do so, the model is modified within the limits permitted by
the software in a way that it is determined with the additional values calculated from the data
describing the size of every motion segment as well as from the measured and specified
anthropometric data obtained from the partial centre of mass of the segments.
The steps to help the processing of data processing are the following: data acquisition, from
MS Excel files using macros provided by APAS, transcoding, (which facilitate data analysis and is
carried out by SPSS 19 software), the determination of local extrema of the position functions using
the differences between successive data, then the statistical characterization of the original position
function with the determined local extrema – as well as with the data point distances of the
determined extrema and the analysis of all these using statistical methods.

Such data are feasible to determine the position, velocity and dynamics (current acceleration)
of the specified point, based on the position of the examined body points and the specified segments,
as well as to obtain information about the angle range of joint motion in all three space directions.
The great advantage of these measurements is that we can perform our measurements during active
motion, so we can significantly help the job of doctors.

1. The Problem
We are fortunate to live at the dawn of a new age. This is the era of numerous changes both
all over the world and in our immediate environment. These changes manifest in many areas of life,
but from the point of view of this thesis, the changes observed in health care are the most important.
Health care undergoes a major transformation both in the world and in our country.
This transformation affects economic issues, just as it affects the methodology and the tools
of healing, and the group of people which appears as a subject in this sector. The mapping of changes
is therefore a very important issue, as well as the rethinking of certain tasks, the development of new
methods, processes and tools, which can be adapted to the changed circumstances.
The task of a biomedical engineer is particularly exciting if he/she can give assistance to
medical practitioners (doctors, therapists) by developing a tool or further elaborating a possible test
method, by answering a "question" brought to life by the existing social needs, and thus have an
indirect part in the improvement of the subjects' quality of life.
This work focuses on a very small part of healing: the examination of human motion. Of
course, many aspects of the analysis and the medical examination of human motion are currently
available in our country, as orthopaedic departments operate both in the capital city and in the
countryside, where these subjects are provided for.
A range of instruments are available to the physician during the examination:
 viewing,
 manual examination,
 imaging procedures
-

X-ray,

-

CT (Computer Tomography)

-

MRI (Magnetic Resonance Imaging)

-

PET (Positron Emission Tomography)

-

SPECT (Single Photon Emission Computer Tomography).

However, these studies are limited in some sense. On the one hand, manual tests can
provide only certain information, as they are limited by the use of the physicians' sense organs (e.g. a

fracture may not be diagnosed in every case with the naked eye), and also proper practice and
experience are required, but perhaps that is proportional to the number of years spent in the
profession. On the other hand, medical imaging systems – though they provide information about the
deeper layers of the human body – require expensive and time-consuming tests in every case, which
may significantly encumber the human body in many cases. Another serious disadvantage is that they
provide a static image, that is, they are not able to track the motion (Table 1).
Denomination

Advantage

Disadvantage

OEP* price

Clinic price

Viewing

cheap, quick

experience is needed

749

15000

Manual inspection

cheap, simple

experience is needed

749

15–20000

X-ray

objective, quick

radiation exposure

1087

8000

10137

45000

30889 points

55000

draw shadow
static
CT

high resolution
imaging

prepare slices
radiation exposure
static

MRI

magnetic principle,
no radiation

slow, expensive,
static

exposure
suitable for the full
body
SPECT

more detailed

static,

10657

PET

detailed, tracking of

usage of contrast agent, static

0

processes

*OEP = National Health Insurance Fund

Table 1. Advantages and disadvantages of imaging processes
However, we must take into account that a significant percentage of the subjects have special
needs. [4]. This is reflected not only in their state of motion, but often also in their mental abilities,
therefore subjects with absolutely different abilities and with different levels of development have to
be cared for. This fact is especially critical when it comes to children, because the efficiency should be
taken more into account during their rehabilitation and habilitation, particularly with regard to the
quality of their life [4,5].

Therefore, it was important to create a method and measurement arrangement, taken the
Hungarian and international relations into account, which provides a sufficiently large amount of data
(similar to imaging procedures) about the state of the examined subjects. The results obtained should
be evaluable both quantitatively and qualitatively and must also comply with the rules of statistical
analysis. However, it should be recalled that the investigated group has special needs, i.e. the
required procedure should be safe and feasible for persons with abnormal development – and last
but not least - the testing method should be painless and non-invasive [9, 59].
Due to these factors, my research team has chosen the
biomechanical motion analysis.

The entire body can be observed with this method, and the motion in time and space is well
traceable. This kind of investigation meets the demands posed above, because it is:
 painless,
 simple from the subject's point of view, therefore groups with special needs can also be
served,
 quick,
 accurate,
 cheap,
 mobilized,
 provides good data,
 3 D data service,
 provides comparable results.
By means of the tool-development direction worked out and by the planning and the
implementation of the new theoretical directions the following questions were addressed:
1. How can the human motion be mapped?
2. What kinds of simple motion can be studied effectively?
3. What kind of special tools are needed for the examination of motion?
4. Which special needs can make the motion examination more difficult?

5. How can this kind of test be made more accurate?
6. What changes should be applied to the subjects' comfort (painlessness and
minimum asset requirement) and ease of use?
7. How can the results achieved in practice be used?
My working hypothesis was therefore as follows:
If the examination of motion can be done in a biomechanical way and if the fundamentally
separable motion patterns can be tracked both in space and time, then this application makes possible
not only the scientific motion examination, but also the development of new procedures and
arrangements, which are usable without hindrance by test persons with special needs and the in vivo
tests do not mean physical or psychological encumbrance.
Answering the above questions, the aim of the research is to develop a three dimensional
data serving, accurate, mobile, quickly calibrating, non-invasive motion examination arrangement and
procedure, which is suitable to accept test persons with abnormal development.
Out of the features listed above, my own development focused on speed, accuracy and
mobilization. Significant changes and improvements have been made in these parameters, and a
complex system has been developed to evaluate the motion analysis data.
As the purpose of my developments is to perform different biomechanical measurements
among persons with special needs or malformations, as well as implementing special engineering
arrangements and procedures, especially biomechanical motion tests, during which orthoses,
prostheses and implants applied in health care will be developed and tested with the help of Ariel
Performance Analysis System (APAS), a video-based, computer-controlled motion-analysis software
acting on optical principle, I have made the following modifications to the arrangement - and method
- of Ariel Performance Analysis System (APAS):
1. Automatic camera management: synchronous usage of four or more online cameras,
2. development of the measurement environment: determining the accurate position of
the cameras to ensure better calibration,
3. development of calibration solids,
4. development of illumination for automatic marker-recognition,
5. production of markers suitable for automatic recognition,
6. development of markers for our subjects with special needs,

7. development of environment safety for disabled persons,
8. composition of modified marker sets for full-body measurement model,
9. design of database and mathematical process for calculation of parameters of
physical body-model,
10. elaboration of subject data records,
11. compatibility design of the system environment,
12. retrieval of data from measurement environment and design of statistical data
processing.

2. Literature review
2.1. Introduction
Today's technical achievements try to help our understanding, but of course they cannot
replace people in this process: creating ideas, drawing conclusions and a lot of other steps in this
scientific process cannot be mechanized.
An important characteristic of living beings is the ability of motion. As Leonardo wrote: The
motive power is the cause of all life. The dynamism of life is maintained by motions that are visible or
just invisible, although visualisable by some imaging procedures. Biomechanics, a new field of science
that has been reinforced nowadays, deals with motion examining as well. The story of its birth, as
evolved across the ages from the meeting of more scientific disciplines, is the history of motion
examination as well.
The observation and the analysis of the various kinds of motion have probably always been
important for people. They performed these acts, because they discovered quickly that motion was
characteristic for living beings, and therefore a better understanding of motion may lead to the
cognition of the world around us. In the past, of course, motion as a phenomenon was observed and
described in other ways and means. When judging this, the ancient man should never be measured
by today's standards: no scientist is separable from the age in which he/she lives (lived). Therefore, to
track this change, we will overview the history of biomechanics in this paper era by era.
The densest definition of biomechanics comes from the German Helmholtz: "Biomechanics is
the application of mechanical science to examine living biological systems”.
We may also approach biomechanics and motion studies if we raise the following questions:
What makes the human? What distinguishes it from the animal world?
Anthropology gives numerous answers, but I would highlight only the most important ones:
1. Upright walking,
2. Meaningful speech,
3. Logical thinking.
Motion studies thus constitute a segment of science which, by analysing upright walking,
examines an area that makes a human human. Therefore his/her health, state can be considered to
be cardinal[1].

Nowadays, we can see an explosive development of digital signal processing. Digital signal
processing methods are increasingly used in medical technology (e.g. ECG, image compression,
speech recognition). Starting from the advanced level of analogue signal processing and taking
advantage of information technology development, these technologies have fundamentally changed
the world over the past decade or two. It is therefore natural that they are used more and more
frequently in the monitoring of biological processes and diagnostics. Good examples to this are not
only the spreading of imaging techniques, but for instance also the application of specific forms of
ECG, as well as the professional diagnosis of potential hearing loss on the basis of early infant crying
[45, 46, 47].

2.2. The latest results – motion analysis
Motion examination gained a basically new impetus in the early twentieth century. The main
cause of this was the rapid development of measurement technology tools and the appearance of
computers, the development of which allowed fast data capture and processing. The film and later
the video industry set up and made available more accurate, high quality photo-, video- and infra-red
cameras at a more accessible price. Motion examination systems were born from the unification of
computing and filming, the more developed versions of which allow us to analyse motion today.
There was a growing need to perform more accurate measurement: sports, rehabilitation,
habilitation, human economy, car industry, sport equipment manufacturing and furniture industry
have all come up with such claims, which increasingly demanded the human motion measurement.
It became required to perform high accuracy measurements with a large number of elements.
It was no longer possible to satisfy this demand by analysing photographs.
Motion analysis systems thus unified the state of the art image capturing processes and
computers. The quintessence of each system is that the motion pictures captured in imaging
procedure from several angles will "unite" into a three-dimensional image using the computer. The
completed images, treated as a series of flat (two-dimensional) frames will be analysed in a pre-fixed
independent coordinate system (in general using the Cartesian coordinate system used in
engineering). Specific signs/markers are placed on the moving object under investigation or on the
human body, the accurate spatial position of which can somehow (light reflection, ultrasound
reflection, infra-red reflection) be detected by the system. The relationship between the time stamp
of the captured frame and the accurate spatial position of the test point allows the calculation of the
translation in the three directions of space. From this the given point's velocity, acceleration,
relationship to other points, the relative pose of the segments connecting two points, angle between
two segments, forces acting on points, segments, etc. can be calculated. Even from this incomplete

list, it turns out why the motion analysis method became popular: it provides a lot of parameters of a
given motion; thereby a single test allows the kinetic and the kinematic analysis of many parameters.
In the following sections, I will introduce some of these proceedings. Besides the APAS system, I
have chosen two systems working in IR optical range from the numerous systems available on the
market. My first choice was the Medtronic – Treon because it is specifically a medical application,
used to assist in spinal surgery. Vicon, on the other hand, is able to track great human motion.

3. The Goethe Gait Lab motion analysis laboratory
3.1. The steps of the motion test
People have long been concerned with a detailed understanding of the different kinds of
motion. This has founded the science of optical tracking, which collects data about the motionusing
visual modelling. These procedures are used in many areas of science and art: out of life sciences the
research of animal motion (open field, labyrinth tests), sports, space research (e.g. training of
astronauts), a variety of biomechanical tests; out of engineering sciences the ergonomics, simulation
and visualization techniques are noteworthy, while important areas from the scope of medical
sciences: the computer-controlled therapy, dental implants, neurosurgery, orthopaedics and spine
surgery.
However, whichever system that may be, the measurement technique logically follows similar
principles as can be seen as follows [6,7].
 Calibration: This defines the set of planes in a given three-dimensional space, where
data is collected.
 Data collection (image file) The motion is captured from more camera positions.
 Cutting: We choose the motion section to be processed.
 Data Entry – Tracking MARKERS, i.e. to ensure tracking, markers are placed on the
moving human body or objects, the material and size of which varies depending on the
system and the purpose of the measurement. There are basically two types: passive,
requiring illumination and tracking is based on the reflected light, and active, in which
case the marker has its own light source, and the tracking is done by means of the
emitted light.
 Transformation 2D - 3D conversion The retrieved data need to be transformed from
two-dimensional into three-dimensional.
 Filtering Filtering of the data sets using different functional algorithms.
 Data extraction This bullet point includes displaying, storing and converting the various
functions of motion (e.g. translation, velocity, acceleration) into other data formats or
into a database.
 Data processing (statistics)

In the structure of the thesis, we will go through these steps following the changes I proposed.
My planned laboratory will thus be suited for conducting biomechanical examinations in the
field of motion research, i.e. measurement of subjects with abnormal development including groups
with learning disabilities, mild, moderate, and severe degrees of intellectual disabilities, motion
disabilities in different degrees, visually impaired and hearing impaired. These measurements are
conducted in human size range, the speciality of which originates from no or hardly cooperating test
subjects and the fact that often living and lifeless form together the subject (e.g. subject + crutch). In
many cases, bringing the subjects into test "position" is not easy, because they cannot accomplish the
tasks of the standard investigation position due to motion and mental disorders.
For the analysis of subjects with abnormal motion development an arrangement is required,
which is fast, accurate, and is able to operate most of its functions automatically, without human
interaction, thus reducing test time and accelerating data processing.
Another major research area of mine includes medical engineering tasks, such as the
examination and development of orthoses, prostheses, implants, rehabilitation aids (e.g. crutch,
walker, corset), by examining them objectively, bringing their functioning directly in contact with
human motion. However, in the case of some implants e.g. stents and in the case of special motion
problems such as rheumatoid arthritis, it is necessary to analyse in very small size range, thus we
have to measure in a wide range of size, from microscopic to the range of human motion.
The objective of the calibration (most often by using instrumental measurement) is to ensure
ideal operating conditions and adjustments of the given device. During calibration, the operating
parameters of the device are adjusted to values (calibrated) that are optimal for the given application
area or that are prescribed by standards (e.g. adjusting the correct colour temperature, gamma,
brightness and contrast in the case of monitor calibration) [12].
The user manual of the APAS software refers to the calibration function only at the usage of
the software, it does not address the exact calibration parameters.
This defines the set of planes in a given three-dimensional space where the data is collected.
The biomechanical motion laboratory requires the co-existence of several factors:
1. ensuring proper background,
2. illumination,
3. determining the accurate pose and type of cameras,
4. selecting the appropriate calibration solid,

5. verification of accuracy.

3.1.1. Determining the accurate position of cameras
The more space we have, the easier it is. However, this is to be optimized, since it is limited by
the camera's lens: from too great distance, the body points to be detected can no longer be reliably
distinguished. On the other hand, FireWire cables are needed to connect the cameras online, the
possible length of which is also limited. This type of cable produces a significant signal drop: cables
longer than 5 metres are not even available in our country. Although these cables can be connected
with each other via so-called HUB amplifiers, and are thus prolongable, the price/value and
signal/noise ratios are very bad. There are two possible solutions: we can either connect an A/D
converter to the end of the FireWire and transmit the signal via video cable by means of fixed BNC
connectors, or look for a FireWire solution of appropriate length and signal/noise ratio. The first
option is a bit more expensive, and its installation requires high deliberateness from a strategic point
of view to avoid test subjects' – we should not forget that sometimes severely injured children are
concerned – from accessing the connections. The inclusion of additional equipment means an
additional source of errors, too. There are specially shielded FireWire cables available abroad, which
allows us to connect the longest 25-metre-long assortment elements. This size range allows the four
cameras, with correct scaling, to cover an 8 x 8-metre area. This test space has proved to be sufficient
for us, since most types of motion are feasible in it.
The assembly of the system is initiated by the consideration that the human field of vision,
relative to eye axis generally extends 90° outwards, 55° inwards, 60° upwards and 70° downwards.
The cameras model about the same. This angle of view is often known as image angle in optics,
although the angle of view expression is also widespread there [49].
The most important parameter of the camera lenses is the angle of view. Lens with a focal
length close to the length of the diagonal of image size is called a normal lens. If si = f, where si is the
size of image, and f is the focal length, then the formula gives an angle of view of 2 * arctan(0.5) = 53°
(accepted boundaries of the category are 45° and 60°). This picture angle is similar to what the
human eye sees sharply at the same time (full angle of view of the human eye is much higher). The
diagonal of the 35mm film system is 43.27 mm, therefore 45 mm lenses, or in practice rather 50 mm
lenses are used as normal lenses. Lenses with larger focal length producing smaller angle of view are
called tele lens or telephoto lens. Lenses with smaller focal length producing larger angle of view
compared to normal lenses are called wide-angle lenses.
Thus the chosen camera, which has a 42 mm angle of view, belongs to the category of normal
lenses. However, this also means that the viewing angle is between 45-60°. When composing the

system, our task is to position the cameras in a way to achieve appropriate overlapping in the
cameras' field of vision, since the 3D data set of the tested object depending on the position
coordinates will be created when the binocular vision – just like with the human eye – is created. To
do this, overlapping visual fields are required. However, the upper limit of the field of view of 60
degrees can easily be visualized by the available constructions of circles and spheres. Thus, the
possible locations of the cameras will be given by the nodes determined by the shape. The optimal
locations have to be defined in an optimization task (Figure 1.). However, it is worth noting that by a
30-degree turn of the shape (halving the 60 degrees), we get to the Cartesian coordinate system:
using the circles the usual Cartesian coordinate system can also be created (Figure 2.). This condition
is able to create the so-called final position limits.

Figure 1. The possible position of the cameras: black circles, the object being analysed:
yellow circle

Figure 2. The turning of the used shape

In this case, however, the overlapping of fields of view is clearly apparent, even when the
cameras are in position limits, i.e. in angle of 90 degrees relative to each other (Figure 3.).

Figure 3. Possible camera positions with the indication of 60 degrees angle of view

3.1.2. Automatic camera management: using four or more
online cameras synchronously
The connection and the arrangement of equipment are key concepts in the architecture of
motion laboratory systems.
The arrangement is important and novel, because we know from scientometric databases
that a large number (more than 100) of measurement series was not investigated with this software,
and the topic of investigations is limited to the field of sport healthcare. The purpose of the current
arrangement is to allow the quick and accurate implementation of a large number of measurements
and the evaluation of the motion of test subjects with abnormal motion development. Earlier system
arrangements and methods were created with the help of normal human motion, thus they cannot
be compared with the current arrangement.
The APAS software sold by Ariel Dynamics Inc. is capable of fast and accurate data collection
in offline mode. To ensure this, the software collects the video signal of several cameras – capturing
the investigated motion from different views – the synchronization of which can be performed
manually by using the cutting (trim) module of the software after saving the motion to a computer or
any other media. The frame synchronization of video signals of several cameras can be substituted by
other solutions, e.g. with a clapper board known from cinematography or with a digital counter sold
by the company that has to be placed to be part of the fields of views of all cameras. However, this
method is rather time-consuming, furthermore, using either the counter or the clapper board is

impractical, because as a consequence of irregular motion caused by the abnormal motion
development, the occlusion of the fields of views of each camera from the spatial extension of the
investigated object/subject during the motion of the test subject increases, and thus the synchronizer
is not visible in every point of time and from every view (camera angle). This fact may decrease the
accuracy of measurement.
The APAS software is able to manage nine cameras in offline mode, i.e. the video signals are
not synchronized and not forwarded to the computer automatically, they have to be synchronized
manually in case of analogue signals by cutting with the Trim module after digitizing. The
manufacturer sells a hardware assembly with two cameras that can be used in offline mode. In our
case, at least four cameras are needed to increase accuracy in order for the motion to be tracked
from four viewing angles. The system is able to manage four cameras in offline mode, however, the
online mode is required for fast and accurate data processing: cameras have to be controlled directly
by the computer in order for the video cutting step to be avoidable, and the frame synchronization to
be ensured by automatic camera start.
These measurements can only be evaluated and discussed properly by comparing the
obtained results with the data of normal population investigated with the same system, thus the
method and arrangement has to be able to measure the population with special needs as well as the
normal population, irrespectively of age and gender. In case of the measurement of population with
normal development, a reference database is built, furthermore, the survey of health status (in terms
of motion) in the given age group, thus the screening of test subjects and the population becomes
possible.
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Figure 4. Top view of the motion laboratory
According to Figure 4. and Figure 5., the arrangement that I have developed consists of a high
performance central computer and its peripheries connected to four digital camcorders (60Hz, PAL)
extended by the fixed point and the calibration solid of the marker system. This allows the capturing
of motion from four views (front, rear and two sides) and the three dimensional reconstruction of
motion. The main tasks of the central computer are running the APAS software, managing the
cameras, automatically determining the coordinates of the markers (that are parts of the special
marker system) placed on the surface of the investigated object/subject with the aim of local and
global three dimensional coordinate systems, which are determined by the calibration solids of the
marker system with the help of the two dimensional local coordinates of the pixels of the computer
monitor, and finally, the three dimensional reconstructing of motion. The computer determines the
current speed and acceleration of the reference point from the position function. These data are
exported to MS Excel environment. The parts of the arrangement shown in Figure 30. are cameras
that are connected to the central computer through separate A/D converters, separate FireWire cards
and separate PCI buses, and from there to the data processing computer. This arrangement allows the
online operation of the cameras, the cameras start capturing synchronously as a response to the
software-generated trigger signal. The software runs in Windows environment. The arrangement is
extended by a high performance computer for data processing that can analyse the data statistically
by using the SPSS statistical analysis software and MATLAB. The planning, graphical works, image and
video handling necessary for the engineering are supported by AUTOCAD, Corel DRAW, NERO
EXPRESS. It is important that these software packages can be substituted by other compatible
programs. Thus, the tasks of the arrangement are receiving data in Windows environment from the
central computer in MS Excel format, making them available to other programs (SPSS, MATLAB),
performing statistical evaluation, process simulation and identification, synthesis and analysis based
on data, and ensuring data storage by forwarding to the server. The system is supported by AI
(Künstliche Intelligenz or Artificial intelligence) data collection and evaluation unit as part of
engineering. Furthermore, we built a portable unit that can accept and control four cameras, thus,
the first step of motion analysis (capturing the videos), the gathering of data can be performed in
other locations independently of the location of the laboratory.

RCA /BNC

A/D

APAS

UTP Lan

SPSS

Figure 5. The arrangement of the hardware system
One possible realization of the system can be found in the Appendix (Appendix 6.1)

3.2. The calibration
At APAS a calibration cube is used, the only available information about which is that it
consists of 12 points [55].
These systems either require large computational performance (Medtronic) or their error
margin is higher (about 5%) [2]. This, however, has to be decreased if a measurement with higher
accuracy is demanded. It is very important in case of the Goethe Gait Lab, because a system with
higher accuracy is required for diagnosing and surveying the state of handicapped persons. For
achieving this higher accuracy, the method of calibration is important besides the camera placement
discussed earlier. Based on the methods available in literature, calibration is done by using different
planar point sets or geometric solids. The scaling of these is rather different. Thus, setting up a
calibration arrangement with sufficient geometry and scale is important. [13, 36, 38].
This problem could be solved by using regular solids.
1

This leads us to the symbolism and usage of Platonic solids, because the drawing applied by

Leonardo has another important property: spheres can be inscribed by Platonic solids with spherical
symmetry [20].

1

Regular solids are also called Platonic solids, because Plato (428–348 BC) used them for
describing the structure of material. The structure of material is derived from the world of Ideas, and during the
discussion of the four Classical elements of Empedocles they are considered as the units obtaining the most

Every solid has a circumscribed sphere and the solid can be constructed from spheres. As a
consequence, Platonic solids can be unfolded in forms of circles and spheres used by Leonardo for
construction.
All we have to do is to mark the suitable nodes of the spherical mesh and to connect these
nodes in all possible ways. (Figure 6.) By choosing the suitable edges, the Platonic solids can be
generated. (Figure 7.)

Figure 6. The marking of nodes and the connecting edges

perfect forms of the world of Ideas. Thus, fire is characterized by tetrahedron, earth is characterized by
hexahedron, air is characterized by octahedron and water is characterized by icosahedron in the ideal world.
From these, however, other ideal forms can be derived: e.g. the outer space as the dodecahedron. The
connection possibility between each regular element is outstanding for us as an important step of calibration.

Cube

Icosahedron

Octahedron

Tetrahedron

Figure 7. Platonic solids in scheme of spherical symmetry
It is notable in these drawings that the inscribed and circumscribed spheres can also be seen:
thus, the scaling is simple: the radius of the inscribed sphere is 1 unit, while the radius of the
circumscribed sphere is 2 units. Based on this, an optimizing application can be created, with which
calibration tests can be planned.
These generated solids and their derivatives can be used effectively for calibration:
contractions and other errors can be decreased with it. Errors originating from longitudinal
magnification were decreased by stretching the calibration in the direction of motion (e.g. sagittal in
the case of walking). In practice, this means applying 18 points instead of the 8 points of a cube by
using four stacked cubes instead of just one. This way, even the error of linear/longitudinal
magnification can be decreased (Figure 8.).

Fix point

Start line

End line

Figure 8. The calibration solid and the fixed point
Then we apply a point that is independent of the calibration cube and that is visible from all
views: this is the fixed point. It gained its name from the fact that its place cannot be changed during
the measurement. Its usage is required to maintain the line-column sync between the frames. This
fixed point is also my innovation. Ariel Dynamics sells running light and counter for this purpose,
which, however, are expensive. This is the reason why I have developed a fixed point with cold white
LEDs and table tennis ball skin.
Thus, the arrangement of the fixed point defining the global origin and the line-column sync
is 1 table tennis ball, in which 4 pieces of D=5 WHITE SUP.BR. L–7083PWW–H WH. DIFF.1000mcd
RoHS 60° type LEDs can be found. The power is supplied from the central computer through a USB

port. Placement of the marker: after determining the centre of the examination space by geometric
finitization, the fixed point was placed here by fixing it to the ceiling, the power cables were led
through a special cable channel to the central computer. By doing this, I implemented an
automatically digitizable line-column-sync supporting device that is compliant to accident prevention
considerations, which are:
 does not work with high voltage, as it is supplied from USB,
 can be powered down with a single move,
 does not cause injuries in case of breakage,
 cool light source.
I place it into appropriate position of the examined space before starting the investigation. I
mark the fixed point visible from all views, which makes the identification of frame shifts, i.e. the
ensuring of the line-column-sync possible. After capturing the pose of the calibration solid with the
cameras and the computer, i.e. in our case making the calibration AVI file using the software and

hardware, the calibration solid can be removed, as no camera view changes will be performed
afterwards. For this purpose, very good camera tripods are required, because the cameras cannot be
moved after this step. This calibration is required for the validity of the transformation of the three
dimensional image. The points of the calibration solid can determine the three directions of the
space, which has the following names originating from the practice of biology: X – axis: sagittal
direction, Y – axis: vertical direction, Z – axis: horizontal direction. The base of the coordinate system
is the global/local system determined by a left-handed Cartesian coordinate system, as a calibration
solid, the relative origin of which is given by a reference marker point of the calibration solid, while
the absolute origin of the global coordinate system is given by the fixed point. The aim of the
calibration solid is to determine the three directions of space. In practice, it consists of rods and
reference points. The important parameters in its structure are the shape of the calibration solid, the
lengths of the rods (evidently the cross section depends linearly on the length of the rods) and the
sizes of cubes and spheres used as calibration points. The data of my own and other calibrating solids
can be seen in the attached tables . One possible arrangement of the calibration solid and the fixed
point can be seen in Figure 8., where points 1-18 are the marker points of the calibration solid, and
the fixed point is placed above them, the position of which is obtained by geometric finitization. This
arrangement is preferable, as this has several adjusting potential: calibration can be changed by
varying the sizes of the spheres, it can be tailored to the place and the measurement task depending
on the sizes of the measured objects. The exact solid sizes obtained this way can be found in the
Appendix (Appendix 6.5).
The different scaling of these solids does not cause essential change in the accuracy of the
system. They can be made of any material that holds its shape and can easily be cleaned, preferably.
Based on the above, the system adjusts three coordinate systems:
1. The lower left corner of the monitor is the relative origin of the system image during the
digitization step.
2. The fixed point is the absolute origin.
3. One corner of the calibrating solid is a relative origin.
The star tetrahedron emerges from the calibration solids as a non-Platonic, but Platonic-derived solid,
which is constructed from two regular tetrahedrons. The reason for its speciality is that it contains
relatively many points, which helps the calibration, and it has spherical symmetry, as it consists of two
Platonic solids. Another advantage of it is that it can be rotated, and its side view shows another
Platonic solid, the cube (Figure 8.).

Figure 9. The star tetrahedron

For my investigations (Figure 8.), I used a cuboid calibration solid with 18 points. I also
marked a fixed point visible from all views, which made the identification of frame shifts, i.e. the
ensuring of the line-column-sync possible. After capturing (on tape or in our case, creating the AVI
file) the cuboid can be removed, as the camera poses will not change afterwards. The 18 points can
determine the three directions of the space:
X – axis: sagittal direction,
Y – axis: vertical direction,
Z – axis: horizontal direction.

3.2.1. First thesis
1.1 I invented a new calibration method based on the spherical geometric form called
Flower of Life, which is capable of planning and determining the camera pose
appropriate for the measurement as well as the shape of the calibration solids,
thus, the system can be adapted to the measurement during the calibration
process. During calibration, I tested and developed calibration units defined by
Platonic solids of different sizes and shapes, wherein using several solids for the
purpose of more accurate measurement in the direction of motion we achieved

the decrease of error caused by the longitudinal magnification of the cameras.
Thus, the error margin of the system fell under 1% [Own publications: 6. 7.].
1.2 The modification of the environment was done by the so called geometric
finitization, which has the feature that the investigated space range is finitized, i.e.
divided into finite elements, the background has to be prepared with
complementer colours with respect to the markers to be tracked and the type of
measurement (black or white, bright) to reduce reflections, which involves the
preparations of the vertical and horizontal backgrounds, the installation of photooptical light diffusers on the glass doors and windows of the investigation room,
and the non-reflexive clothing of the subject in case of human examinations [Own
publications: 6, 7, 8.].
1.3 I created a biomechanical arrangement and method that contains: combined black
and white box technique for the biggest contrast, I implemented online motion
capture camera controlling through FireWire connections with the aim of 4 PCI
slots, for which I chose the appropriate hardware devices and their arrangements
[Own publications: 7, 8.].
1.4 LED light sources, the number of which is determined by the number of applied
cameras, and has the feature of being able to illuminate the passive markers with
directed reflection. The divergent LED and the device can be mounted directly
above the camera lens, thus no shield sheets are required. [Own publications:
7,8.].
1.5 I defined the fixed point as the origin of the global coordinate system, and the
device ensuring the line-column-sync. It is characterized by one or more LEDs
emitting blue or white VIS (visible range) or in the UV or IR range placed in a
sphere or Platonic solid or their derivatives depending on the sizes of LEDs. It is
powered through the computer running the APAS software, or independently of it
has its own power supply, which is not connected directly to the electric network
of the investigation room, and its position is determined through geometric
finitization. [Own publications: 7, 8.].
1.6 I defined the calibration solids that determine the three directions of space. Their
characteristics are that they consist of rods and reference points, so called markers,
the parameters of which, i.e. the shape of the calibration solid and the lengths of
the rods can perform their tasks by applying the solids derived from Platonic solids.
The cross-section changes linearly depending on the lengths of rod, and the size of
cubes and/or spheres used as calibration points form connected or dividable solid

in the metre/centimetre range in case of human investigations and in the
centimetre/millimetre range in case of microscopic examinations, which is able to
determine the directions of the local and global Cartesian coordinate system [Own
publications: 7, 8.].

3.3. Development of the markers
During the development of the markers, I carried out the following subtasks:
1. development of illumination for automatic marker detection,
2. markers for automatic marker detection
3. development of markers for subjects with special needs,
4. safety considerations for the handicapped.

3.3.1. The developed markers
The markers developed in accordance with the desired properties can be interpreted as
follows. In case of passive markers, the markers are disks that can be made of a reflective material,
fixed on close-fitting, matte, black cotton clothes by using double sided adhesive tape, where the size
(diameter) of the disks are between 1-5 cm, with a thickness of 1mm. (Figure 10.)

Figure 10. Self-developed disk marker in two sizes

The other possibility is that the disks are made of optically matte, black (non-reflective) material,
fixed on close-fitting, matte, white cotton clothes by using double sided adhesive tape, where the size
(diameter) of the disks are between 1-5 cm, with a thickness of 1mm. Several types of arrangements
were developed with active markers. The device called pearl marker is made according to the
arrangement shown in Figure 43., where the LED is in a pearl socket (1), motherboard battery socket
(2), contact (3). The power source is a 2032 type coin battery that is placed in a PC motherboard
socket. White or blue (BJ3004x) LED with a size of 3mm is soldered on this socket, which is placed in
the bore of a polyacrylic pearl, and fixed to the pearl with thermoplastic glue, and to the battery
socket with tin soldering. In this arrangement, the type of the LED is variable: can be changed to IR or

UV, depending on the measurement circumstances (environment, and hardware – depending on the
type of the sensing cameras, the properties of the CCD detector (Appendix 6.7)).

Figure 11. Pearl marker

Figure 44. shows the device called LED marker, the parts of which are assembly case, galvanic battery
holder (1), the LED (2) and the switch (3). Its power source is 3 AA type galvanic batteries that are
placed in a black plastic holder/socket. A blue or white BJ5044UW–40, 5mm Round type LED is placed
in a technical socket at the upper right corner of the case considered as the base. In this arrangement,
the type of the LED is variable: can be changed to IR or UV, depending on the measurement
circumstances (environment, and hardware – depending on the type of the sensing cameras, the
properties of the CCD detector). The technical description of the marker can be found in the
Appendix.

Figure 12. The LED marker

The arrangement of the fixed point that defines the global origin and thus ensures the linecolumn-sync is 1 table tennis ball, inside of which 4 pieces of D= 5 WHITE SUP.BR. L–7083PWW–H
WH.DIFF.1000mcd RoHS 60° type LEDs are placed. The power is supplied from the central computer
through USB port. Placement of the marker: after determining the centre of the investigation space
by geometric finitization, I placed the fixed point at this position by fixing it to the ceiling; the cables
of the power supply were guided through special cable channel to the central computer (Figure 13.).

Figure 13. The fixed point

3.3.2. Second thesis
I developed a new lighting method and passive markers. The new parts of the system are the
following [Own publications 8].
1.1 LED light sources, the number of which is determined by the number of cameras
used, and are characterized by the ability to illuminate passive markers by directed
reflection, i.e. characterized by divergent LED mounting. The device can be
mounted directly above the camera lens, thus no shield sheets are required.
1.2 The passive markers, which are devices characterized by being made of circular or
square shaped reflective material or of black non-reflective material with a
diameter of 1-5 cm and a thickness of 1mm, and the active markers that can be so
called pearl markers that are characterized by using either white or blue VIS
(visible range) LEDs, or UV or IR LEDs, and by wireless power source depending on
the technical parameters of the LED. The LED and the power source are fixed on a
mounting plate one-by-one, thus they can be fixed and placed on the investigated
subject independently of each other. This way, the use of white and blue VIS
(visible range) LEDs, and UV and IR LEDs became possible, and the wireless power
source depending on the technical parameters of the LED can be ensured, which is
AA type galvanic battery fixed in a mounting case, thus they are fixed quickly and
securely on the surface of the investigated object or subject.

1.3 The fixed point, which is the origin of the global coordinate system and the device
ensuring the line-column-sync, characterized by the placement of one or more
blue or white VIS (visible range) or UV or IR LEDs in a sphere, Platonic solid or its
geometric derivative with a size dependent on the sizes of the LEDs in a way that
its power source is connected to the central computer running the APAS software,
or has a power supply independent of the computer, which is not directly
connected to the power network of the investigation room, and its placement is
determined by geometric finitization.

3.4. The elaboration of the body model
The purpose of the biomechanical body models is the accurate modelling of the human body.
Two factors have to be taken into account during this modelling:
1. The ability to accurately reconstruct the human body from the points of the model.
2. The measurement data to be tracked by the motion of the model.
For this purpose, the complex mechanical structure of the human body has to be simplified.
We meet the following conditions during the simplification:
The mechanical structure of the human body can be described by
1. segments,
2. parts connecting the segments.
The differences between the models are in the assignment of the segments and in the
parameters of the segments.
Reference points on the body have to be marked in order to track the motion. This is the
purpose of the body model. Combinations of special arrangements of markers are called marker sets,
the spatial position of which can be automatically determined by the system in every point of time by
providing the appropriate kinematic parameters, so that they track the desired motion [18, 19, 20, 21,
22, 23, 24, 25].
It is important that the system can model the joints of the human body as ball joints and rigid
rods connecting them. In this modelling and in the calculations related to it, the investigation of a
branch of mechanics, trussing, may help. This is a main type of structures with large span. A problem
causing computational difficulties and demanding high capacity emerges in connection with trussing:
trussings have geometrical sensitivity. This is also true for no-living structures; however, the
properties of the human body as a living “material” depend even more on geometry and the
properties of the material. Trussings are structures which consist of finite length rods connected with
joints. Joints connect to the endpoints of two or more rods, and make the rotation of rods around the
joints possible but prevent them from disintegration. This is a simplification with respect to the
human body, as real joints and joint capsules allow small longitudinal translation besides rotation.

The topology of the trussing, and thus the topology of the body model can be described by a
simple graph, this graph, however, does not contain information about the lengths of the rods or the
exact poses of the joints. This information can be obtained from the anatomical positions of the
markers and their relative distances measured by the system [26, 27, 28].
The APAS system can appropriately use the following marker sets:
1.

Helen Hayes Hospital model,

2.

modified Helen Hayes model,

3.

Keith Vaughan model,

4.

modified Keith Vaughan model.
These models can only model the motion of the lower limbs; their names cover the anatomic

positions of the markers as well as the mathematical algorithms of the calculations based on the
points of the model. 2 [40–45].
Thus, the model developed for our special needs (Figure 42.) as an arrangement can be
considered as the synthesis of the marker positions and the mathematical model of the Dempster
body model supported by a software, where the mathematical algorithm can be changed to other
mathematical algorithms in other reference systems.
The first step of the method is the determination of the parts of the marker set. In our case,
the model contains 18 points, but the APAS software permits the modification of this model by
adding so called Extra points (e.g. points of a crutch, walker, etc.), or in certain cases by removing
points. The data of the model are calculated based on the global body mass and body height. As we
investigated the motion of non-healthy persons, the model contained 18 points and the segments
connecting them, corrected by the anthropometric data of the examined person (most notably the
body mass and the body height), which correction was done by the APAS system thanks to the part of
the software embedded in it. The points of the forehead and chin are marked only in special cases;
the model is suitable for accurate measurements with or without them. As a result of the above, we
got a modified Dempster model. The essence of the model is to approximate the moving positions of
the surface of the joints as closely as possible. Thus, we developed the model in a way that every
point is visible from 3 directions (anterior, posterior, lateral), i.e. we placed markers from three

2

Note that the user can create body models that can contain up to 40 points. The advantage of
this is that the model can be adjusted for our needs, its disadvantage is that the anthropometric calculations
have to be performed, furthermore, a special tool kit is required for measuring the anthropometric sizes
(goniometer, skinfold–meter, anthropometer, calliper). The above mentioned models are embedded systems in
APAS.

directions around each anatomic joint. The arrangement of the markers was summarized based on
Figure 36-37. The software calculates with the average of these, seeking for the virtual centre of the
anatomic structure, the axis of motion. The mathematical model is modified by the weights as
permitted by the program by taking all the sizes of the motion segments as well as the measured and
specified anthropometric data from the partial centre of mass of the segments based on DEMPSTER
(1955) into account. During the evaluation of the final results, the changes of the anthropometric
data between two or more measurements have to be taken into consideration; the data have to be
normalized in case of significant differences in anthropometric data.

The self developed model based on the modified Dempster model [37, 39, 48, 49, 52]
(Figure 14., Table 2.).

Figure 14. The modified body model

Serial

Name of point

Serial

number

number

of points

of points

1.

Right hand,

10.

os metacarpale II

Name of point

Left ankle
Malleolus medialis et facies anterior (end part of tibia distalis) et surface
projection of tuberculum laterale (talus)

2.

Right wrist

11.

Os capitatum et os pisiforme
3.

Left knee
Condylus medialis et condylus lateralis et tuberositas tibiae

Right elbow projection of olecranon et fossa

12.

olecrani epicondilus lateralis et medialis

Left hip
Spina iliaca posterior superior et spina iliaca anterior superior et trochanter
major

4

Right shoulder

13.

tuberculum majus et caput humeri et tuberculum

Left shoulder
tuberculum majus et caput humeri et tuberculum minus

minus
5.

Right hip

14.

Spina iliaca posterior superior et spina iliaca

Left elbow
projection of olecranon et fossa olecrani epicondilus lateralis et medialis

anterior superior et trochanter major
6.

Right knee

15.

Condylus medialis et condylus lateralis et

Left wrist
Os capitatum et os pisiforme

tuberositas tibiae
7.

Right ankle

16.

Malleolus medialis et facies anterior (and part of

Left hand
os metacarpale II

tibia distalis) et surface projection of tuberculum
laterale (talus)
8.

Right foot

17.

os metatarsale II v III
9.

Left foot

Chin
Protuberancia mentalis

18.

Vertex

os metatarsale II v III
19.

Centre of mass

Calculated value

Table 2. Points of the modified body model
The model calculates from the anthropometric parameters of the investigated person with
the help of the multipliers of Dempster, which can be found in the tables of Appendix 3. of Ellen
Kreighbaum and Kathrine M Bartels Biomechanics: A Qualitative Approach for Studying Human
Movement (1996, Allyn and Bacon Needham Heights MA USA). The following anthropometric
parameters are required for the determination of the parameters of the biomechanical motion
investigations of the body segments: (Table 3.)

Measured

anthropometric Distance between the two points

parameters
Body mass(kg)
Body height (cm)

Vertex – Sole of foot

C–0 height (cm)

C–0 – – Sole of foot

C–7 height (cm)

C–7 – – Sole of foot

Shoulder height(cm)

Acromion – – Sole of foot

Promontorium height (cm)

The dorsal surface of the sacrolumbal joint –– Sole of foot

Iliac spine height (cm)

Iliospinale anterior – – Sole of foot

Hand length (cm)

Interstylion – dactilon III

Forearm length (cm)

Stylion – radiale

Upper arm length (cm)

Acromion – radiale

Lower limb length (cm)

Trohanterion – – Sole of foot

Shin length (cm)

Tibiale – Sphyrion

Femur length(cm)

Femorale – Tibiale

Shoulder width(cm)

Between two acromions

Chest width(cm)

The distance between most bulging rib points, measured at the
height of Mesosternale, the distance between the furthest sides of
the ribs

Chest depth(cm)

The size in the direction of the arrow perpendicular to the
previous size.

Hip width (cm)

Between Iliosacrales

Table 3. The anatomical points of the modified body points
The description of the terms can be found in the Appendix and in [49]. The great advantage of this
method compared to the previous ones is that each examined point, i.e. each joint is determined by
three markers. This way, the real rotation axis/centre of mass of the joint is derived from the positions
of the three markers as the centre of mass of the triangle defined by them. Thus, I modified the
Dempster model with this method (Table 4.).

HELEN HAYES HOSPITAL

Modified Dempster model

Original model

Modified model

Measures the lower semi-body

Measures the full body

One joint is defined by 1 marker

One joint is defined by 3 markers

Markers are fixed on the body surface directly or Markers are fixed on the body surface
by means of wands

Calculates with mechanical weight factors

Calculates with anthropometric weight factors

Table 4. Comparison of the two body models
The first step of data processing is the capturing of markered object/subject by means of a
video file onto the hard drive of the computer. During digitization, the appropriate points of the body
model have to be marked automatically with a hairline in every frame, the automatic digitizing unit of
the software tracked the motion and the chosen centre of mass. This step of the data processing is
performed without human interaction. Error detection is always possible; furthermore, a feedback is
generated about the validity of the operations. As every piece of information depends on the quality
of data processing, the accurate capturing of the points to be evaluated is inevitable. This is why the
self developed markers and light sources are required. These ensure the sufficient marker contrast
and the number of pixels on the monitor.

Having digitized the images of all camera views, we create a three dimensional database for
the calculation of which we used the two dimensional coordinates obtained from the images
captured by the cameras. These coordinates are to be considered with respect to the line-column
coordinate system of the screen. The APAS system automatically calculates the three dimensional
motion with the help of the data obtained from the four views.

3.4.1. Third thesis
I created an arrangement and a method to help the processing of large data originating from
biomechanical investigations. Part of this is the body model covering the full body (1-18), which is
corrected with the anthropometric parameters (body height, body mass, C-0 height, C-7 height,
shoulder height, promontorium height, iliac spine height, hand length, forearm length, upper arm
length, lower limb length, shin length, femur length, shoulder width and hip width) of the
investigated person, thus it determines the motion of the upper and lower limbs and the trunk, as
well as calculates the centre of mass of the body [Own publications 8].

3.5. Evaluation of data
The filtering of data is made by one of the embedded algorithms of the APAS software
depending on the investigation. The pose of the body can be visualized with points or with a stick
figure moving in three dimensions. Velocity and acceleration vectors can be added to the image;
however, this method neither influences nor alters the data [56, 57, 58, 59, 60].
Data can be visualized as functions as well (time-length, in directions x, y, z). During function
evaluation the visualizations of angle, position, velocity, acceleration, energy and kinematic curves
are supported for each point of the model and for each segment of the body. The data obtained this
way was transferred into the MS Excel 2003 software by the Excel module of APAS, and from MS Excel
2003 into SPSS, where the statistics were analysed. During the analysis, a full analysis can be done for
every data point in the form of function and statistical analysis for every required direction of space.
APAS software converts the measured data into Excel format; I read these data into SPSS by
using the data reader program. The essence of the method is to read all worksheets of the xls file
fixed in the path from the first variable to the last one with the help of a macro. The data file contains
the data obtained during the investigation: the positions of every point, their actual velocity and
acceleration and the supplementary data: date and time of examination (year/month/day), a code
that contains information about the place of examination and the type of examination: e.g. captures
the states before and after a therapy, but any other comparison can be imagined. The next step is the
encoding of time. Its task is to convert the date of examination given in months of the year into
seasons using the following codes: 1: autumn, 2. winter, 3. spring. This encoding allows the

examination of groups with higher number of elements in cases of longitudinal examinations. The
next step is to convert the several supporting codes to a single code for the statistical analysis. This is
done by the Examination time encoder, the task of which is the sorting of the identification codes by
year (1. 2006-2007. 2. 2007-2008 . 3. 2008-2009), season (1: autumn, 2. winter, 3. spring), type of
therapy (1. before therapy, 2. after therapy), and merging them into a single code to ease the
analysis.
The encoding is followed by the seeking of the local minima and maxima of the motion
functions. The task of this sub program is the analysis of the functions of the spatial positions and
velocities of the body points, and the seeking of the local minima and maxima.
The attached program was developed for the lower limb, but the same source code can be
applied to the upper limb or to other reference points by changing the names of the variables.
The main purpose of the method is to determine the positions of the minima and maxima
with the seeking given by the APAS software from the function of pose in the time-space domain,
where the sampling rate is 0.02 s. The given functions cannot be examined with the traditional
mathematical model, the local extrema cannot be calculated reliably from the derivatives
(acceleration and velocity), i.e. the zero points of the derivatives cannot be sought. The reason for
this is that on the one hand, the obtained function may not be measured at the time when the value
of the derivatives equal zero due to the 0.02 s sampling rate, on the other hand, the special,
abnormal motion of the examined subjects may lead to data series where the derivatives do not have
the value required by the local minimum. As the values of the derivatives at the local extrema of the
original function converge to zero with a large deviation, I determined the places of extrema from the
original data points instead of the derivatives. I used the differences between two adjacent data of
the function for the determination. I store in the two variables (with the encoding possibilities given
by SPSS) the cases in which the adjacent data are lower or greater than the following ones. A helper
variable stores the places of the minima (-1) and maxima (+1) with the codes 1 0-1, and the original
values corresponding to these values of the original function are stored in the variables storing the
minimum and maximum values.
Thus, the local minima and maxima are detached from the original function and they can be
submitted to statistical analysis. Another helper variable is used to count the distances of minimaminima, maxima-maxima, minima-maxima, maxima-minima in a way that the number of data points
between them are counted. This sum is multiplied with the number characterizing the sampling to
obtain the lengths of the sections. The values of section lengths obtained this way characterize well
the original function, statistical comparison can be performed.
After these, every statistical analysis given by SPSS can be performed on the data series.
These data series can be made available for other programs as well.

3.5.1 Fourth thesis
I created a method to make the processing of the data obtained from APAS easier. [Own
publications 6, 7, 8, 9], that earlier did not exist, as APAS is only capable of data gathering and
visualization. The steps of the method making the processing of large data volume easier are in order
 reading the data: (reading MS Excel files created by APAS by using macro).
 Transcoding, which make data analysis easier, and which are performed with the help
of SPSS,
 determining the local extrema of the position functions from the differences of the
adjacent data,
 statistical characterization of the original position function with the determined local
extrema and with the data point distances of these extrema, and
 the analysis of all of the above by using statistical methods.
The special seeking of the local extrema is also part of the analysis, which contains the
determination of the distances of the extrema by counting the data points and the method extended
by the time interval of the sampling, the obtained data from which can be examined with either SPSS
or MATLAB Statistical TOOL kit.

3.6. The mobile system
I felt important to elaborate a portable system arrangement over time, as the developments of
Ariel Dynamics Inc do not make the portability of the place of investigation possible, only the
portability of the measurement data and their storage on a notebook. With this, the application
became available for hospitals and rehabilitation institutions. The parts of the arrangement can be
read in Appendix 6.1.5.

3.7. Practical application of the new measurement
arrangement
The new measurement arrangement of the laboratory allowed us to perform a large number of
relatively fast and low cost measurements. The elaborated method and arrangement can accept
handicapped test subjects besides healthy ones with relatively normal motion. My aim was to make
the Goethe Gait Lab motion examination laboratory become capable of accepting special groups. Our
task is to create a laboratory that is capable to carry out motion examinations for engineering and
healthcare in the field of motion research for measuring children with abnormalities:

 mental deficiencies,
 learning deficiencies,
 mild, moderate, severe mentally handicapped,
 disabilities in different degrees,
 visually impaired,
 hearing impaired.
These measurements are performed in human size range; they are special because of the non
or partly cooperative test subject, as well as because of the fact that the subject of examination is
often the complex of living and non-living (e.g. subject + crutch). It is often hard to bring the
examination subject into measurement “state”, because he/she cannot perform the tasks of the
standard measurement state due to motion or mental deficiencies. The main tasks of measurements
of normally developed children:
 survey of the health state in the specified age group,
 filtering of the population called normal,
 building the reference database,
Special engineering tasks can also be solved in the laboratory:
 orthesis,
 prosthesis,
 implants (e.g. stents),
 aid development, testing,
 ergonomic tasks,
 performing material examinations.

Engineering tasks that help to perform the measurement (developments in progress):
 special illumination technique,
 special marker system,
 special body models (based on which the system track the markers and
calculates).
Thus, we need to measure in wide size range during our measurements from the microscopic
sizes to the sizes of human motion.
Traditional medical methods – as mentioned in the introduction – are often expensive, thus
they have to be thought over, and are static, thus they cannot serve data during motion. Thus, it is
advantageous to implement optical tracking. This can help the physician in three fields:
1. Determining the diagnosis
2. Choosing the therapy and analysing the efficiency of the therapy

3. Choosing and designing the aids
Better methods and therapies can be elaborated in all three fields. By creating and operating
the Goethe Gait Lab the aim was to be able to help in this important work in case of abnormal motion
development. I tried to elaborate an efficient and accurate measurement method for this, the parts
of which were described in the previous sections. In this section, the measurements performed with
the completed measurement method are described, the importance of the practical application to
become understandable.
The system can be transformed portable so that it can become available for schools,
residential care homes, rehabilitation institutes as well. During my measurements, I tried to examine
all three fields in different subject groups. During the investigations an agreement form was signed in
all cases. I would like to describe this medical application possibility through some examples in the
following bullet points. In total, the Goethe Gait Lab system performed the following measurements:
(Table 5.)

Designation

pieces

Laboratory calibration tests

400

Marker tests, developments

1600

Efficiency examination of horse therapy

97

with subjects with Down syndrome
Efficiency examination of horse therapy with visually

1564

impaired
Efficiency examination of horse therapy with autistics

52

Rheumatoid arthritis

100

Cerebral paresis

20

Apollo endoscopic examinations

262

Testing medical aids

60

Test and therapy examination of hip deformities

36

Karate

104

Steady Motion fitness

192

Alexander method

80

Terra–suit therapy

140

SUM

47073

Table 5. Motion examinations
For testing the system, I chose the examination of the efficiency of therapy, by monitoring the
horse therapy of subjects with Down syndrome, visually impaired, and with autism.
Several different measurements were succeeded to perform besides laboratory-calibration and
testing:
1. Efficiency examination of horse therapy
2. Rheumatoid arthritis
3

In Hungary, these measurements do not have a “cost”, but two pieces of data can be cited:
the cost of building and creating the laboratory is about the cost of a smaller CT. A CT examination in Austria
costs between 500–2000 EUR, in Hungary it costs between 50–200.000 HUF. In the USA, the cost of a similar
biomechanical examination: 315 USD, in case of educational measurement this costs 400 USD.

3. Cerebral paresis
4. Testing aids.
Detailed results of these measurements can be found in Appendix 6.2. With every
measurement, where it was possible, we tried to comply with the rules of medical and engineering
professions.
It is important to note the following:
 Test subjects were informed about the process and aim of the measurement, and a
written agreement was always signed.
 I applied a control group with similar composition where it was possible.
 I tried to explore the diagnostic value and the therapeutic possibilities in a range as
broad as it was possible.
Thus, I explored the motion in several groups with the examination of horse therapy – as it is
considered an alternative therapy in Hungary:
1. Subjects with Down syndrome,
2. visually impaired
3. and autistics
participated in the examinations, and I also examined a control group receiving similar
physiotherapy.
A significant improvement was observable in many parameters with respect to the control
group, thus the analysis of the efficiency of a therapy became easy to follow with the help of the
motion examination.
Examinations of cerebral paresis and rheumatoid arthritis are good examples of diagnosing
with the help of motion investigations, and thus helping the doctors and physiotherapists.
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