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1. Introduction 

The role of modern, numerically accurate motion analysis is increasing in 

the fields of biomechanical research, clinical diagnostics, rehabilitation 

monitoring, robotics and entertainment. The motion analysis laboratory of 

the Department of Mechatronics Optics and Engineering Informatics in the 

Budapest University of Technology and Economics (Hungary) was 

established to participate in biomechanical studies. In order to achieve this 

it was important to validate the precision of the measurement systems and 

methods and to define measurement procedures and laboratory protocols. 

Main competences of the lab are balancing capability assessment and 

kinematic motion analysis of humans and animals. In case of these 

measurements – especially in the studies on postural control – a large 

number of motion characterizing parameters are presented in the literature, 

therefore it was important to select those parameters that could be reliably 

used in a standardized manner in our laboratory protocols.  

To publish kinematic motion analysis results or use the laboratory to 

validate new measurement approaches it is important to know and publish 

the precision of the used measurement systems. These demands inspired the 

development of a new motion capture system validation method, that is 

presented in this work. 

Further work has been carried out to develop an affordable alternative to 

kinematic motion capture, for which the reference system of the laboratory 

with validated precision was also mandatory. 

2. State of the art 

Redundancy and reliability of the foot center of pressure stabilometry 

parameters 

The International Society for Posture and Gait Research standardized many 

aspects of static stabilometry measurements in 2009 [1], but a wide variety 

of parameters that characterize foot center of pressure (CoP) displacement 

is still used by researchers [2,3]. The parameters often undergo statistical 
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analyzes, where independency of parameters is beneficial. Many of the 

alternately used CoP parameters contain redundant information. 

Many researchers have analyzed the test-retest reliability of certain CoP 

parameters on homogeneous groups of test subjects. Most studies that 

focused on CoP parameter reliability following the conventional test-retest 

analyses required that the participants perform two sessions on different 

days or separated by at least one-hour time intervals. The most widely used 

reliability measurements by these studies include the intraclass correlation 

coefficient (ICC), standard error of measurement (SEM), minimal 

detectable change (MDC) and coefficient of variation (CV), which is also 

known as the relative standard deviation. 

Optical motion capture system validation 

Different optical motion capture (OMC) systems are sometimes validated 

using Vicon camera systems (Vicon Motion Systems Ltd, Oxford, UK), 

which are regarded as the gold standard in scientific applications [4]. In this 

case, marker coordinates and derived parameters are compared, measured 

by both the target and Vicon systems in simultaneous measurements.  

Another validation approach relies on measurements of the coordinate-

based or relative displacement of a marker that is moved in a precisely 

known trajectory within small volumes, mostly moved by a micron 

resolution robotic device or a linear motion stage [5]. It is important that in 

these studies, accuracy was not compared to another system based on the 

same principles, but to another precise external reference. The 

measurements might be performed in different locations of a large capture 

volume, but only small relative displacements are measured, as the origin is 

placed always in the starting position of the linear stage. 

The validation methods described above can determine multiple aspects of 

accuracy and are well applicable to quantify static and dynamic accuracy, 

but are not suitable for measuring the absolute accuracy of larger capture 

volumes and the possible scale type errors of OMC systems. A scale type 

error results in coordinate deviation from the ground truth, linear to the 

distance from the origin of the OMC coordinate system, irrespective of 
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where it is defined. While they are simple and suitable for dynamic 

validations, in case of techniques that measure relative distances of markers 

rigidly moved together [6], the same scaling distortion applies to the 

coordinates of each marker in the marker cluster, therefore the scaling 

effect will not be revealed. Validation techniques using motorized motions 

can provide submillimeter resolution reference coordinates, but are only 

applicable in small volumes due to the construction of these robotic 

precision mechanisms [5]. Even though Vicon systems are considered the 

gold standard in science, comparing the accuracy of other systems to it can 

be misleading: while they work based on the same principles of 

stereophotogrammetry, they have similar errors to low-cost systems [7], 

and can be influenced by scale error as well. There are no known methods 

reported in the literature that are capable of measuring absolute accuracy 

and quantify scale errors of OMC systems in capture volumes suitable for 

human motion capture using references established by a different approach 

than the validated system.  

Optical motion capture based gait analysis 

Gait analysis is the instrumented systematic study of human motion for 

measuring body kinematics and dynamics, and is used in medicine and 

biomechanical research to assess and treat individuals with impaired 

walking capabilities or to improve sports performance. A typical optical 

based motion capture gait laboratory has several cameras placed around a 

walkway. The subject has markers located at anatomical landmarks or rigid 

groups of markers are applied to the body segments [8]. In the latter case, 

the anatomical points are calibrated as virtual markers in the coordinate 

systems of the rigid marker clusters [8]. Trajectories of the markers or the 

position and orientation of the rigid bodies are calculated from the several 

camera pictures by the system using stereophotogrammetry [8]. The 

motions of the underlying bones are estimated to yield the joint kinematics. 

These motion capture camera systems are expensive, therefore there is a 

constant demand for more affordable gait analysis solutions with similar 

accuracy. 
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One of the current trends in gait analysis is the use of low-cost motion 

sensors based on inertial measurement units (IMUs) which combine sensor 

data from accelerometers and gyroscopes. These sensors are attached to 

body segments and measure the orientation of the segments. While these 

systems are affordable and mobile, they have limitations. Inertial systems 

work well on periodic motions but are less suitable for the absolute position 

tracking of objects, and the joint kinematics of a motion analysis highly 

depends on the constrained biomechanical model. 

3. Overview and summary of the thesis 

This chapter summarizes the dissertation in the form of theses along with 

short background explanation and practical application. 

1. contribution 

The following parameters should be used to describe the motion of the 

center of pressure and deviations of the balancing capability for the 

purpose of stability tests: 

- the path length of the foot center of pressure, 

- largest anterior and posterior (forward and backward) deviation 

from the average center of pressure (Fig 1), 

- the largest continuous amplitudes projected onto the axes (Fig 2), 

- load distribution difference between lower limbs. 

 
Fig 1. CoP AP+ (d1) and AP- maximum 

deviation (d2) and angles (α, β) 

 
Fig 2. CoP largest amplitude 

 

Related publications: [P1-6] 
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Background explanation 

From the pressure distribution center of pressure and its movement can be 

calculated, which characterizes the standing balance (static balancing 

capability under quiet standing). Foot center of pressure can be recorded 

using pressure distribution measuring plates. 

In the literature numerous center of pressure based stabilometry parameter 

are utilized, but many of them characterizes the same principle in different 

notation. An obvious example for this is the path length, fixed sampling 

time and average velocity which linearly related. This makes the 

comparison of results of different studies complicated. The contribution is 

based on the reliability analysis of the parameter set that was narrowed by 

correlation and variance analysis. Among numerous center of pressure 

parameters collected form the literature the independent parameters can be 

selected using correlation analysis [P1, P2]. The sensitivity of these 

parameters were evaluated using variance analysis in stance types of 

reportedly different balancing characteristics (bipedal stances with eyes 

open and closed, single leg stance on the dominant leg with eyes open) [P1, 

P2]. Those parameters which did not indicate significant or not significant 

difference between the stance types were excluded from future analysis. 

The reliability of the narrowed parameter list is characterized by the 

intraclass correlation coefficient (ICC), the standard error of the 

measurement (SEM) and the coefficient of variation (CV) calculated for 

repeated measurements [P3]. The result of the analysis is a proposal made 

for the reliable and independent parameters for balancing capability 

evaluation that can be calculated from the motion of the foot center of 

pressure. 
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2. contribution 

The static error of stereo-photogrammetry based motion capture 

systems can be determined using engineering surveying methods, 

whereby scaling error can be defined by simultaneous measurements 

of spatial position (different heights) of widely spaced markers in a 

common base coordinate system with the motion capture and a 

surveying systems, thus the system can be calibrated. 

Related publications: [P7-8] 

Background explanation 

The stereo-photogrammetry based motion capture systems determine the 

spatial position of markers based on triangulation. To achieve this the 

relative position of the cameras and a reference coordinate system has to be 

known which is identified by extrinsic camera calibration in the daily 

routine using a marker equipped calibration wand with known geometry. 

When the distances of the calibration markers deviates from the theoretical 

distance used by the calibration software, then scaling error occurs in the 

calibration which leads to consequential marker coordinate errors that 

correlates with distance from the origin. The uncertainty of a simple 

measurement tool (caliper) used for measuring the calibration wand marker 

distances can yield marker coordinate errors of the range of centimeters in 

several meters away from the origin in a calibrated motion capture system 

which has theoretical submillimeter accuracy. Common methods to 

evaluate motion capture system accuracy are based on the measurement of 

small relative motions of markers or the measurement of distance of rigidly 

fixed markers moved together in the measurement volume. These methods 

can not detect scaling errors as it affects both the moved marker coordinate 

and the reference position or both marker coordinates. The scaling error can 

only be detected using absolute position measurements e.g. engineering 

surveying. The marker coordinates should be measured simultaneously 

with the motion capture system and surveying station in a common 

reference frame. Comparing the measured coordinates the scaling error can 

be determined. The scaling error can be also determined by measuring the 
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distance of markers placed in large distance inside the measurement 

volume using the motion capture system and a validated tape measure. 

With this method the accuracy of scale error determination improves with 

larger marker distances. 

3. contribution 

Motion tracking of body segments as rigid bodies can be performed 

with the image processing methods of augmented reality markers that 

determines position and orientation which can be calculated from the 

image of a single camera. 

Related publications: [P9-10] 

Background explanation 

Optical motion capture systems are used to record spatial coordinates of 

anatomical landmarks in gait analysis. The spatial coordinates of 

anatomical landmarks are mapped to the coordinates of marker attached to 

them. When marker clusters are used on the body segments to minimize 

soft tissue artefact, during an anatomical calibration the location (position 

vector) of the individual anatomical landmarks is determined in the local 

coordinate system of the marker clusters. The position and orientation of 

the marker cluster is measured by means of stereo-photogrammetry, which 

characterizes the motion of body segments as rigid bodies. The position of 

anatomical landmarks is calculated form the position and orientation of the 

clusters and the position vectors. 
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Fig 3. Calibration of anatomical points using the calibration pointer and 

augmented reality markers that represent position and orientation of 

body segments  

During the implementation of augmented reality – similarly to the marker 

clusters of optical motion capture systems – the position and orientation of 

the augmented reality markers are calculated relative to the camera. The 

spatial coordinates of the calibrated anatomical landmarks can be calculated 

from these data and the position vector relative to the augmented reality 

markers. Consequently the technical implementation between the two fields 

are interchangeable and augmented reality technology can be used for 

biomechanical purpose motion capture [P9-10]. In this case the motion of 
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anatomical landmarks can be tracked by augmented reality markers 

attached to body segments. 

4. Practical applications of the results 

Applications of the parameters listed in the 1. contribution. 

The narrowed center of pressure parameter list was applied in the following 

studies: 

- study the effect of bad posture on standing balance in school aged 

children [P5], 

- study the effect of pes planus on standing balance in school aged 

children [P6], 

- study the effect of bilateral knee osteoarthritis on standing balance 

[P4]. 

The proposed parameters can be used regardless of age to study deviations 

from healthy state. 

 

Validation of an OMC system using the method presented in the 2. 

contribution 

In case of an OptiTrack Flex13 motion capture system (NaturalPoint, 

Oregon, USA) with 18 cameras a scaling factor of 0.9992 was observed by 

comparing the own measurements of the system to surveying 

measurements of marker coordinates. This resulted 4 mm static position 

error 4 meters from the origin (Fig 4.). This error increases to 8 mm error in 

10 m distance from the origin. With an identified scaling factor the error of 

the marker coordinates can be compensated. Compensation not only 

required for biomechanical measurements, but also in robotic applications, 

as the outstanding absolute accuracy is required compared to robot 

odometry. 
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Fig 4. 3D error vector in the original (A) and the optimally downscaled 

(B) condition. (Error vector magnification was set to 100 for better 

visibility.) 

 

Application of the augmented reality based motion capture method 

introduced in 3. contribution 

Augmented reality based motion capture can be a cheap alternative of the 

high end optical motion capture systems. A criteria of the analysis is that 

every marker should be seen from one direction, thus the system is capable 

for treadmill trials with fixed camera placement [P9-10]. To calculate joint 

angles only the relative position and orientation of the markers are required, 

thus a measurement can be performed from a person walking on the ground 

followed by a smartphone camera. 
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