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Abstract
This thesis focuses on the design of soft-
ware for a controller of a posturometric
platform designed for a treadmill, which
is used for posturographic analysis of the
patient and his gait. The thesis proposes
suitable algorithms and procedures for
processing data from strain gauge sensors
placed in the platform. The processed
values are used to calculate the center
of pressure trajectory and the weight ap-
plied to the platform. These are then
analyzed to obtain parameters about the
patient’s gait and stability. The thesis
further covers the design of the graphical
user interface that is used to display the
obtained values.

The result is an application that
records, analyzes and displays the data
from the posturometric platform.
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graphical user interface
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Abstrakt
Tato práce se zabývá návrhem softwaru
pro řidící jednotku posturometrické plat-
formy určené pro běhací pás, která slouží
k posturografické analýze pacienta a jeho
chůze. Práce navrhuje vhodné algoritmy a
procedury pro zpracování dat z tenzomet-
rických senzorů umístěných v platformě.
Zpracované hodnoty dále slouží k výpočtu
trajektorie bodu zatížení a váhy působící
na platformu. Ty jsou následně analyzo-
vány k získání parametrů o pacientově
chůzi a stabilitě. Práce se dále zabývá
návrhem grafického uživatelkého rozhraní,
které slouží k zobrazení získaných hodnot.

Výstupem je aplikace, která zazname-
nává, analyzuje a zobrazuje data z postu-
rometrické platformy.

Klíčová slova: posturometrická
platforma, posturografie, běhací pás, bod
zatížení, detekce vrcholů, filtrace,
grafické uživatelské rozhraní

Překlad názvu: Software pro
posturometrickou platformu
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Chapter 1

Introduction

1.1 Motivation

Injuries of lower limbs are a very complex topic in medicine. After a patient
goes through treatment for an injury, for example, a broken leg, it is almost
always necessary to begin a rehabilitation process that will help eliminate
long-term consequences. The problem is that rehabilitation is time-consuming
and expensive. Sometimes, there are not enough rehabilitation workers for
all patients [1], especially if the patient’s injury is not complicated and needs
regular training with correct feedback.

The doctor may ordinate a treadmill workout when the patient needs
walking or running exercise. Correct moves and techniques are critical factors
in this form of rehabilitation and are often supervised by a specialist who
guides the patient toward better results. This exercise can also require
specialized equipment, such as treadmills with sensors that measure patient
movement and stability. These devices can be costly and if the rehabilitation
center is already equipped with standard treadmills, they would need to
replace the standard treadmill or buy a new one equipped with sensors.

The solution would be a retrofit treadmill platform equipped with sensors
(e.g. posturometric platform) that can provide helpful feedback to the patient
and inform the specialist about the patient’s progress. This means that
conventional treadmills could be upgraded with the sensor platform, which
could help expand this type of rehabilitation.

1.2 Thesis goal

This thesis aims to develop software for a posturometric platform. More
specifically, develop an application for the platform’s control device that

5



1. Introduction .....................................
displays data from the platform. This includes proposals of the methods and
algorithms needed for calculating parameters that are crucial for posturometric
platforms.

1.3 Outline of thesis

The first part of the thesis aims to clarify how posturometric platforms work
and the architecture of the posturometric platform project for which the
results of this work will be used. After that, I will describe the process,
methods, and algorithms which I will use when implementing the application.
The last part aims to implement the application and test how the proposed
algorithms and methods perform on a real prototype platform.
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Chapter 2

Posturometric analysis

Before starting, let us find out more about the topic of posturography. It is
necessary to explore what this field of study involves, the existing solutions are
and their use in practice. This information will then provide the foundation
for the posturography platform project.

2.1 Posturography

Posturography is a diagnostic method to determine the patient’s ability to
maintain balance. It is a noninvasive method based on measuring the patient’s
Center of Gravity (CoG) under static or dynamic conditions [2]. Because
measuring CoG could be challenging, general posturometric platforms instead
measure Center of Pressure (CoP) as an approximation of CoG [3]. This
method is used to detect, monitor and treat stability and postural disorders.
It can be used for short-term monitoring within a single exercise and long-term
monitoring with statistical evaluation.

2.1.1 Static posturography

Static posturography is based on measuring the patient’s CoP when the
patient is standing with different alignments of the feet and with closed or
opened eyes. For example, we can observe the difference in patient stability
when his feet are vertical side by side and when his/her feet are turned 45
degrees away with his toes apart [4]. Sensor data can be plotted for easier
analysis. There are three main types of graphs: statokinesiogram, stabilogram,
and harmonic analysis [5]. Examples are shown in Figure 2.1.

The statokinesiogram shows the patient’s CoP in the xy plane, where the
coordinate x shows movement from left to right and the coordinate y shows
movement from front to back. The stabilogram shows the movement of CoP

7



2. Posturometric analysis.................................

Figure 2.1: Example of static posturography plots [5]

as a function of time [5]. Both methods can help detect abnormalities and
analyze the patient’s health condition. Harmonic analysis shows a frequency
decomposition of the posturography data.

2.1.2 Dynamic posturography

Dynamic posturography uses techniques similar to static posturography, but
platforms can be motorized. During this examination, the patient is standing
on a moving platform which can be supplemented with equipment for visual
and audio stimulation. This arrangement allows doctors to measure the
patient’s stability reactions to changes in their environment [2]. Some of these
movements or visual changes are shown in Figure 2.2.

Figure 2.2: Example of dynamic posturography stages [6]

As an extended part of dynamic posturography, we can consider using of
treadmills as a moving platform. Here, we can examine the patient’s ability
to maintain stability and coordination while walking or running.

8



........................... 2.2. Types of posturographic platforms

2.2 Types of posturographic platforms

In the present day, there are a variety of platforms used in rehabilitation
centers, hospitals, and clinics. We can also find some for home use. These
platforms can come in various sizes, different functionality, and different price
ranges.

2.2.1 Static boards

An example of a static board for rehabilitation at home or in the clinic can
be the Nintendo Wii Balance Board (Figure 2.3) [7]. This board was initially
meant to be a game accessory for the Nintendo Wii so that players could
control a game by balancing on it. It was designed with four strain gauge
sensors and wireless communication. Subsequently, it was discovered that it
could be used to measure CoP in rehabilitation applications. Due to its good
accuracy, small size, and low price, it became pretty popular [2].

Figure 2.3: Nintendo Wii Balance Board used for rehabilitation [7]

2.2.2 Dynamic boards

Smart Balance Master is a stabilometric board aimed at dynamic posturog-
raphy analysis. Today, it is mainly used as a rehabilitation device at first
created for NASA to study the effects of space travel on the human body [8].
This board has two separate sensor plates, one for each leg. It can perform
rotational and transitional movements and simulate a changing environment
with a screen in front of a patient [2].

9



2. Posturometric analysis.................................

Figure 2.4: Smart Balance Master [8]

2.2.3 Treadmills

Treadmills that use posturographic analysis methods used for rehabilitation
are treadmills equipped with sensors that measure patient stability and
performance during exercise. These treadmills greatly benefit lower limb
exercises and cardiovascular system [9]. An example of a posturometric
treadmill is shown in Figure 2.5.

Figure 2.5: Gait&Balance treadmill [10]

Some patients may benefit from exercising in water, where the aquatic
environment provides the necessary support for seriously injured patients.
Water also slows all movements, allowing patients to concentrate more on
maintaining proper movements. Studies have shown an improvement in

10



........................... 2.2. Types of posturographic platforms

the cardiovascular system, gait, stability, and even pain reduction when
using underwater treadmills [11]. The underwater treadmills can be installed
directly in a pool or submerged in a water tank (Figure 2.6).

Figure 2.6: Underwater treadmill with tank [11]

11
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Chapter 3

System architecture

The goal is to create a retrofit alternative to the already available posturomet-
ric platforms that could help expand this form of rehabilitation. This means
that a whole treadmill does not need to be created but only the platform with
sensors. This platform could function as an upgrade to traditional treadmills.

This thesis is part of the posturometric platform development, in which
I develop software for a control device. Other parts are in the hands of my
colleagues, Adam Šťastný and David Laušman. Mr. Šťastný is responsible
for the sensor equipment, and Mr. Laušman develops the mentioned control
device and handles long-term data analysis.

Communication

Treadmill with 
posturometric platform

Control device

Real time analysis 
and presentation

Long term 
analysis

Database 

Figure 3.1: System architecture

In this chapter, I will describe the project architecture and the decisions
that our team made in common parts of the project that have an impact on
my work. What type of sensors do we use on the platform and what type of
communication do we use. Due to the close collaboration between me and Mr.
Laušman on the software itself, where he is responsible for the long-term data
analysis, I will also describe what programming language and frameworks
we decided to use. The product architecture is summarized by a diagram in
Figure 3.1.
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3. System architecture..................................
3.1 Type of sensor equipment

The first thing we need to decide is which sensors to use for the posturomentric
platform. With sensors, we need to be able to detect the patient’s movement
on the platform and also monitor the weight that loads the platform. We
considered methods that include capacitive panels, resistive panels, and a
matrix of strain gauges. Capacitive and resistive panels are sensory devices
designed to detect the contact position on the panel and are used mainly in
touch screens [12]. Strain gauges are sensors that measure the load to which
they are subjected.

3.1.1 Projected capacitive panels

Projected capacitive (p-cap) panels are based on measuring the changes in
the electric field caused by a conductive object (like a finger) touching the
panel [12]. The panel is composed of arranged pairs of electrodes. These
electrodes generate an electric field between them, and when a finger is close
to the pair, the electric field changes [12]. This change triggers the controller,
which determines the position of the contact. Since every pair of electrodes
functions as an individual capacitive touch sensor, the panel has no problem
handling multi-touch events. An illustration of how the p-cap panel works is
shown in Figure 3.2.

Figure 3.2: P-cap panels illustration [12]

Unfortunately, these panels require contact with a conducive object in
order to work. That is why most smartphones cannot be used with gloves,
usually made from nonconductive materials. That means that if we want to
use these panels on the posturometric platform, we would need to modify the
belt so that it can work with the p-cap panel. That can also cause unwanted
touches and other problems. Another problem is that the p-cap panels cannot
measure weight and may not survive a high impact on the running patient.

14



............................... 3.1. Type of sensor equipment

3.1.2 Resistive panels

Resistive panels are based on two separate conductive plates, where the upper
plate is usually flexible, so when the user presses the panel, the upper plate
is pushed to the lower plate and forms a connection that can be measured to
determine the position of the press (Figure 3.3) [12]. Because this type of
panel depends only on a force that pushes two plates together, there is no
need for a conductive object, so the panel works with any non-sharp object
[12].

Figure 3.3: Arrangement of conductive plates in resistive plates [12]

Older resistive panels do not support multitouch because the contact
position was calculated from voltage dividers that form when the plates
touch each other. The second contact would change the voltage dividers, and
the contact position would not be calculated correctly. The newer resistive
panels consist of small individual segments arranged in a grid and therefore
support multitouch. Each segment works individually, so the calculation is
not corrupted, when the contact occurs in two separate segments [12].

Resistive panels seem like a great option for our application because they
are cheap and can detect any non-sharp object touching them, so materials
between the treadmill platform and the patient’s feet will not be a problem.
The main disadvantages of resistive panels are their low durability and the
inability to measure weight on the platform [12].

15



3. System architecture..................................
3.1.3 Strain gauge

A strain gauge sensor is a specially modified resistor that is basically a long flat
wire attached to a base material, as shown in Figure 3.4. This arrangement
results in a significant change in the length of the wire when the support
material bends. A change in the length of the wire changes its resistance,
which can be measured and processed to a strain value applied to the base
material [13]. Strain gauge sensors can be used in different configurations to
measure strains in different directions.

Figure 3.4: Strain gauge illustration [14]

The typical configuration of the strain gauges is a full Wheatstone bridge.
This arrangement allows for a more precise measurement of the strain applied
to the support material. The measurement is based on the measurement of
the output voltage Vout when the known voltage Vin is applied.

3.1.4 Selected type of sensors

Using strain gauge sensors to measure patient’s position on the platform
may not be as accurate as the panels mentioned above. However, these
methods do not provide information about the weight distribution on the
platform. In addition, touch-sensitive panels are inconvenient for large panels
because they must be custom-made and more durable. There is also a need
for the contact of the conductive object with the p-cap panels, which would
be difficult to maintain with a conventional treadmill. All these disadvantages
are not present with strain gauges. Strain gauges are durable and can provide
information on the weight distribution applied to the platform. For these
reasons, we decided to use strain gauges.

16



................................. 3.2. Communication type

3.2 Communication type

This part focuses on choosing a communication type that will be used for
data transfer between the posturometric platform and the control unit. In
the early stage of this project, we had to decide between wireless and wired
communication. However, because our platform does not have a battery and
in the future, we plan to make an underwater version of our platform, wireless
communication is a dead-end for us. Traditional wireless communication
does not perform well in a water environment, so we would need to keep our
communication module away from the water. Since we already need a power
supply cable between the control device and the platform, it is not a problem
to use wire communication.

Because the platform is located near a treadmill motor that will generate
high noise, we must find a suitable wired type of communication resistant to
interference. The communication distance might be around tens of meters.
For these reasons, we will only consider types of communication resistant to
interference and with a longer communication range. The standard for these
requirements is the type of communication that uses differential signalling.

3.2.1 Differential signals

Unlike standard single-ended signalling, differential signalling uses two com-
plementary voltage signals to encode one information signal. Both voltage
signals have the same amplitude but different polarities over the common-
mode voltage. The receiver gets information by simply making a difference
in the pair of cables. These "balanced" voltage levels mean that differential
signalling is more resistant to interference because interference affects both
voltage signals equally, so the resulting difference will not change [15].

3.2.2 RS485

TIA/EIA-485-A, which is known as RS485, is one of the basic communication
standards that uses differential communication. The TIA-485 standard
specifies the receiver and transmitter parameters on the multipoint bus. It
is not a protocol, so communication handling is not specified. At the bare
minimum, it requires one pair of twisted cables that connect two or more
devices arranged in chains on the bus and the termination at both ends of
the bus [16]. In terms of the Open Systems Interconnection (OSI) reference
model, TIA485 specifies only the physical layer and is used by protocols of
higher layers [16].

17



3. System architecture..................................
3.2.3 Isolated Serial Peripheral Interface

Serial Peripheral Interface (SPI) is a common type of communication between
microcontrollers and peripheral devices, such as sensors or output devices.
SPI is a full-duplex master-slave communication interface that uses separate
Chip Select (CS) cables instead of slave addresses. However, SPI is not
meant for long-distance communication and is not resistant to interference,
so the Isolated Serial Peripheral Interface (isoSPI) was invented. IsoSPI is
an upgraded version of SPI with an additional transmitter that converts SPI
signals to differential signals. It was invented as a low-cost and low-level
alternative to the Controller Area Network (CAN) bus for electronic car
battery packs, where there is no need for a high-level bus interface but instead
simple master-slave communication between the battery controller and the
battery segments [17]. Figure 3.5 illustrates the isoSPI connection between
devices.

Figure 3.5: IsoSPI bus illustration [18]

3.2.4 Controller Area Network

CAN bus is a message-based protocol designed to allow devices (nodes) to
communicate with each other without the need for a master node (multi-
master bus). It was originally intended for the automotive industry, but it
can be easily used in different applications [19]. Every massage on the bus
has its arbitration id, which is used to prioritize massages. When two or
more nodes try to send messages at the same time, the message with the
highest priority is sent, and all other messages are postponed until the bus is
free. CAN bus works in the broadcast mode so that every node on the bus
receives all messages. All messages are represented as CAN data frames with
the necessary data and parameters, such as the arbitration id and the time
stamp [20]. Figure 3.6 illustrates the structure of the base CAN data frame.

18



................................. 3.2. Communication type

Figure 3.6: Base CAN data frame structure [20]

CAN data frames exist in base or extended versions. The extended version
allows for more messages due to a larger arbitration id. The number of
devices is not limited by the bus, but the number of different messages is
limited by the size of the arbitration id [16]. For better noise resistance, CAN
devices use a transmitter that transfers default CAN RX and TX signals
to differential signals CAN HIGH and LOW. This approach allows high
interference resistance, such as RS485, and only two wires are needed for
communication [19]. Summarizing the benefits of the CAN bus [16]:

.message identification and real-time prioritization. system wide data consistency.multi master bus. error detection. automatic resend of unsend messages when bus is free. resistant to interference. easily expandable

These benefits result in a significant advantage over the RS485 standard and
isoSPI.

3.2.5 Selected communication interface

All of mentioned communication interfaces could be used for the platform, and
we decided to use the CAN bus. The main advantage is that the CAN bus is
a communication protocol on its own, so we CAN use all of its features. It is
also a well-known communication interface that means easy implementation
and maintenance. It is also good to say that in our project we will not use
any of mentioned communication interfaces on their speed limits. Another
benefit is that the CAN bus is included in many available microcontrollers,
making implementation even easier.
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3. System architecture..................................
3.3 Software development framework

The software for the posturometric platform needs to have a Graphic User
Interface (GUI) that would present data to users and a back-end part that
would analyze the data from the sensors. The software is also divided into
two parts, real-time and long-term data analysis, which are developed by me
and Mr. Laušman, respectively. That sets a criterion for the programming
language and framework that we choose. We need a programming language
that meets the following parameters:

. is suitable for data analysis,. allows rapid GUI application development,. support CAN communication protocols.

We consider Python and C since these are programming languages that we
are familiar with. C is much faster than Python but is not a good choice for
the rapid development of GUI applications and data analysis. On the other
hand, Python is a general use programming language widely used for data
science, back-end development, AI and more. Python is an object-oriented
programming language and has many libraries that extend his functionality.
Both Python and C support CAN communication. That leads us to pick
Python as the programming language for the control unit.

The most widely used Python frameworks for programming GUI appli-
cations include PySimpleGui, PyQt, and Flask. All offer similar features
and have different pros and cons. We choose to use PyQt because, unlike
others, PyQt has a very optimized module for working with graphs, which
is crucial when displaying real-time data. PyQt library is built on a very
popular Qt framework that runs on C++. That means that PyQt has very
good overall performance and is cross-platform like Qt. Another benefit is
that PyQt supports CSS-like style sheets, allowing high customization of
default elements.
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Chapter 4

Posturometric data analysis

In this chapter, I will describe the process of analyzing the data measured
by the posturometric platform. To begin with, it is necessary to determine
what values the analysis should focus on. The basic structure of the process
is shown in Figure 4.1.

Data collection Preprocessing Data analysis

Strain gauge
data collection

CoP calculation

Interpolation

Filtering

Peak detection

Calculation of
target values

Figure 4.1: Posturometric data analysis diagram

All methods will be tested on a prototype platform from a classic tread-
mill, in which Mr. Šťastný has installed strain gauge sensors. Sensors are
installed between the original platform’s mounts and the platform itself. This
arrangement resulted in using six strain gauge sensors, as shown in Figure
4.2.

4.1 Target values

As a source of information on the types of data that are useful when using the
posturometric platform, I can rely on existing devices, covered in Chapter 2.
Since the product is not aimed at any specific area of posturography, I decided
to adapt the most common values about patient movement. The minimum
that a typical posturometric platform or treadmill can do is measure the
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4. Posturometric data analysis ..............................

Figure 4.2: Prototype platform diagram

CoP trajectory and, from this determine the number of steps, the length and
width of the steps, the patient’s speed, and the walked distance. In the case
of static posturometric platforms, they also measure the CoP trajectory and
use it to determine patient stability.

4.2 Center of Pressure calculation

CoP calculation relies on values measured by the strain gauge sensor matrix
placed under the platform. By default, the value measured by the strain
gauge sensor is a voltage signal proportional to the strain applied on the
sensor. Suppose that we have N strain gauge sensors, where the i-th sensor
has a position in Cartesian coordinates xi and yi and measures the voltage
Ui. The individual components of the CoP position are

CoPx =
∑N

i=1 Ui · xi

U
, (4.1)

CoPy =
∑N

i=1 Ui · yi

U
, (4.2)

where U is
∑N

i=1 Ui [3]. In addition, calibration can be performed on strain
gauge sensors to calculate the weight

mi = (cm)i · Ui, (4.3)

that puts strain on the i-th sensor, where (cm)i is the weight calibration
constant of the i-th sensor. Equations 4.1 and 4.2 can be modified as
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CoPx =
∑N

i=1 mi · xi

m
, (4.4)

CoPy =
∑N

i=1 mi · yi

m
, (4.5)

where m is
∑N

i=1 mi. Unfortunately, these equations do not account for
measurement inaccuracies and the possible inhomogeneity of the prototype
platform. Therefore, calibration is necessary to reduce the effects of possible
inaccuracies.

A complete platform calibration can be performed by placing a known
weight on a specific position on the platform and recording what the sensors
measure. These values can be substituted into equations 4.3, 4.4 and 4.5,
leaving only the constants x, y and cm unknown. After repeating this process
multiple times for different positions and weights, the least squares fitting
algorithm can be used to find unknown constants.

Suppose that AM×N is a matrix that holds measured values of N sensors,
where the i-th row was measured at a known position CoPx and CoPy with a
known weight m. The #      «CoPM×1

x , #      «CoPM×1
y and #«mM×1 hold the known values

CoPx, CoPy and m. The equations that are solved by the least squares fitting
algorithm are

A · #«c m = #«m, (4.6)
B · #«x = #      «CoPx · (B · #«1 N ), (4.7)
B · #«y = #      «CoPy · (B · #«1 N ), (4.8)

where Bij = Aij · ( #«c m)j ,
#«1 N is the N dimensional vector of ones and

#«c N×1
m , #«x N×1 and #«y N×1 are the values we are looking for with calibration.

4.3 Data preprocessing

Data preprocessing is a crucial step before analyzing the collected data. The
preprocessing stage is the preparation of the data so that they come in
specified format and with specific properties, which make future analysis
easier. In this chapter, I will focus on data interpolation and filtration.

Interpolation is needed because the sensor values are read and processed as
they arrive on the CAN bus. That results in a variable sampling frequency,
which could cause problems in the filtration. Filtration aims to minimize
noise that may affect the data.
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4.3.1 Interpolation

Interpolation is the process of estimating the values between two already
known data points. It is based on an algorithm that creates a function that
passes through already known data points. The function is then used to
estimate the desired values. Interpolation can be used to make predictions or
fill in missing data points.

I use interpolation as a process to obtain data points at a constant sampling
rate. Another approach could be the synchronization of sensors. However,
since the measurement process involves the calculation of the CoP position,
whose speed depends on the CPU load of the control device, this approach
would be complicated. I use an interp [21] function from Python’s Numpy
library for interpolation. Numpy uses optimized algorithms written in C,
so the performance is much better than the pure Python implementation.
When testing the prototype platform, the average sampling frequency that
the control unit can achieve around 300 Hz. That is more than enough for
further analysis, so I decided to lower the sampling frequency for interpolation
to 200 Hz. That gives enough precision for further analysis and also reduces
computational demand.

4.3.2 Filtering

In this section, I will explain the process of designing a filter that I would use
on values that come from interpolation (CoPx, CoPy, and m). Since these
values would be displayed and processed in real time, the filter also need to
perform in real time. The biggest limitation when choosing a filter type comes
from the fact that the values need to stay in sync after the filtration because
they depend on each other. That means that the filter must have no or linear
phase shift. Zero phase-shift filtering can be achieved with forward-backwards
filtering, as implemented in Matlab’s filtfilt function [22]. Unfortunately, this
approach cannot be performed in real time, so the only option is to use linear
phase shift filters. These filters have a constant delay, called a group delay,
which is applied to the filtered data [23]. The group delay differs for every
filter, so I will need to use the same filter for all three values. Figure 4.3 shows
the data (in the frequency domain) measured on the prototype platform with
a speed set to 9 km/h, while running on it.
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Figure 4.3: Data in frequency domain

Human running frequency can reach up to 15 km/h, and it is estimated that
on average it took 1250 steps to run a km [24]. This results in an estimated
step frequency for a fast run of around 5 Hz. Since the posturometric platform
is aimed at rehabilitation, it is safe to say that the average running speed
would be below 15 km/h (fast run), and so the step frequency would be
around 4 Hz at maximum. That statement is confirmed in Figure 4.3, where
CoPx has a dominant frequency below 3 Hz (the treadmill speed was set at 9
km/h). This means that the filter should have minimal effect on frequencies
equal to and below 4 Hz. For this reason, I decided to use a low-pass filter.
For designing and implementing the filter, I use Python’s Scipy library, which
has functions both for performing the filtration itself and also to help design
the filter.

There are two main types of filters: Infinite Impulse Response (IIR) and
Finite Impulse Response (FIR). IIR filters are typically easier to implement
and have a lower delay, but they are very hard to design with a linear phase
shift. On the other hand, the FIR filter has a linear phase shift when the
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4. Posturometric data analysis ..............................
impulse response of the filter is symmetric [25]. The functions available in the
Scipy library help to design a FIR filter that meets the specified criteria. The
popular filter design method is a widow function like Butterworth, Chebyshev,
and Kaiser [25]. I decided to use the Kaiser window method. The Scipy signal
module has the function kaiserord [26] that determines the β parameter for
the Kaiser window and the width of the filter. The parameters that I need to
specify were

. cutoff frequency – frequency where the magnitude of the filter frequency
response is −3 dB,.width of transition between the pass band and the stop band,. ripple – upper bound for the deviation (in dB) of the magnitude of the
filter frequency response from that of the desired filter.

The ideal filter should filter out all frequencies above the maximum running
frequency, so this means anything above 5 Hz, but the real filter is not ideal,
so there will be a transition phase between the pass band and the stop band.
I decided to set the cutoff frequency to 5 Hz so that the transition phase
would start right after 4 Hz. I also want the gain in the pass band to vary by
no more than 0.5 %, which corresponds to a ripple around 43 dB. The last
parameter is the width of the transition phase, which I experimentally set to
3 Hz. This value has a great influence on the group delay value, so that a
shorter transition means larger group delay, so I choose a compromise that
suits the filter requirements.

Figure 4.4: Designed filter impulse response and phase

Then I used the established parameters to calculate the filter itself with the
kaiserord and firwin [27] functions of the Scipy signal module. The frequency
response of the designed filter and the filter phase are shown in Figure 4.4.
Then I apply the filter with the lfilter [28] function to the raw data with zero
initial state for the filter. The difference between raw and filtered data are
shown in Figure 4.5. Upon closer inspection of the filtered data compared to
the raw data, it is clear that the mentioned group delay is present and that
the filter helps smooth out the data.
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Figure 4.5: Difference between raw and filtered data

4.4 Static analysis

The static analysis is focused on monitoring patient stability when standing
still with feet on marked positions. The crucial part for the doctor are the
outcome graphs stabilogram and statokinesiogram, which displays data from
one whole exercise or a combination of more previous exercises. That means
that they are not supposed to be displayed in real time and that it is not
necessary for doctors. The only functionality that can be used in real time is
to show the position of CoP, with a circle defining the area where the position
of CoP should be, to patients so that they can react and adjust their posture
accordingly. The patients can then try to maintain posture so that the CoP
position is in the middle of the marked area.
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4.5 Dynamic analysis

Dynamic analysis focuses on monitoring the patient during movement, such
as walking or running. The objective of the analysis is to isolate individual
steps and count their characteristics, which could be used for further analysis
or long-term monitoring. To isolate individual steps, the algorithm needs to
know where the step starts and ends, which leads to a peak detection process.

4.5.1 Peak detection

Peak detection is a key part of dynamic analysis. I can inspect the individual
steps with founded peaks and calculate the necessary parameters. For example,
I can count the number of steps by the number of peaks in measured weight,
where every peak represents the landing foot on a new step. The algorithm
that I propose is inspired by the algorithm proposed in [29].
It’s common practice to use the window detection method to detect peaks in
real time [30]. The window is a portion of a certain width from the measured
data points. The algorithm inspects the window for peaks and then moves
the window by a specified offset. That means that there is no need to process
all data points over and over again, which would be inefficient. The idea
behind this process is illustrated by the diagram in Figure 4.6. Therefore, to
make the algorithm work properly, it is necessary to set the window width
to be lower than the length of the signal period, so two steps (two positive
peaks) cannot occur in one window. The offset of window movement should
be lower than the window size so that the algorithm would not miss any peak.
I set the offset to half the size of the window.

Start
Get window

from meassured
data points

Find all peaks
in window

Classify
founded peaks

Move win-
dow by offset

Figure 4.6: Peak detection diagram

The basic algorithm for peak detection is that every point whose neighboring
values are smaller is labelled as a peak. The algorithm can be a very precise
tool for step detection, but it can also detect unwanted peaks (false peaks)
that are shown in Figure 4.7. This problem can be solved by introducing
constrain conditions to the process, which can eliminate false detection. For
the base peak detection, I ended up using the find_peaks [31] function from
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Scipy’s signal module. This function is written in C and is very well optimized
and has more additional features, such as determining the height and width
of the peak. I also tried implementing the base algorithm myself, but the
pure Python implementation was slower in comparison to the Scipy version.

Figure 4.7: Difference between false and desired peak detection

Now, when I have peaks in the window, I can set a classification process
that classifies which peak is positive and which is a false detection. The
classification process is just a set of conditions that every peak has to meet
to be classified as a positive peak and saved.

Now, when I have peaks in the window, I can set a classification process
that classifies which peak is positive and which is a false detection. The
classification process is just a set of conditions that every peak has to meet to
be classified as a positive peak and saved. Suppose that Win is a set of data
points in the window, Peaks is a set of founded peak values in the window,
PosPeaks is a set of values of peaks already positively classified, and t returns
the time of a given peak or point. Parameters

Mi =
{

True, if Peaks(i) ≥ max(Win)
False, otherwise

, (4.9)

Ti = t(Peaks(i)) − t(PosPeaks(−1)), (4.10)
Si = −max(Peaks(i) − mean(PosPeaks(−N : −1)), (4.11)

are counted for every peak in the window. The parameter M represents the
maximality of the peak in the window, T is the periodicity of the peak, and S
is the similarity of the peak, which uses N previous positively classified peaks.
The classification process then uses these parameters and checks if they meet
a certain threshold (δT , δS) or a certain value. The next problem occurs
when there are two peaks that are really close to each other and are part of
the same step. In this case, the first peak might be positively classified, and
the second peak would be missed because of the periodicity parameter. This
can be fixed by specifying that if the window finds a peak that is already
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4. Posturometric data analysis ..............................
positively classified and also finds a peak whose value is greater than the
positively classified peak, it will delete the positively classified peak and check
the new peak. For easier representation, I call this function PeakDualityCheck.
The classification process is summarized in Figure 4.8.

Start PeakDualityCheck

Are peaks
in window?

i = index of next
peak in window

Count Mi,
Ti and Si

Save i-th peak
to PosPeak

Mi == True
Ti ≥ δT

Si ≥ δS

Stop

yes

no

yes

no

Figure 4.8: Peak classification diagram

Data type Window width [ms] δT [ms] δS

CoPx [mm] 200 200 -150 mm
CoPy [mm] 400 400 -100 mm

m [kg] 200 200 -50 kg

Table 4.1: Parameters for algorithm

I use the described process for all data sets that I obtain from the sensors
(CoPx, CoPy and m). The process can be used for rising and falling peaks
(I need falling peaks only for CoPx and CoPy). To detect falling peaks,
multiply the window by -1. Finally, I need to determine the parameters of the
algorithm and test how it performs. For this purpose, I used the measured
data that I plotted with the peaks found and then experimented with the
parameters until I got a satisfactory result. The parameters that I use are
specified in Table 4.1. Sections of the measured data with calculated peaks
are shown in Figure 4.9.

In Figure 4.9 it is clear that the algorithm can correctly detect the desired
peaks. Unfortunately, the algorithm does not perform very well when the
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Figure 4.9: Difference between false and desired peak detection

patient suddenly goes down from the treadmill or stops the treadmill. In
this case, an unwanted peak may meet the conditions and become positively
classified. That may affect the peaks that follow. The solution is that the
specialist who supervises the patient has to start the measurement (exercise)
after the patient begins to walk or run and stop the measurement before the
patient finishes the walk or run.

4.5.2 Step counting

The number of steps the patient takes throughout the exercise can be cal-
culated in two ways. The first is based on the fact that when the patient is
walking or running, the beginning of every step, the moment when the foot
hits the platform, will correspond to a high peak in measured weight. That
means that the number of steps can be estimated from the number of peaks
in the weight data. The second method uses the CoP position. Specifically,
the CoP position on the axis that is identical to the direction of movement of
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the patient (CoPx). The peaks on this axis also correspond to the beginning
of the steps.

Both methods have similar results for running and fast walking, where the
impact on the platform is significant at the beginning of each step. However
the calculation with weight losses accuracy for slow walking, during which the
weight is lower and some peaks might get missed. For this reason, I decided
to use the CoPx peaks to calculate the number of steps.

4.5.3 Step width, length and walked distance

The step width is an absolute value of the difference between the CoPx upward
peaks and the CoPx downward peaks. The same principle works for the step
length but with CoPy peaks. For the calculation, I combine all the values of
the peaks (up and down peaks), from one data set (CoPx or CoPy), into one
array and sort them by time. From this, the desired values can be obtained
by calculating the absolute values of the differences between all the peaks in
the sorted array. The same process is used for both the length and width of
the steps.
The distance that the patient has walk through the exercise, is equal to the
sum of every step length.

4.5.4 Gait speed

The gait speed is proportional to the movement speed of CoP caused by
the treadmill belt. The direction of the belt is opposite to the x-axis of the
platform (Figure 4.2), so the movement speed of CoPx is the required gait
speed. Suppose that x are the values of CoPx. The speed can be calculated
as

vi = (xi − xi+1) · fs, (4.12)

where fs is the sampling frequency of the signal. I then calculate the
mean of only the positive speed values (negative values are caused by the leg
switching during walking).
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Chapter 5

Implementation

My goal is to create an application that should function as a proof of concept
and utilize the algorithms and methods mentioned in Chapters 3.2 and 4 to
calculate and present the results. The application can be divided into three
main segments, communication (data collection), data analysis, and data
presentation through the GUI. As described in Chapter 3.3, I use Python
to write the application, CAN interface for communication, and PyQt as
a GUI framework. For easier maintenance and testing, I take advantage
of a configuration yaml file, which stores parameters used throughout the
application and the algorithms.

5.1 Communication

This part of the application is responsible for handling communication with
sensors, which includes collecting measured values, computing CoP position
and weight, handling errors and commands such as the tare command. Tare
is a necessary procedure to limit the effect of initial sensor preload. The
taring process sends a defined command to all sensors, which then reply when
the taring is done.

Python has a Python-can library that allows one to use the CAN interface
with Python. The library has all the necessary features, such as setting CAN
filters. I use a library notifier class [32] that starts a thread in which all
incoming messages are distributed to the specified listeners. The listener is
a class that takes the incoming message and processes it [32]. The library
comes with several already specified listener classes. For example, listeners
for logging, printing and saving messages are already prepared in the library
[32].

I use the listener base class to create a custom listener that saves incoming
messages with measured values into an array that holds the last value from
all six sensors. When this array is full (the listener gathered value from every
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5. Implementation....................................
sensor), the CoP position and weight calculation is performed as described in
Chapter 4.2. The calculated values are then interpolated, filtered and stored
in a buffer.

We have designed the basic CAN communication structure together with
Mr. Šťastný, who is responsible for the communication on the sensor side.
To ensure the unity of the designed messages, we decided that Mr. Šťastný
would take care of it and that I would use these specifications.

5.2 Data analysis

The sensor data analysis algorithms are covered in Chapter 4. All algorithms
and calculations presented are called periodic by the PyQt event handler. I
can set the event handler to call specific functions at certain periods. In order
to display the measured data smoothly, I decided to re-render the graphs in
the application at 30 Hz.

For the dynamic analysis functions, I set the call period to the window
shifts of specific data types (CoPx, CoPy and m). All accumulated data and
specifications about the current exercise are stored in an object with the
working title Episode. The Episode contains information about the patient,
the start of the exercise, and buffers with measured data and established
peaks. The Episode is stored and reset when changing the exercise type.

5.3 Graphic User Interface

For GUI design, I take an inspiration from [10]. The application consists of
separate windows for each exercise type and a menu window that functions
as a signpost between exercises. Since part of GUI focused on long-term data
analysis is developed by Mr. Laušman, I prepare base classes and styles that
Mr. Laušman can use. That will guarantee that the application style will be
consistent across the entire application.

The menu window is the first thing the user sees after starting the control
device. This window has a navigation bar and a settings bar. The buttons
in the navigation bar redirect the user to the different exercise windows.
In the settings bar, there is only one button, the tare button, but in the
future it can involve a complex settings bar that could be customized for the
end user. When the user switches to one of the exercises, the applications
automatically initialize the Episode object for the particular exercise that
starts the measurement. Figure 5.1 shows a screenshot of the menu window.

The window for dynamic exercise shown in Figure 5.2 is built around the
main graph that shows the CoP position with a trajectory trail. Next to the
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Figure 5.1: Application menu window

graph are slabs with a calculated number of steps, step length, width, walked
distance, and patient’s gait speed. On the top of the window is a top bar
that is identical for every exercise window and holds a patient name, current
time, name of the exercise, menu button and stop button. The menu button
redirects the user to the menu window. The stop button stops the current
exercise.

The static exercise window shows a graph similar to that of the dynamic
exercise window, but the static exercise graph is more focused and has a
marked area where the patient should keep the CoP position. The top bar
is the same as in the other exercise windows. The static exercise window is
shown in Figure 5.3.

All parts of the application are prepared for future customization that the
end user (doctor) would need. The application graph all displays data at
30 Hz thanks to a very fast PyQtGraph library that is used to display the
graphs.
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Figure 5.2: Application dynamic exercise window

Figure 5.3: Application static exercise window
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Chapter 6

Test execution and evaluation

I used the prototype platform mentioned in Chapter 4, in order to test
the functionality and precision of the proposed algorithms. Unfortunately,
the measurements presented in this chapter are only indicative and serve
to demonstrate the functionality of the methods used. The main reason
is the lack of stiffness of the platform. That causes the platform to bend
between the mounting points, negatively impacting the measurements. This
problem is very noticeable when walking on the platform when the flexing
of the plate can be felt directly. To minimize this issue, I performed the
calibration described in Chapter 4.2. To accurately place the calibration
weights, I created a calibration template of the size of the platform with
marked positions to place the weights. This template is shown in Figure 6.1.

Figure 6.1: Calibration template

The platforms used on standard treadmills serve only as solid support on
which the belt rides. The fact that the platform is made of softer material
is typically not a problem unless you want to use such a platform for mea-
surement. The location and mounting method of the strain gauges on the
prototype platform can also cause measurement problems. For structural
reasons, the strain gauges are mounted next to the platform mounting bolts.
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That may cause the platform to partially rest on the mounting bolts, which
may affect the measurement. A custom-made platform that is strong enough
and designed specifically for this application should eliminate these problems.

To be as close as possible to real conditions. I took all the measurements
with a live person. That may introduce slight inaccuracies in the testing
process. For example, it cannot be determined with absolute certainty whether
a person is standing or leaning in a precise position. However, since this is an
indicative measurement and primarily a functional test, these distortions can
be neglected. On the other hand, this procedure indicates how the current
solution would perform in live operation.

6.1 Accuracy of CoP position and weight
measurement

Determining the exact position of CoP and measuring the weight applied to
the platform is essential for the later parts of the analysis of the patient’s
gait. If the resulting CoP position is very inaccurate, it will have a negative
effect on the other calculated parameters.

I took the measurements by having the test person stand in a predetermined
position on the platform. I then recorded the CoP position and the measured
weight. I repeated this process for different positions on the platform. The
measured data can be seen in Tables 6.1 and 6.2.

Real values Measured values
CoPx [mm] CoPy [mm] CoPx [mm] CoPy [mm] ∆CoP [mm]

-153.0 -137.5 -241.1 -170.7 94.1
-153.0 137.5 -207.5 197.3 80.9
-306.0 0.0 -322.1 -4.4 16.7
-459.0 -137.5 -415.8 -161.9 49.6
-459.0 137.5 -362.8 159.3 98.6

0.0 0.0 26.7 41.7 49.5
153.0 -137.5 227.9 -162.0 78.8
153.0 137.5 237.7 152.7 86.1
306.0 0.0 292.4 14.6 19.9
459.0 -137.5 339.3 -142.4 119.8
459.0 137.5 320.0 167.7 142.3

∆CoP mean 76.0

Table 6.1: Data from testing CoP position measurement accuracy

Table 6.1 contains the data of the measured and real positions of CoP,
where ∆CoP is the distance between the measured and the real position. It
can be seen that the largest deviation is 14.23 cm, and the average deviation
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is 7.6 cm. Given the platform dimensions, this gives an average percentage
deviation of 8.4 % (the maximum is 13.6 %). Considering the problems with
the prototype platform, this is a satisfactory result.

Real m [kg] Measured m [kg] ∆m [kg]

93.6

93.3 -0.3
104.5 10.9
118.6 25.0
95.1 1.5
88.9 -4.7
75.3 -18.3
99.5 5.9
91.0 -2.6
120.9 27.3
90.8 -2.8
94.1 0.5

|∆m| mean 9.1

Table 6.2: Data from testing weight measuring accuracy

Table 6.2 contains the measured and real weight data, where ∆m is the
difference between the measured and the real weight. The real weight of
the test person was obtained using a personal scale. It can be seen that
at some positions the measured weight is higher than the real weight and
at positions lower. That may be due to the mentioned problems with the
prototype platform. The largest measured weight difference is 27 kg, and
the average weight deviation is 9.1 kg. Therefore, the average percentage
difference between measured and actual weight is 9.7 %. That could be
considered a satisfactory result, but very large deviations of around 25 kg
may have a negative impact on further analysis.

6.2 Step counting accuracy

Step counting was tested by having the test person walk (run) on the treadmill
at different speeds, during which the number of steps taken and the number
of steps measured by the app were monitored. Both values, along with the
set speed of the treadmill, are shown in Table 6.3.

It can be seen from Table 6.3 that the variation in the number of steps is
within one of steps. That can be caused, for example, by observation errors.
The accuracy of the proposed algorithm for step counting does not depend so
much on the accuracy of the CoP position measurement. Since the algorithm
works with peaks, it does not matter whether the measured data are slightly
inaccurate. For these reasons, good results can be seen in this measurement
despite the mentioned platform issues.
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Set speed [km/h] Counted steps Measured steps

3 50 49
3 53 54
3 50 52
6 50 51
6 50 51
6 50 52
9 51 51
9 57 57
9 48 48

Table 6.3: Data from testing step counting accuracy

6.3 Gait speed accuracy

Due to limited options, the accuracy of the speed calculation was tested using
a bicycle with a bicycle computer that measured the speed of the belt while
the test person walked or ran on the belt. Measurements were taken for
different treadmill speed settings. The measurements are shown in Table
6.4, where A is the difference between the speed measured by the bicycle
computer and the speed calculated from the CoP position.

Measured speed [km/h] Computed speed [km/h] ∆v [km/h]
3.4 3.5 0.1
3.2 3.3 0.1
3.4 3.3 0.1
6.6 6.4 -0.2
6.5 6.3 -0.2
6.4 6.4 0
9.7 9.9 0.2
9.6 9.8 0.2
9.6 9.4 -0.2

Table 6.4: Data from testing gait speed accuracy

The data in Table 6.4 show very good results for the gait speed mea-
surements. Since the speed measurement is based on the calculation of the
movement speed of the CoP position, this measurement is not much affected
by the inaccuracy of the CoP position measurement. Even if the measured
data differ from the real CoP position, the motion of the CoP position is
preserved.
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......................... 6.4. Step width, length and walked distance

6.4 Step width, length and walked distance

During testing, I found that the negative effect of the bending of the platform
was found to be more significant during walking and running than under static
conditions. That negatively reflected in the measurements of distance traveled,
step length, and step width. The custom platform mentioned above should
eliminate this problem. Furthermore, the accuracy of this measurement could
not be accurately determined because it was not possible to obtain accurate
control values to check with the measured data.

Figure 6.2: Calibration template

To verify the functionality, the measured data were plotted on a xy plot.
The plotted data can be seen in Figure 6.2. From the figure it can be seen
that the step width is around 20 cm and the step length is around 55 cm.
These values approximately match the visual estimation made during the
measurement.
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Chapter 7

Conclusion and future work

The aim of this thesis was to create an application and the necessary software
for the posturometric platform project. That includes the design of algorithms
and procedures necessary to obtain the basic parameters of the patient’s gait
and stability. These goals were achieved.

The communication part of the application was designed to be responsible
for collecting data from sensors that use the CAN bus. The collected data
were then interpolated and filtered. A process was implemented to calculate
the patient’s CoP position and the weight applied to the platform.

After reviewing existing solutions, it was decided to analyze the basic
parameters of the patient’s gait: number of steps, walking speed, distance
travelled, step width, and length. An algorithm was designed and implemented
to recognize and analyze individual steps, which allowed the calculation of
the specified parameters.

Finally, a user interface was designed to display the obtained values. Ev-
erything was implemented in Python. The testing was carried out on a
real prototype platform with a control device created by my colleagues Mr.
Laušman and Mr. Šťastný. The results of the tests were evaluated and,
despite the problems caused by the low strength of the prototype platform,
were satisfactory.

7.1 Future work

Future work includes further development and refinement of the proposed
application and software, which now serves as a proof of concept. The aim of
future work will be to complete the application in its final form.
Furthermore, everything needs to be tested on a custom-made platform for the
posturometric platform project. This platform is already in the manufacturing
process and should provide much better results.
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