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ABSTRACT

Impaired postural control can be detrimental to an individuals well-being yet its rela-
tionship with prolonged resting remains underexplored. To gain insight on the effects
of prolonged resting this thesis presents a posturography study that investigated which
effects prolonged resting has on postural control. To accomplish this, this thesis had six
aims:

1. Conduct a literature study and select stabilometric parameters with
good test-retest reliability: The parameters chosen for analysis were: root mean
square (RMS) acceleration, mean center of pressure (CoP) velocity, quotient of am-
plitudes, principal sway direction, 95% confidence ellipse area, and the DFA-alpha
coefficient for the CoP.

2. Design an experimental study and write a study protocol: Participants
were instructed to stand still for two minutes while deafened and blindfolded, with
their feet together and arms relaxed after resting in either a supine, left-ear down
or right-ear down position for 5 minutes.

3. Recruit up to 25 healthy participants for the experimental study: Twenty
healthy participants, aged 18-65, were recruited with one excluded due to missing
data.

4. Conduct the measurements: Measurements were performed using Moticon SCI-
ENCE insoles and the Xsens MTw™ Awinda Inertial Measurement Unit (IMU).
Two IMUs were used: one on the L5 and another on the right shank.

5. Evaluate the plantar pressure data by comparing the Moticon insoles
to the gold standard pressure plate: The Moticon SCIENCE insoles were
qualitatively validated against the Zebris FDM 1.5 pressure plate, finding good
agreement for a select few participants.

6. Analyse the data, then compute the stabilometric parameters and per-
form a statistical investigation with the parameters as a basis: The ac-



quired data was filtered and processed to compute the selected stabilometric param-
eters. A two-way ANOVA was performed with significance level & = 5% to examine
differences in postural control among three resting positions: supine, right-ear down
(RED), and left-ear down (LED). The post-hoc analysis revealed significant differ-
ences in the anterior-posterior CoM RMS acceleration and principal sway direction
between supine and RED/LED positions.

This thesis successfully met its objectives, providing new insights into how prolonged rest-
ing influences postural control. While the experimental design and selected parameters
were effective for detecting some differences, a majority of the parameters did not reveal
any significant differences. The work done in this thesis provides a foundational frame-
work for future studies and highlight areas for improvement in both the experimental
protocol and parameter selection needed to further explore this paradigm.



NOMENCLATURE

Acronyms
AP Anterior posterior
ML Mediolateral
CoP Center of pressure
CoM Center of mass
IMU Inertial measurement unit
BoS Base of support

RMS Root mean square

DFA Detrended Fluctuation Analysis
LED Left-ear down

RED Right-ear down

95CE 95% Confidence ellipse area

Glossary

Stabilometric Refers to the measurement and analysis of body
sway.

Proprioception The body’s ability to sense its position, movement,
and orientation in space.
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CHAPTER 1

Introduction

Maintaining an upright, bipedal stance is a complex, yet fundamental skill among hu-
mans and is one of the features that separates mankind from many other animals. Despite
postural controls importance in our everyday life, systematic postural control studies be-
gan only a century when C.S. Sherrington laid the foundation of our understanding of
the neurological mechanisms behind human postural control [1,2]. Since then, various
biomechanical approaches [3] as well as neurophysiological approaches have been taken
to better understand the intricacies involved in postural control. As of today, postural
control is considered a feedback/feedforward cycle that begins with our various sensory
systems receiving internal and external stimuli. This stimuli then gets fed forward to our
central nervous system which integrates this information, creating motor responses that
allow our muskuloskeletal system to constantly make adjustments in order to maintain
proper posture.

With the rapid advancement of technology, the study of postural control has evolved
into a stage that incorporates modern technology such as accelerometers, pressure sen-
soring devices, and motion capture devices [4] to give quantitative measurements and
assessments of an individuals bodily sway which is regulated by their postural control.

1.1 Balance strategies

Maintaining an upright posture requires adapting the balance strategy to the occasion
as the sensory systems receives input that depends on factors such as test conditions and
physiological factors [5].
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1.2 Accelerometry as a technique for assessing pos-
tural control during quiet stance

During quiet stance, subtle oscillations due to continuous adjustments are made to main-
tain balance. These small adjustments are typically hard to quantify in a clinical setting.
Accelerometers are able to detect these small shifts in acceleration allowing for a quan-
titative approach of assessing postural control.

Due to their good test-retest reliability [6] using accelerometer-based systems such as
the Xsens MTw Awinda has become more common in postural control studies [7-9] as
they can be strapped to various parts of the body without hindering any movement.
Typically, in postural control studies accelerometers are placed on various parts of the
body, most commonly around the center of mass (CoM) [7] as its position is believed to
be a key factor in maintaining balance [10].

In the review article written by Baker et al. they found that not only was the test-
retest reliability consistently moderate to excellent for static and dynamic balance but a
single Inertial Measurement Unit (IMU) was as reliable as multiple sensors when placed
near the CoM [9]. This suggests that a single IMU placed near the CoM could be suffi-
cient for an accelerometry based approach of assessing postural control in static balance
tasks such as the one in this thesis.

1.3 Center of pressure (CoP) analysis for assessing
stability

In virtually every posturography study, monitoring the center of pressure is done in some
fashion as it is directly related to how a person distributes their weight.

CoP is dependent on many variables such as balance strategies, age, stance width, and
foot placement. Therefore it’s patterns can not be explained by basic assumptions such
as "the higher the CoM, the larger the CoP oscillations” [11].

A major issue in CoP analysis in current studies is the lack of standardized proce-
dures [7,12] and insufficient descriptions of calculation methods [12,13], making it difficult
to reproduce the results obtained in various studies. Despite this, there are CoP variables
that are commonly used in posturography studies [13]. The different CoP variables can
be divided into the following categories:

e Positional variables

— Positional variables are those that depend on the position of the CoP and not



1.4. BACKGROUND 11

the fluctuation itself. One example of a positional CoP variable is the mean
CoP distance.

e Dynamic variables

— Dynamic variables are those that are dependent on the fluctuation of the CoP
and typically involve computing the velocity of the CoP such as the mean CoP
velocity.

e Frequency variables

— Frequency variables are those related to the power spectral density (PSD).
These have shown promise in differentiating between individuals with varying
degrees of parkinsons (PD-II vs PD-III) [14].

e Stochastic variables

— Stochastic (random) variables are variables computed by modeling the CoP
trajectory as a stochastic model.

Positional variables and dynamic variables are considered traditional CoP parameters
and are are the most commonly used as many of them have been successful in distin-
guishing between different groups of individuals such as fallers vs non fallers and the
elderly vs the young, and have proven to be reliable in terms of test-retest reliability and
interclass correlation [15,16].

1.4 Background

Tarnutzer et al. demonstrated that prolonged static roll-tilt positions significantly in-
fluences an individuals perceived direction of gravity when returning to an upright po-
sition [17]. Specifically, their research found that extended resting in either a right-
ear-down (RED) or left-ear-down (LED) orientation results in a pronounced bias in the
subjective postural vertical (SPV), with the perceived vertical aligning more closely with
the previous roll-tilt direction.

In addition to this, they further explored the effects of roll-tilt on spatial orientation
in their study titled "Heading Direction Is Significantly Biased by Preceding Whole-
Body Roll-Orientation While Lying” [18]. This study revealed that the bias induced
by prolonged roll-tilt positions extends beyond just the perceived vertical and affects
the heading direction as well. After being subjected to a prolonged roll-tilt, individu-
als displayed a significant directional bias when asked to walk in a straight line while
blindfolded.
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1.5 Motivation

Disruptions in postural control can lead to side effects such as physical, and psychologi-
cal healthy issues as well as increased risk of falls, particularly in the elderly population
or those with neurological disorders. As of 2024, falls were the leading cause of in-
jury related deaths among those aged 65 and older [19]. Given the serious consequences
of impaired postural control, accurate assessments of postural control deficits are critical.

Tarnutzer’s research explored unprecedented test conditions involving the effects of pro-
longed resting and the mechanisms of spatial orientation which raised the question that
is the foundation of this thesis namely, how does prolonged resting affect postural
control?

The aim of this thesis

The aim of this thesis was to test whether or not prolonged resting in various whole-
body horizontal positions affects postural control immediately after standing upright by
conducting an experimental study using the Xsens MTw™ inertial sensor and Moticon
SCIENCE pressure sensor insoles to gather plantar pressure and inertial data. This data
would then be used to compute stabilometric parameters, which served as the basis for
determining if there are any significant different differences associated with a specific
resting position. Additionally, this thesis aimed at validating the plantar pressure data
by comparing it to a gold standard pressure plate.

To accomplish this, the thesis was divided in to the following objectives:

1. Conduct a literature study and select stabilometric parameters with good test-retest
reliability:.

2. Design an experimental study and write a study protocol study.
3. Recruit up to 25 healthy participants.
4. Conduct the measurements.

5. Evaluate the plantar pressure data by comparing the data acquired by the Moticon
insoles to the gold standard pressure plate.

6. Analyse, the data then compute the stabilometric parameters and perform a sta-
tistical investigation with the parameters as a basis.



CHAPTER 2

Sensors

This chapter presents the literature study conducted prior to performing any trials to
familiarize with the field of posturography. This included methods used in related pos-
turography studies, expected outcomes for similar test conditions and which sensors are
used and how they are used.

2.1 Inertial Measurement Units

Inertial Measurement Units (IMUs) are devices that combine multiple sensors to mea-
sure and report inertial data on a body, typically orientation, velocity, and gravitational
forces with respect to a known reference frame. They are commonly used in various
fields, including aerospace, robotics, virtual reality, and wearable technology. IMUs typ-
ically consist of several components: Accelerometers, Gyroscopes, Magnetometers and
Microprocessors [20]. The working principle of IMUs involves the integration of these
components. Accelerometers measure linear acceleration, gyroscopes measure angular
velocity, and magnetometers measure the strength and direction of the Earth’s magnetic
field. The data generated from these components get fused by the Microprocessors to
calculate orientation, position and motion data in real-time. By combining measure-
ments from multiple sensors, IMUs can provide information about the movement and
orientation of objects.

13
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Figure 2.1: Schematic of a wearable IMU

Figure 2.1 shows how wearable IMUs look like when attached to a body and illustrates
the process from raw motion measurement to the generation of a processed acceleration
signal.

2.2 Force platforms

Force platforms also known as force plates are widely considered the gold standard for
measuring plantar center of pressure [21] as they directly measure the ground reaction
forces exerted by the foot. The working principle behind force plates are the load cells
that are embedded within the platform. The load cells typically contain piezoelectric
elements, strain gauges or beam load cells [22]. When force is applied to the force plate
and in turn the load cells, it causes deformation in the load cells which causes a voltage
change proportional to the applied force.

2.3 In-shoe plantar pressure measurement systems

In-shoe plantar pressure measurement systems are specialized insoles equipped with an
array of pressure sensors which captures and records the pressure distribution exerted by
the foot on the insole. The captured data is then transmitted to a data acquisition system
for processing and analysis. In-shoe plantar pressure measuring systems are designed to
be an alternative to force plates as they are compact and lightweight, allowing for easy
integration into footwear. Their portability enables measurements to be taken in natural
environments, such as outdoor settings or sports fields, where using a stationary force
plate may be unfeasible. Recent advances in this wearable sensor technology have shown
potential to being a viable alternative to the traditional force plate as they provide
comparable results [21,23].



CHAPTER 3

Theoretical background

3.1 Center of pressure

The CoP is the point at which the resulting ground reaction force is located, it can be seen
as the weighted average of all pressures over the surface in contact with the ground [24].
Calculating the CoP in a given direction j can be done using the following equation [25]:

N
Zi:o PzAzXz
N
Zi:() PzAz
Where P [N/cm?] is the pressure, A [cm?] is the area and X [cm)] is the distance from the
area to a reference point, and the indices ¢ denote the points that are considered.

CoP; = (3.1)

The reference point can be chosen arbitrarily [26] and is typically selected to be a point
with a known distance fom each pressure grid. The consequence of changing the refer-
ence point will be the interpretation of the CoP. The CoP will be the distance from the
reference point.

3.2 Center of mass

The CoM, is a theoretical point within an object or system where the mass is evenly dis-
tributed in all directions. For a uniform object with symmetrical shape and density, the
center of mass is located at the centroid of the object. However, for irregularly shaped
objects, such as the human body which is composed of multiple parts with varying den-
sities, the CoM is typically not at the same location as the geometric center [27].

Balance has been described as the maintenance of the vertical projection of the CoM [28§]
and CoM acceleration has been widely used in balance related studies to characterize

15
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postural stability as well as postural instability which suggests that monitoring CoM can
provide significant information when assessing postural control.

3.3 Rotational matrices

In linear algebra a linear transformation is defined as the mapping between two vector
spaces that preserves the operations of vector addition and scalar multiplication. For a
rotation by an angle 6 around the x-axis, the corresponding matrix R,(f) is

1 0 0
R.(0) =10 cosf —sinb
0 sinf cosf

cos@ 0 sinf
R,(0) = 0 1 0
—sinf 0 cosf

And for the z-axis
cosf —sinf 0

R.(0) = | sinf® cosf® 0O
0 0 1

For rotation about all three axes each one with a unique angle, the rotation matrix R for
the entire transformation is expressed as

R = R.(7)Ry(5) R () (3.2)

Rotational matrices can be used to transform between coordinate systems if all of the
relevant angles are known. In this thesis, rotational matrices will be used to transform
between the local earth coordinate frame, and a sensor-fixed frame.

3.4 Anatomical planes

The reference frame of the human can be divided into imaginary flat surfaces as shown
in Figure 3.1. Together, these surfaces span a three-dimensional space that encompasses
the whole body, and can therefore be used to provide a standardized reference system
for describing the position and relationships of anatomical structures within the body.
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Figure 3.1: This image illustrates the primary anatomical planes and their orientations
relative to the body. This figure is taken from [29] and is licensed under the Creative
Commons Attribution-Share Alike 3.0 Unported license and is free to use.

The Sagittal plane depicted in Figure 3.1 is parallel to the Anterior-Posterior (AP) di-
rection. The Coronal plane is parallel to the Mediolateral (ML) direction. In this thesis,
the abbreviations ML or AP will henceforth be used in reference to these directions.

3.5 Sensory systems

The three sensory systems that are widely considered to infleunce the ability to maintain
upright bipedal stance are vision, vestibular and somatosensory [11].

3.5.1 The vestibular system

The vestibular system consists of organs in the internal ear that can function as sensors
as they provide sensory information in response to rotational head movements [30]. In
Figure 3.2 a diagram of the internal ear can be seen where all five vestibular organs are
depicted.
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Figure 3.2: Diagram of the inner ear, taken from [31]. This Figure is licensed under
the Creative Commons Attribution 3.0 and is free to use.

3.5.2 The somatosensory system

Unlike the vestibular system, the somatosensory system is not attributed to a single or-
gan but rather encompasses a network of receptors and nerves and throughout the body.
The somatosensory system is the system responsible for relaying information such as
position, movement and vibration when the receptors are exposed to stimuli [32].

Together, these three systems are believed to affect postural control as they provide
both movement and orientation cues [33] which provides feedback to the cental nervous
system and in turn helps to maintain balance. Furthermore, the contribution of these
sensory systems change depending on enviromental conditions [33]. One way of investi-
gating the weight of these contributions is with the sensory organization tests (SOT) [5],
which involve changing test conditions and assessing the outcome due to these changes.

3.6 Anthropometric factors

Dimensions of the body have been shown to influence the dynamics of an individuals
bodily sway [34]. Common features that are considered in postural control studies are
height, weight, and foot size. Height and weight typically come in to play when applying
the common inverted pendulum model to describe the motion of the human body [35] as
these are inertial properties that are used in the mathematical model. The feet form the
base of support (BoS) which means that the size of the feet will contribute to total area
of the BoS, which is widely considered to be a key factor for maintaining stability.



CHAPTER 4

Method

4.1 Material overview

This section will cover the measurement systems used for the data acquisition in this
study. A brief description of each measurement system will be provided as well as some
specifications for each system. More detailed information can be found in the instruction
manuals for the corresponding systems [36, 37].

4.1.1 XSens MTw Awinda Inertial Measurement Unit

The MTw™ is a wireless triaxial IMU, equipped with an accelerometer, gyroscope, magne-
tometer, barometer and thermometer. The processors embedded into the MTw™ handle
sampling, buffering, calibration and strap down integration (SDI) of the inertial data.
The SDI algorithm computes the inertial data by sampling and integrating sensor data
to compute orientation and velocity data [36]. Figure 4.1, below shows the model of the
IMU used in this study. This Figure is taken from Movella’s official user manual [36]
with permission to use.

19
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Figure 4.1: Image of the Xsens MTw Awinda with the default coordinate system shown.
As per the manual the coordinate is defined as follows: x is positive when pointing to
the local magnetic North. z is positive when pointing up, and y is aligned such that the
coordinate frame follows the right hand rule.

4.1.2 Moticon OpenGo In-shoe plantar pressure measuring insole.

The Moticon OpenGo Sensor Insoles are wireless insoles with an integrated flash stor-
age. The insoles contain 16 pressure sensor, 1 IMU with a triaxial accelerometer and a
gyroscope. Below is a Figure showing the schematic for the Moticon insoles, taken from
the official insole specification document written by Moticon with permission to use. [38]

Figure 4.2: This figure presents a schematic of the Moticon insoles. Each grid, labeled
with a number, corresponds to a sensor. As illustrated, the coordinate system is defined
with the x-axis aligned in the direction of the toes and the z-axis pointing upwards. The
y-axis is oriented according to the left /right insole, following the left-hand or right-hand
rule, respectively.
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4.1.3 Zebris FDM 1.5 pressure plate

The Zebris FDM 1.5 pressure plate is a 149 x 54.2 cm pressure plate with a measuring
range of 1-120 N/cm?, an accuracy of +5% and Hysteris of < 3%. It is equipped with
11,264 sensors and is capable of sampling with a frequency up to 300 Hz [39].

4.2 Participants

Participants were recruited at the FHNW campus Muttenz with the aim of gathering 25
healthy participants within the age range 18-65. For this study, a healthy participant
was one that met all of the following inclusion criteria:

e Within the age range 18-65

e Written informed consent

e No history of peripheral-vestibular deficits
e No ongoing disturbances of consciousness

e No history of sensory deficits such as known peripheral polyneuropathy or residual
deficits after lumbar radiculopathy.

e No standing and/or walking disabilities.

e No other neurological or systemic disorder which can cause dementia or cognitive
dysfunction

e No intake of antidepressants, sedatives or neuroleptics
e Nonpregnant

For this study 20 participants were recruited, of which 12 were women and 8 were men.
The average age of the participants was 24.9 with a standard deviation of 4.36.

4.2.1 Participant ID

For the purpose of anonymity, participants were given a unique id only known by the
participants and examiner.

4.3 Ethics approval

The following study was approved by the Ethikkommission Nordwest- und Zentralschweiz
(EKNZ, ID=2023-01923) on research involving humans. This research project was con-
ducted in accordance with university policies, the Federal Act on Data Protection, the
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Declaration of Helsinki, the principles of Good Clinical Practice, the Human Research
Act (HRA) and the Human Research Ordinance (HRO).

4.4 Procedures

4.41 Participant preparation

Prior to the trials the participants rehearsed the trial before to ensure proper execution
during the measurements. The participants were then equipped with the IMUs and
insoles.

4.4.2 Equipping the participant and placement of the IMUs

The participants were equipped with a total of 4x Xsens MTw"™ IMUs attached by a
velero™ strapband. These sensors were placed on the L5, the sternum, and on each
shank. The insoles of the participants shoes were removed to be replaced by the Moticon
insoles. The placement of the IMUs, as well as the purpose of placing them there were
determined by the four most common positions used in posturography studies [7].

4.4.3 Synchronizing the systems

Synchronization between the systems was done by having the participants stamp on the
floor immediately after they stood up. This generated a peak in the force data as well as
the acceleration data measured by the IMU. This peak was used as the reference point
to synchronize the datasets.

4.4.4 Calibrating the IMU

Calibration of the IMU was performed using the ”alignment reset” function, which set
the initial orientation as the reference frame. In this frame, the z-axis aligned with
gravity, the x-axis was perpendicular to the individual’s back, and the y-axis was defined
to maintain a right-hand rule coordinate system.

4.4.5 Calibrating the insoles

The insoles were calibrated by having the participants lift their feet, and zeroing the
insoles according to the instruction manual [37].

4.4.6 Recording the trials

Trials for a majority of the participants were recorded with a GoPro Hero 8 to validate
findings within the measured signals as well as document visible noteworthy movements.
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4.4.7 Trials

Baseline Measurements

Participants performed three consecutive baseline measurements consisting of partici-
pants standing upright with their feet together and arms relaxed for two minutes.

General procedure

After the baseline measurements, participants proceeded to trials conducted in three pre-
randomized positions: right-ear down, left-ear down, and supine. For each trial,
participants rested in the assigned position for five minutes, stamped to synchronize
devices, then stood upright for two minutes. This sequence was repeated until three
measurements were recorded for each position. Figure 4.3 provides an illustration of the
procedure.

Baseline measurements General procedure

Stamp to synchronize

Stamp to synchronize

N
G Rest for 5 minutes '
RS

.?-0

Calibrate sensors Wi Calibrate sensors@

Stand for 2 minutes

2y

Stand for 2 minutes

Figure 4.3: As depicted, participants were blindfolded and deafened during the entire
procedure. Resting was done in either a left-ear down, right-ear down or supine position.
The stamp was performed immediately after standing upright.

4.5 Data analysis

4.5.1 Choice of stabilometric parameters
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Table 4.1: Table containing all stabilometric parameters that will be used for the statis-

tical investigation.

Parameter name [unit]

Description

Motivation

Mean CoP velocity (ML
and AP) [cm/s]

The mean velocity for the
CoP is defined as the total
path length traced by the
CoP divided by the elapsed

time.

Mean CoP velocity is one
of the most commonly used
parameters in postural con-
trol studies and is regarded
as one of the most reliable
[13]. Higher mean velocity
is associated with lower sta-
bility.

This parameter is the ratio
of the range of the CoP in
the ML direction and the
range of the CoP in the AP
direction.

This parameter has been
shown to significantly dif-
fer between fallers and non-
fallers during eyes closed
recordings. [13]

The principal sway direc-
tion is defined as the an-
gle between the AP axis and
the direction of the main
eigenvector produced by the
PCA.

This parameter will show
the direction of most spread
in the stabilogram which
will provide
about the CoP dynamics.

information

Quotient of amplitudes
[cm/cm]

Principal sway direction
[degrees]

95CE [cm?]

The confidence ellipse area
is the area of the ellipse
which contains the true
mean of the CoP coordi-
nates with 95% probability.

This parameter will pro-
vide information about how
large of an area the CoP
traces out. Larger area is
associated with more over-

all sway.

RMS acceleration (ML and
AP) [m/s?]

RMS acceleration is the
root mean square of the ac-
celeration.

This parameter is regarded
as one of the most reli-
able, and frequently com-
puted parameters in postu-
ral control studies involving
trunk accelerometry [7].
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Parameter name [unit]

Description

Motivation

DFA-alpha coefficient -]

A scalar value obtained
when performing detrended
fluctuation analysis on a sig-
nal.  Properties such as
a signals long/short term
correlation, randomness or
fractality will be reflected in

the coefficient.

Traditional CoP parameters
are effective for distinguish-
ing participants when large
deviations are present, as
they are typically linked to
sway magnitude. This pa-
rameter has shown promise
in capturing features such

as signal complexity or frac-
tal patterns that cannot be
captured with the parame-
ters listed above. [40]

4.5.2 Data processing

The first three seconds after the stomp were discarded to eliminate any measurements
attributed to the stomp. The signal from the Moticon insoles was filtered with a 12th
order low-pass Butterworth filter with cut-off frequency 8 Hz as it has been used in
previous studies, providing reliable results [23]. The acceleration signals from the IMUs
were filtered with a 10th order low-pass Butterworth filter with cut-off frequency 3.5
Hz. Gravity was subtracted from the acceleration signals by transforming the coordinate
systems from the sensor fixed frame to the global reference frame with rotational matrices
and then re-transformed back to the sensor fixed frame to align with the anatomical
planes.

4.5.3 Unit standardization

The Moticon SCIENCE insoles use a custom unit for their CoP coordinates which is a
dimensionless scalar that can be mapped to a posistion on the shoe. They also only pro-
vide data for each sole. To convert from Moticon’s custom measuring system to metric
units, the CoP was multiplied by the dimensions of the shoe, insole width for the ML
CoP and insole length for the AP CoP. These dimensions were provided by a document
supplied by Moticon [38]. To combine the CoP from the left foot and right foot into one
net CoP, a weighted average was calculated.

The net CoP in a given direction j is given by:

Eeft
CoPy = —“left
! Eeft + Fright

Fm’ght

. COP‘IG _|_ s
Hlelt Eeft + Fm’ght

. COPj,right (41)

where Fiy and Fpigne are the forces measured by the left and right insoles respectively.
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The reference point and origin for the CoP signals will be midpoint of the stance width
in the ML direction and half the insole length in the AP direction, as defined by the
Sensor insole specification document [38]. In this case the stance width will be defined
as the distance between the origin of each sole as shown in Figure 4.2.

4.5.4 Handling missing data

Raw data acquired by the insoles contained several timestamps with no data. The missing
data for these timestamps was replaced using MATLAB’s ”fillmissing” function and
interpolating to approximate the missing value [41].

4.5.5 Transforming the acceleration data

The acceleration vectors were transformed from the local-earth reference frame to the
sensor fixed frame to properly align with the anatomical planes. Transforming the accel-
eration from the local-earth reference frame (q;) to the sensor-fixed frame (a,) was done
with the following relationship:

a,=R'-q

where R™! is the inverse of the rotation matrix outputted by the Xsens MTw™ Awinda.

4.5.6 Gyroscopic drift compensation

Gyroscopic drift is in large caused by integration of noise and a non-zero measurement
outputted while at rest. The gyroscopic drift was compensated by detrending the accel-
eration signal with MATLABs built-in ”"detrend” function. This function removes the
polynomial that best fits the data in the least-squares sense.

4.5.7 Preliminary analysis

Prior to the statistical investigation a preliminary analysis to assess whether or not there
existed a time constant for the signal which would signify the time it would take for each
participant to reach their steady-state balance. This analysis was done by looking for
trends in the mean and variance over time for each measured quantity (CoP and CoM
acceleration).

4.5.8 Statistical investigation

The statistical investigation was done in MATLAB 2023a. Following the procedure
as proposed in the ethics protocol and working under the assumption that an inter-
participant variability existed, a two-way ANOVA was applied to each parameter lised
in Table 4.1 to account for the inter-participant variability. Each trial was assumed to be
independent, allowing for grouping of the parameters by trial type. Tukey’s HSD post
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hoc test was then performed to compute p-values to determine whether or not there was a
statistically significant different between the positions. A significance level of a = 5% was
selected for both the post hoc test and the two-way ANOVA as per the ethics proposal.



CHAPTER 5

Results

Overview

For this analysis, the two signals that were of interest and used for analysis were the CoP
signals measured by the insoles and pressure plate and the acceleration signal measured
by the IMU. The signals will be presented first in their raw format in Section 5.1 and
then their fully processed format in Section 5.2.

Signals from four participants (4, 1, 6 and 18) will be presented to demonstrate the
varying degrees of abnormality in the measured signals. Participants 4 and 1 exhibit
the most abnormal signal patterns, while participants 6 and 18 display signals closer to
normal.

Sign convention

Both the CoP and CoM will use the same coordinate system for the AP axis with positive
direction being the direction the participant is facing. For the ML axis, positive for the
CoP will be to the participants right and for the CoM acceleration, positive will be to
the participants left.

5.1 Raw signals

In this section raw acceleration signals from the Xsens IMU and CoP signals from the
insoles will be presented. For the sake of presentation, the acceleration signals presented
in these figures will be shifted with a constant offset as these figures only serve the purpose
of giving an overview of the overall appearance of the raw signals.

28
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5.1.1 Raw center of pressure signals

Signals from four participants will be presented and these were selected due to the varying
degrees of abnormality found in their measured signals. The figures presented in this
subsection will contain plots of all raw CoP signals measured by the insoles during the
entire standing phase. The signals from measured by the right insole are plotted with
an offset of 0.2 as these plots are just to show the overall appearance rather than raw
CoP values. Besides filtering, these signals differ from the processed signals because they
represent the CoP for each foot and are also in Moticon’s custom dimensionless unit of
distance, based on the dimensions of the sole.

Raw CoP signals from the Moticon insoles for the
baseline trials lower = left foot, upper = right foot
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Figure 5.1: Raw CoP signals measured for the entire standing phased during the base-
line trials. Compared to the ML CoP, the AP CoP appears to have larger oscillations
and more trial-to trial-variability.
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Raw CoP signals from the Moticon insoles for the
supine trials lower = left foot, upper = right foot

ML CoP for Generic participant 4 AP CoP for Generic participant 4
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0 0 40 60 80 100 0 20 40 60 80 100
ML CoP for Generic participant 1 AP CoP for Generic participant 1 Trial 2
-
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o
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04 o
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Trial 1
0
0.2
1] 20 40 60 80 100

Time [s]

Figure 5.2: Raw CoP signals measured for the entire standing phase during the supine
trials. Similar to the baseline the AP CoP has larger oscillations and more trial-to trial-
variability
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Raw CoP signals from the Moticon insoles for the
left-ear down trials lower = left foot, upper = right foot
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Figure 5.3: Raw CoP signals measured for the entire standing phased during the LED
trials.
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Raw CoP signals from the Moticon insoles for the
right-ear down trials lower = left foot, upper = right foot
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Figure 5.4: Raw CoP signals measured for the entire standing phased during the RED

trials.

5.1.2 Raw acceleration signals

Signals from four participants will be presented and these were selected due to the varying
degrees of abnormality found in their measured signals. The signals from between trials
are plotted with an offset of 0.5 as these plots are just to give an impression of the overall

appearance of the raw signal.
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Raw CoM acceleration for the baseline trials
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Figure 5.5: Raw acceleration signals measured during the baseline trials for the entire
standing phase

Figure 5.5 illustrates the large amount of noise and large peaks present in the raw accel-
eration signal.
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Raw CoM acceleration for the supine trials
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Figure 5.6: Raw acceleration signals measured during the supine trials for the entire
standing phase

Figure 5.6 shows that the acceleration signals have a considerable amount of noise and
appear concave for participants 4, 1 and 6. This is likely due to gyroscopic drift.
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Raw CoM acceleration for the left-ear down trials
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Figure 5.7: Raw acceleration signals measured during the LED trials for the entire
standing phase.

Figure 5.7 illustrates the noisy acceleration signals with large peaks from the left-ear
down trials.
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Raw CoM acceleration for the right-ear down trials

ML CoM acceleration for generic participant 4
| T . : T . | [
N

0.5
0

AP CoM acceleration for generic participant 4

. . . . A o| Trial 3
] 20 40 60 80 100 1] 20 40 60 80 100
ML CoM acceleration for generic participant 1 AP CoM acceleration for generic participant 1
: . . T . | r T . : . . |
1 -
-
&
= 0.5
=]
£ 0 \ . \ , .
= ] 20 40 60 80 100 1] 20 40 60 80 100
5 Trial 2
= ML 'COI“ acceleration folrgenerlclparh::lpalnt 6 AP COIM ancelelrahon folr genenclparhclpalnlﬁ
m w | ] |
& 1
[1H]
8 0.5
3°
]
a 20 40 60 80 100 1] 20 40 60 80 100
ML CoM acceleration for generic participant 18 AP CoM acceleration for generic participant 18
[ : " : : . | | T , . : . | Trial 1
1 1 :
05 Wﬂ*—— 05 WW
| " .
0 | . L]
a 20 40 60 80 100 1] 20 40 60 80 100
Time [s]

Figure 5.8: Raw acceleration signals measured during the RED trials for the entire
standing phase

Figure 5.8 shows the acceleration signals with considerable amount of noise and large
peaks throughout the entire sampling duration.

5.2 Processed signal overview

5.2.1 Center of pressure signals

This section will cover the processed CoP signals. The baseline measurements will be
assumed to represent the participants stable CoP trajectory.
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CoP for the baseline trials
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Figure 5.9: Figure containing 4 plots of the ML and AP CoP signals measured during
the baseline trials.

From Figure 5.9 we see that The ML CoP ranges from approximately -2 cm to 2 cm
whereas the AP CoP is consistently close to -6 cm across all trials. This means that the
ML CoP roughly 2 cm from the AP reference point and 6 cm from the ML reference

point.
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CoP for the supine trials
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Figure 5.10: CoP signals measured by the Moticon insoles for the supine trials during
the entire standing phase.

Figure 5.10 shows the plots of the CoP signals measured during the supine trials. Overall,
the CoP stays in the same region as the CoP when comparing to the baseline signal.
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CoP for the left-ear down trials
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Figure 5.11: CoP signals measured by the Moticon insoles for the LED trials during
the entire standing phase.

From Figure 5.11 see that the CoP measured for the left-ear down trials consistently
remains in the same region and has oscillations of similar magnitude when comparing to

the baseline and supine CoP signals.
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CoP for the right-ear down trials
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Figure 5.12: CoP signals measured by the Moticon insoles for the RED trials during

the entire standing phase.

The CoP signals measured for all trials closely resembled the baseline measurements
with the CoP staying within the same region and oscillations being &~ 1 ¢m in range. The
participants had on average a negative CoP in both ML and AP directions, meaning that
the CoP consistently was weighted towards the left foot, and behind the midpoint of the
feet. Furthermore there was good overlap from trial to trial indicating good repeatability.

5.2.2 Acceleration signals

The acceleration signals presented in this section are chosen to show examples of partic-
ipants signal ranging from abnormal to typical. As with the CoP signals, the baseline
will be used as a reference for a stable CoM acceleration signal.
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CoM acceleration for the baseline trials
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Figure 5.13: CoM acceleration signals measured during the entire standing phase for
the baseline down trial.

The acceleration signals presented in Figure 5.13 show that generic participant 4 and 1
have greater variance with oscillations ranging from +0.2m/s?. In contrast, the signals
measured on participant 6 have fewer peaks with most oscillations being +0.1m/s?.
Participant 18 appears to have the most stable CoM acceleration signal with oscillations

being + 0.005m/s2.

Most participants (15 out of 19) had a CoM acceleration which most

closely reflects a signal with greater variance than the one measured on participant 18
but lower than the one measured on participant 6.
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CoM acceleration for the supine trials
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Figure 5.14: CoM acceleration signal measured during the entire standing phase for
the supine trial.

Figure 5.14 illustrates that similar to the baseline signals presented in Figure 5.13, generic
participant 4 and 1 have the largest oscillations, as well as variance for the supine trials.
Participants 6 and 18 have signals that closely resemble their baseline measurements
which suggests normal amounts of sway around their CoM.
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Figure 5.15: CoM acceleration signal measured during the entire standing phase for
the LED trial.

From Figure 5.15 we see that the acceleration signals measured on participants 6 and
18 appear to have larger oscillations in the beginning of the standing phase in trial 2
for both participants and trial 3 for participant 6. This suggests an increased amount of

sway in the beginning of these trials.
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CoM acceleration for the right-ear down trials
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Figure 5.16: CoM acceleration signal measured during the entire standing phase for
the RED trial.

From Figure 5.16 the acceleration signals measured on participant 6 appears to have
large oscillations at the beginning of trials 2 and 1. Suggesting an increased amount
of sway in these trials. Participant 18 appears to have a largely flat acceleration signal
profile, closely resembling the baseline measurement which suggests minimal sway about
the trunk.

5.2.3 Comparison of the CoP data measured by the Zebris FDM
1.5 and the Moticon SCIENCE Insoles

Since the two systems have different reference frames, comparing their absolute values
would not provide an accurate comparison. Therefore the means were subtracted from
both signals such that comparisons of the CoP fluctuation can be compared.
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ML CoP for the baseline trial generic participant 4

blue = moticon, red = pressure plate

ML CoP fluctuation [cm]

Figure 5.17: Comparison between the Zebris FDM 1.5 pressure plate and Moticon
SCIENCE Insoles for the AP CoP.

From Figure 5.17 we see that there is good agreement between the two systems, indicating
good reliability of the ML, CoP measurement for this participant.
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AP CoP for the baseline trial generic participant 4

blue = moticon, red = pressure plate

AP CoP fluctuation [cm]
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Figure 5.18: Comparison between the Zebris FDM 1.5 pressure plate and Moticon
SCIENCE Insoles for the AP CoP.

Figure 5.18 shows a comparison between the force plate and insoles for the AP CoP. The
overall shape of the CoP shows good agreement but in some instances the CoP is either
underestimated or overestimated.

5.3 Investigating the existence of a time constant

During the course of the thesis it was hypothesized that an exponential decay like the one
found in Tarnutzer’s study [42] would be present in either the CoP or CoM acceleration
signals and that it would present in the form of a decaying variance or mean converging
to a certain steady state value. Therefore a sliding window analysis of both mean and
variance was performed for both the CoP and CoM acceleration signals. The sliding
window analysis involved calculating the mean and variance within a sliding window of
size 120 points for the CoP signal and 200 points for the acceleration signal.
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5.3.1 Moving mean/variance CoM acceleration signals

Moving mean CoM acceleration for the baseline trials
window size = 2s
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Figure 5.19: Plots of the sliding window mean of the CoM acceleration signals measured
during the baseline trials.

Figure 5.19 shows that the largest oscillations in mean were measured on participants
4 and 1 due to the large oscillations in the underlying signals. In comparison to the
underlying signal shown in Figure 5.13, the moving mean is notably flatter likely due to
the moving mean filter acting as a low-pass filter.
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Moving variance CoM acceleration for the baseline trials
window size = 2s
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Figure 5.20: Plots of the sliding window variance of the CoM acceleration signals
measured during the baseline trials

Figure 5.20 illustrates that the acceleration signals measured during the baseline trials
has minimal variance across all participants.
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Moving mean CoM acceleration for the supine trials
window size = 2s
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Figure 5.21: Plots of the sliding window mean of the CoM acceleration signals measured
during the supine trials.

The acceleration signals shown in Figure 5.21 are similar to the baseline signals shown in
Figure 5.19 for participants 6 and 18. Participants 4 and 1 have notably more variance,
indicated by the large oscillations.
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Moving variance CoM acceleration for the supine trials
window size = 2s
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Figure 5.22: Plots of the sliding window variance of the CoM acceleration signals
measured during the supine trials.

Figure 5.22 illustrates that the variance for participants 4 and 1 are consistently high
throughout the entire standing phase. Whereas Participants 6 and 18 demonstrate sig-
nificantly lower variance.
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Figure 5.23: Plots of the sliding window mean of the CoM acceleration signals measured
during the LED trials.

The acceleration signals presented in Figure 5.23 illustrates the same trend of large
oscillations for For participants 4 and 18, whereas participants 6 and 18 have notably
more acceleration in the beginning of their second trial.
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Figure 5.24: Plots of the sliding window variance of the CoM acceleration signals
measured during the LED trials.

In Figure 5.24 it can be seen that there is a significant amount of variance for participants
4 and 1 throughout most of the standing phase for trials 1 and 2. Participants 6 and 18
have a large amount of variance in their second trial, and low variance for the remainder

of the

standing phase.
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Moving mean CoM acceleration for the right-ear down trials
window size = 2s
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Figure 5.25: Plots of the sliding window mean of the CoM acceleration signals measured
during the RED trials.

The acceleration signals shown in Figure 5.25 illustrate that the mean acceleration sig-
nal closely resemble the signals shown in Figures 5.19, 5.21, and 5.23. That is, large
oscillations for participants 4 and 1, and smaller oscillations for participants 6 and 18.



5.3. INVESTIGATING THE EXISTENCE OF A TIME CONSTANT 54

Moving variance CoM acceleration for the right-ear down trials
window size = 2s
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Figure 5.26: Plots of the sliding window variance of the CoM acceleration signals
measured during the RED trials.

Figure 5.26 shows the recurring trend that is large amounts of variance for participants
4 and 1, and low amounts of variance for participants 6 and 18.
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5.3.2 Moving mean/variance center of pressure (CoP) signals

Moving mean CoP for the baseline trials
window size = 2s
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Figure 5.27: Plots of the sliding window mean of the CoP measured during the baseline
trials.

Figure 5.27 The mean ML CoP is consistently close to 0 cm, and mean AP CoP is
consistently negative which is similar to the processed CoP signals. Additionally, the
signals are smoothed out due to the moving mean filter.
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Figure 5.28: Plots of the sliding window variance of the CoP signals measured during

the baseline trials.

Figure 5.28 contains plots of the CoP variance for the CoP measured in the baseline trials.
All signals have large peaks throughout the entire measurement duration suggesting no

decrease in variance.
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Moving mean CoP for the supine trials
window size = 2s
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Figure 5.29: Plots of the sliding window mean of the CoP signals measured during the
supine trials.

The moving mean signals presented in Figure 5.29 closely resemble the original signal,
with lower frequency oscillations likely due to the moving mean filter acting as a low-pass
filter. These signals appear to be oscillating rather than trending.
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Figure 5.30: Plots of the sliding window variance of the CoP signals measured during

the supine trials.

Figure 5.30 that the variance in the CoP signal remains consistently high throughout the
trial, indicating that this variability is a persistent property of the CoP signal.
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Moving mean CoP for the left-ear down trials
window size = 2s
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Figure 5.31: Plots of the sliding window mean of the CoP signals measured during the
LED trials.

Figure 5.31 shows that the mean CoP is approximately 0 cm in the ML direction and
consistently negative in the AP direction. Furthermore it appears flat with oscillations
being seemingly regular in amplitude and frequency.
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Moving variance CoP for the left-ear down trials
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Figure 5.32: Plots of the sliding window variance of the CoP signals measured during
the LED trials.

The plots presented in Figure 5.32 demonstrates that the variance in the CoP signal
remains consistently high throughout the standing phase.
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Figure 5.33:

RED trials.

Plots of the sliding window mean of the CoP signals measured during the

Figure 5.33 shows that the mean remains stable with oscillations being similar in both
amplitude and frequency.
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Figure 5.34: Plots of the sliding window variance of the CoP signals measured during
the RED trials.

As exemplified from the moving variance plots for the CoP presented in this section, it
became apparent that the CoP had large variance throughout the entire standing phase
and in mean did not have a persistent trend, leading to the conclusion that the existence
of an exponential decay was likely nonexistent.

5.4 Statistical investigation

5.4.1 Boxplots of the computed parameters

The boxplots in this section represent the distribution of the calculated parameters listed
in Table 4.1, grouped by trial type. As the trials were assumed independent, each boxplot
shows the distribution of 57 data points per trial type (19 participants, 3 measurements
per trial type).
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DFA-alpha coefficients computed for the ML CoP
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Figure 5.35: Boxplot plotted from all the DFA-alpha coefficients computed from the
ML CoP signal

Figure 5.35 shows how the DFA-alpha coefficients for the ML CoP is distributed. From
the boxplot and Table 5.2 we see that the DFA-alpha coefficient is close to 1 which
indicates 1/f noise for the AP CoP.

Table 5.1: Statistical summary by position.

Position Mean Std Min Max
LED 0.951982 0.119018 0.7194 1.1629
RED 0.927705 0.209129 0.0847 1.3001
S 0.931158 0.170935 0.1214 1.1866
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DFA-alpha coefficients computed for the AP CoP
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Figure 5.36: Boxplot plotted from all the DFA-alpha coefficients computed from the
AP CoP signal.

Figure 5.36 shows how the DFA-alpha coefficients for the AP CoP is distributed. From
the boxplot and Table 5.2 we see that the DFA-alpha coefficient is close to 1 which
indicates 1/f noise for the ML CoP.

Table 5.2: Statistical summary by position

Position Mean Std Min Max
LED 1.019961 0.138833 0.66900 1.3439
RED 0.985934 0.184605 0.09625 1.2908
S 1.040218 0.135281 0.76800 1.3332
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Boxplot of the computed values for the RMS acceleration in the AP direction
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Figure 5.37: Boxplot plotted from all the RMS acceleration values computed from the
AP CoM acceleration signal.

In Figure 5.37 there are many outliers indicated by the number of circles in the boxplot
meaning great variation in the RMS acceleration. Additionally, the mean RMS acceler-
ation as well as its variance is significantly greater than the mean and variance for the
left-ear down and right-ear down trials.

Table 5.3: Statistical summary by position

Position Mean Std Min Max

LED 0.017029 0.029624 0.003441 0.194934
RED 0.020841 0.026608 0.004312 0.185062
S 0.101021 0.687425 0.005573 1.326711
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Boxplot of the computed values for the RMS acceleration in the ML direction
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Figure 5.38: Boxplot plotted from all the RMS acceleration values computed from the
ML CoM acceleration signal

Figure 5.38 shows the distribution of computed RMS acceleration values. The supine
position has on average the greatest RMS acceleration value, and most variability.

Table 5.4: Statistical summary by position

Position Mean Std Min Max

LED 0.026102 0.018921 0.009055 0.110239
RED 0.035872 0.021905 0.006638 0.095377
S 0.06392  2.033506 0.010327 0.332388
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Boxplot of the computed values for the 95% confidence ellipse area enclosing the CoP trajectory
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Figure 5.39: Boxplot plotted from all the computed values of the 95% Confidence ellipse
(CE).

Figure 5.39 contains a boxplot showing the distribution of the 95CE. Means across the
three positions are similar as well as their distribution exemplified by the length of the
whiskers and interquartile range.

Table 5.5: Statistical summary by position

Position Mean Std Min Max

LED 11.482374 8.517318 1.1571 37.5657
RED 13.506888 10.594196 1.3332 73.9619
S 11.841061 8.246784 1.0223 43.9803




5.4. STATISTICAL INVESTIGATION 68

Boxplot of the computed values for the principal sway direction
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Figure 5.40: Boxplot plotted from all the computed values of the principal sway direc-
tion.

Figure 5.40 illustrates the boxplots of the principal sway direction for all positions. We see
that RED demonstrates the greatest variability and largest spread. The overall median
values are consistent across all positions.

Table 5.6: Statistical summary by position

Position Mean Std Min Max

LED 23.546960 18.541735 2.0084 77.1739
RED 29.536282 23.706859 0.2345 82.0887
S 21.048421 18.408499 0.8707 83.1053
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Boxplot of the computed values for the AP CoP mean velocity
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Figure 5.41: Boxplot plotted from all the computed values of the mean AP CoP velocity.

Figure 5.41 shows the boxplot of the computed values for the mean CoP velocity. The
overall median and variance are similar across all positions.

Table 5.7: Statistical summary by position

Position Mean Std Min Max
LED 2.193960 0.699459 1.1344 4.8975
RED 2.264902 0.679263 1.0607 4.9301
S 2.213463 0.642528 1.0896 4.6676
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Boxplot of the computed values for the ML CoP mean velocity
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Figure 5.42: Boxplot plotted from all the computed values of the mean ML CoP
velocity.

Figure 5.42 contains a boxplot of the datapoints for the mean ML CoP velocity. The
distributions are similar both in median and variance, with RED having greatest variance
and mean and LED having lowest.

Table 5.8: Statistical summary by position

Position Mean Std Min Max
LED 2.302526 0.506162 1.1538 4.3444
RED 2.350951 0.541314 1.0460 3.9584
S 2.315372 0.524581 1.1256 3.5093
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Boxplot of the computed values for the range ratio
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Figure 5.43: Boxplot plotted from all the computed values of the mean quotient of the
ranges.

Figure 5.43 contains a boxplot illustrating the distribution of the computed values for the

quotient of amplitudes (range ratio). The supine position appears to be symmetrically
skewed whereas RED and LED are left-skewed.

Table 5.9: Statistical summary by position

Position Mean Std Min Max
LED 0.891414 0.344608 0.3233 1.9236
RED 0.931611 0.323154 0.4029 1.7528
S 0.853040 0.299733 0.3181 1.9169
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5.4.2 Outcome of the post-hoc test

Table 5.10: Table containing the computed parameters aswell as their p-values obtained
from the post-hoc test.

Compared trial types S_LED | S-RED
Parameters

ML CoM RMS acceleration 0.3495 0.3731
AP CoM RMS acceleration 0.0498 0.0564
ML CoP mean velocity 0.9765 0.8334
AP CoP mean velocity 0.9725 0.8241
95CE 0.9478 0.3197
Principal sway direction 0.7293 0.0301
Quotient of amplitudes 0.7767 0.3504
DFA-alpha AP CoP 0.6542 0.0522
DFA-alpha ML CoP 0.7541 0.9922

From the boxplots showing the distribution for each calculated parameter it was evident
that many parameters for instance the AP/ML CoM RMS acceleration appeared signifi-
cantly different when comparing the values computed for the supine position to the ones
computed for the left-ear down and right-ear down. After performing the ANOVA and
taking into account inter-participant variability the post-hoc test revealed the DFA-alpha
coefficient for the AP CoP and AP CoM RMS acceleration being close to significant when
comparing S vs RED. Significant differences were found between the AP CoM RMS ac-
celeration, and the principal sway direction when comparing S vs LED and S vs RED
respectively.



CHAPTER 6

Discussion

6.1 Experimental study

The measurements consisted of participants lying down in either a left-ear down, right-
ear down or supine position, and then promptly stamp to synchronize the systems, and
then stand in place for two minutes. The participants were instructed to rise quickly from
a lying position as the initial standing phase was considered critical due to the hypothe-
sized exponential decay. It was observed that some participants experienced slight loss of
balance immediately after standing but before performing the stamp. This was assumed
to be due to the difficulty associated with stabilizing immediately after getting up into
the correct position, likely causing participants to overcompensate with their balancing
strategies.

The selected stance width for this study was feet together which ideally would result
in a 0 cm stance width. However, most participants had a slight gap which varied from
trial to trial. Due to time constraints and infeasibility in enforcing the selected stance
width, this resulted in variability in stance width both from trial to trial and in-between
participants.

Most of the participants reported fatigue, some to the extent of almost falling asleep
during the resting phase. This may indicate that fatigue during trials is something that
would ideally have to been taken into account.

6.2 Data processing and evaluation

The signals used for analysis were both low-pass filtered with a butterworth filter with
cut-off frequency 8 Hz and 3.5 Hz for the signals measured by the Moticon Insoles and
Xsens IMU respectively as this is an established way of processing these types of sig-
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nals [7,23]. The first 3 seconds from both signals were cut to eliminate any residual
effect attributed to the stamp and the last 5 were also cut due to some signals not being
sufficiently long. The CoP signals were qualitatively validated with the Zebris FDM 1.5
pressure platform showing good agreement for most signals indicating reliable overall
signal quality and adequate signal processing.

Drift as well as large peaks were detected in the CoM acceleration signals measured
by the Xsens MTw™ Awinda. Gyroscopic drift is a common issue in IMUs and essen-
tially unavoidable. In this case a linear detrending algorithm was used to compensate
for it, however properly compensating for it would require alternative techniques such as
sensor fusion and a proper calibration process that could not be employed due to time
constraints.

To the best of the author’s knowledge there does not exist a standard definition for
a "normal” CoM acceleration signal. Therefore the baseline measurements were consid-
ered to be the normal CoM acceleration signal for any given participant. The validity
of the processed CoM acceleration data across all participants was determined by com-
paring it’s order of magnitude and profile with those reported in similar studies [43,44].
Overall, the signals appeared to be within a reasonable order of magnitude containing
oscillations within 4 0.10 m/s* and peaks within +0.20m/s?. From the computed values
listed in Tables 5.3 and 5.4 the RMS CoM acceleration for the left-ear down position
was on average the lowest in both ML and AP direction having an ML CoM RMS accel-
eration &~ 0.026 m/s* and AP CoM RMS acceleration & 0.017 m/s* which was notably
lower than values for the supine position (0.064 m/s* and 0.10 m/s?) meaning that in the
supine position, participants had on average more overall sway around the CoM.

As previously mentioned and seen in the figures presented in Section 5.2 most partici-
pants had few large peaks within the entire signal, although the cut-off frequency was on
the lower end of what is commonly used [7]. It is possible that these peaks are in part
due to a cut-off frequency that was beyond the ideal threshold. Another explanation
for the large peaks could be sudden movements or minor spasms/corrections about the
trunk that occurred during the standing phase.

6.2.1 Recommendations

Combining the left and right foot CoP signals measured by the Moticon insoles involves
translating each individual CoP such that the two systems have the same reference point.
For accuracy this requires knowing the actual distance by which they have to be trans-
lated. One way of determining the distance without altering the procedure would be
determining the distances (stance width and offset in the AP direction) that maximizes
the correlation between the two systems before computing any parameters.
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Additionally, moving the stamp to the end of the standing phase such that the par-
ticipants can go straight from the resting position to the standing phase would likely
eliminate the need of cutting the initial part of the signal.

The reason behind the large peaks remains unknown and is believed to be attributed to
small movements or improper filtering. Furthermore a linear detrending algorithm was
used to compensate for gyroscopic drift which might have been inadequate. Future work
should explore different filtering techniques, lowering the cut-off frequency and adding a
calibration process to the experimental procedure and implementing a proper gyroscopic
drift compensation such as Kalman filtering or sensor fusion. Validation of the processed
CoM acceleration signal after employing these changes should then be done by comparing
to the acceleration signal to the gold standard optical motion capture device [45].

6.3 Key findings

In Section 5.2 we observed that both CoP and CoM acceleration in the AP and ML
directions demonstrated good repeatability across trials of the same type. All signals
appeared in large insignificant when comparing one trial type to its baseline counterpart.
Furthermore, based on comparisons of the processed signals, mean and variance plots and
observations of the participants, most participants demonstrated good stability through-
out the entire standing phase with only a few demonstrating a slight loss of balance at
the beginning of each trial, as mentioned in section 6.1. The ML CoM acceleration had
larger variance and greater RMS than the AP CoM acceleration which is exemplified by
the larger profile seen in the processed signals as shown in section 5.2 and the metrics
listed in Tables 5.38 and 5.3. This suggests increased sway in the ML direction around
the trunk, which contradicts findings from related studies [46]. The greater ML sway is
likely attributed to the narrow stance width.

It is noteworthy that the parameters often regarded as primary indicators of overall
postural stability, such as quotient of amplitudes, mean CoP velocity, and 95CE, did
not yield significant differences between test conditions. This suggests that conventional
measures such as the ones mentioned might not be able to capture the complexities as-
sociated with postural control under these test conditions. Furthermore the DFA-alpha
coefficient for both ML and AP CoP was found to be close to 1 across all participants,
suggesting 1/f noise CoP signal.

Future work should consider a time-frequency analysis involving the Power spectral den-
sity (PSD) as a 1/f noise signal will likely have patterns in the frequency domain.
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6.4 Limitations

For the statistical analysis only an inter-participant variability was assumed and that
each trial of the same type (e.g., the first supine trial and second supine trial) could be
grouped together. This assumption may not be valid as multiple participants reported
fatigue attributed to the prolonged periods of rest. Additionally given the nature of the
trials and working under the assumption that motor skills can be trained, it is possible
that the participants improved their ability to maintain balance under these test con-
ditions, which could diminish any effects that might have otherwise existed during the
standing phase. This could indicate the existence of a trial to trial variability that would
have to been taken into account for the statistical analysis. One measure that could have
been done to mitigate this would be to space out the trials across a longer period of time.

For all trials a narrow stance width was selected, thus narrowing the participants BoS. It
has been shown that narrowing the stance width in an eyes closed quiet stance increases
the amount of CoM acceleration in the ML direction [47]. To the best of the author’s
knowledge it is unknown whether or not this holds for individuals who are experienced
with static balance tasks on a narrow BoS. Future work should investigate the possi-
bility of adapting a self selected stance to align with the participant’s habitual posture,
potentially minimizing movements that could affect the study’s outcomes.



CHAPTER 7

Conclusion

7.1 Experimental study

For this posturography study, 20 healthy participants were recruited, 19 were included
for analysis and one was excluded due to missing data from the IMU strapped to the right
shank. A study protocol for performing this specific trial was written so future trials can
be done in the same fashion. The trials consisted of participants laying in a designated
horizontal position for 5 minutes and then standing for two minutes, while blinded and
deafened with their feet together and arms relaxed. Every trial was documented by both
observing the participants during the measurements and recording them to be used as
a complement to the data analysis. Both forms of observations did not provide any
significant amount of information, due to the small amount of sway.

7.2 Evaluating the Moticon insoles by comparing with
the Zebris FDM 1.5

The CoP data was compared visually to the platform by comparing the amount of overlap
and overall deviation finding good agreement between the two systems, no validation
study was conducted as this would be outside the scope of this thesis. However, previous
validation studies [23,48] have been conducted on earlier versions the Moticon Insoles
showing that they are reliable for AP CoP metrics but more unreliable in the ML CoP
for quiet stance. One reason for this may be due to the lower resolution in the previous
insoles compared to the ones used in this study (13 sensors vs 16 sensors). To thoroughly
assess the validity of the data gathered by the current insoles, a validation study of the
current insoles would be required, for participants performing similar tasks to ensure
consistency.
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7.3 Signal analysis and statistical investigation

For the statistical investigation six classic stabilometric descriptors as well as the DFA-
alpha coefficient were computed from the acceleration and CoP signals to characterize
the sway behavior. On each parameter a two-way ANOVA with a significance level of
a = 5% was applied to account for inter-participant variability. To assess whether these
measures could differentiate between the supine, right-ear down and left-ear down po-
sition, Tukey’s hsd post hoc test was applied. Significant differences were found only
when comparing the positions S vs LED and S vs RED for the principal sway direction
and AP CoM RMS acceleration respectively. From this it can be concluded that when
lying down in a supine position, participants have more overall sway about the trunk in
the AP direction as well as some directional bias in their CoP trajectory. Because these
differences are subtle and essentially only detectable with the use of sensors and a sta-
tistical analysis, determining any differences between positions in a clinical context may
require alternative methods when assessing the sway in healthy patients after prolonged
resting.

Because traditional CoP and CoM measures have reliably distinguished postural con-
trol differences across various groups in numerous related studies and in this study only
significant differences were found in two of the nine total stabilometric parameters, future
work may need alternative metrics to further investigate the dynamics of postural control
after prolonged resting.
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A.1 Raw signals

Figure A.1: Raw ML CoP signal measured during the entire standing phase for the
baseline trials.
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Figure A.2: Raw AP CoP signal measured during the entire standing phase for the
baseline trials.
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Figure A.3: Raw ML CoP signal measured during the entire standing phase for the
supine trials.
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Figure A.4: Raw AP CoP signal measured during the entire standing phase for the
supine trials.
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Figure A.5: Raw ML CoP signal measured during the entire standing phase for the
left-ear down trials.
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Figure A.6: Raw AP CoP signal measured during the entire standing phase for the
left-ear down trials.
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Figure A.7: Raw ML CoP signal measured during the entire standing phase for the
right-ear down trials.



A.1. RAW SIGNALS 91

Figure A.8: Raw AP CoP signal measured during the entire standing phase for the
right-ear down trials.
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Figure A.9: Raw ML CoM acceleration signals measured during the entire standing

phase for the baseline trials.
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Figure A.10: Figure showing the raw AP CoM acceleration signals measured during
the entire standing phase for the baseline trials.
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Figure A.11: Figure showing the raw ML CoM acceleration signals measured during
the entire standing phase for the supine trials.
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Figure A.12: Figure showing the raw AP CoM acceleration signals measured during
the entire standing phase for the supine trials.
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Figure A.13: Figure showing the raw ML CoM acceleration signals measured during
the entire standing phase for the left-ear down trials.
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Figure A.14: Figure showing the raw AP CoM acceleration signals measured during
the entire standing phase for the left-ear down trials.
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Figure A.15: Figure showing the raw ML CoM acceleration signals measured during
the entire standing phase for the right-ear down trials.
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Figure A.16: Figure showing the raw AP CoM acceleration signals measured during
the entire standing phase for the right-ear down trials.



A.2. PROCESSED SIGNALS 100

A.2 Processed signals

Figure A.17: Figure showing the ML CoM acceleration signals measured during the
entire standing phase for the baseline trials.
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Figure A.18: Figure showing the AP CoM acceleration signals measured during the
entire standing phase for the baseline trials.
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Figure A.19: Figure showing the ML CoM acceleration signals measured during the
entire standing phase for the supine trials.
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Figure A.20: Figure showing the raw AP CoM acceleration signals measured during
the entire standing phase for supine trials.
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Figure A.21: Figure showing the ML CoM acceleration signals measured during the
entire standing phase for the left-ear down trials.
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Figure A.22: Figure showing the AP CoM acceleration signals measured during the
entire standing phase for the left-ear down trials.
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Figure A.23: Figure showing the ML CoM acceleration signals measured during the
entire standing phase for the right-ear down trials.
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Figure A.24: Figure showing the AP CoM acceleration signals measured during the
entire standing phase for the right-ear down trials.
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Figure A.25: Figure showing the ML CoP signals measured during the entire standing
phase for the baseline trials.
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Figure A.26: Figure showing the AP CoP signals measured during the entire standing
phase for the baseline trials.



A.2. PROCESSED SIGNALS 110

Figure A.27: Figure showing the ML CoP signals measured during the entire standing
phase for the supine trials.
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Figure A.28: Figure showing the AP CoP signals measured during the entire standing
phase for the supine trials.
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Figure A.29: Figure showing the ML CoP signals measured during the entire standing
phase for the left-ear down trials.
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Figure A.30: Figure showing the AP CoP signals measured during the entire standing
phase for the left-ear down trials.
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Figure A.31: Figure showing the ML CoP signals measured during the entire standing
phase for the right-ear down trials.
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Figure A.32: Figure showing the AP CoP signals measured during the entire standing
phase for the right-ear down trials.





