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Problem description:
Wearable devices provide a good opportunity for people with postural instability to improve postural
control in everyday life [3]. Different feedback devices have been investigated in the research area of
postural control[1, 2, 3, 4] and in the context of wearable sensors inertial measurement units (IMUs)
located on various parts of the body or plantar force sensors L3 4, 5] have been widely used to
measure static and dynamic balance. However, when using a feedback based on one single sensor
at the trunk in situations of postural transition, like bending forward, one might get an unreliable
feedback, as being still in a stable position. Consequently the following research questions will be
investigated:

1) Is a pressure insole (PPS) based feedback more reliable than an IMU suit based system?
2) Is a combined feedback (PPS + IMU suit based) more reliable than the PPS based system?
3) Optional: Is the reliability of the systems dependent on the definition of threshold?

Tasks:
• Literature research and develop the study design
• Write adapt scripts for communication and synchronisation of the different hardwares (IMU suit,
force plate, pressure insoles)

• Write adapt scripts for capturing and saving data with IMU suit, force plate pressure insoles
• Define the thresholds for feedback by pilot testing
• Carry out user study with 20 participants
• Data post processing and statistical analysis
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Abstract

Previous studies have shown that biofeedback can enhance balance control. The ad-
ditional information provided on one’s body posture supports the postural percep-
tion. Researchers mostly focused on static balance or gait analysis; less research was
done on balance during postural transitions. Scientists have used IMU-systems and
PPS-systems to track the CoM and CoP trajectory, respectively. The definition of
criteria and corresponding thresholds is crucial for reliable and e↵ective biofeedback.
This study compares an IMU-system and a PPS-system (insoles) regarding their re-
liability in providing biofeedback during postural transitions. Applying the CoM
trajectory measured by an IMU-system to control biofeedback is a novel approach.
Furthermore, we compare a threshold based on the postural sway during quiet stand-
ing (BL-threshold) with one based on the Limits of Stability (LoS-threshold).
We measured the parameters of 16 subjects and calculated their BL-threshold and
LoS-threshold of each system. In the evaluation, the subjects carried out a postural
transition by bending forward and shifting their body until they tipped over. This
procedure was repeated for each direction along the anterior-posterior and medio-
lateral axes separately. We calculated the time discrepancy �t between the point
the subject exceeded the respective threshold and the tipping point.
Considering the LoS-threshold, the PPS-system shows a lower �t than the IMU-
system, except in the posterior direction. The LoS-threshold’s �t-values are lower
than these of the BL-threshold by 650 - 2325ms, when compared within each system.
The PPS-system’s LoS-threshold demonstrates the lowest �t and best performance.
We observe high variations in the BL-threshold, confirming previous findings that
postural sway is a highly individual-specific parameter. Our results indicate that
the LoS-threshold is more reliable than the BL-threshold and that a PPS-system
is better suited. So future research should focus on mobile PPS-based systems.
On average, time discrepancies are high compared to reaction times on vibrotactile
stimuli. Further investigation into threshold parameters is needed.
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Chapter 1

Introduction

We as humans are a species that stands and moves on two legs for much of our time.
When we change position, we tend naturally to control our balance in the process
and keep our bodies stable. A person not able to do so loses his balance and might
fall, risking physical injury. In particular adults older than 65 years su↵er from
severe injuries as a consequence of falls [HLBB19]. At least 300,000 older people
are hospitalized in the US because of fall injuries every year, and falling causes
95% of hip fractures according to the Centers for Disease Control and Prevention
[cdc17]. Similar numbers are reported for Germany, where 50% of all injuries in
this age group are related to falls [RKSL17]. The prevalence of falls and fall-related
mortality in this age group, moreover, has steadily increased over the past 20 years
[HLBB19]. Figure 1.1 shows that the mortality rate in 2016 has doubled compared
to the year 2000 for both women and men aged 75 and older. In 2015, the treatment
of fall-related injuries generated medical costs of more than $50 billion [cdc17]. Most
of this amount is shouldered by public health services, but the cost to individuals
can be considerable - and goes beyond financials. Aside from the injuries themselves,
a patient who falls repeatedly often experiences anxiety and reduces her physical
activity [Sal10]. She may face chronic pain and loss of independence, seriously
damping her quality of life.

In the older population, people most commonly fall because of gait and balance
disorders - aspects of keen interest from the medical community [Sal10]. These
disorders are themselves associated with certain risk factors, such as chronic illnesses,
physical decline or lack of exercise, which increase with advancing age [who07, Sal10,
CT17]. Salzman describes the detailed correlations as well as suggesting possible
clinical diagnoses and interventions [Sal10]. Where he evaluates non-instrumented
tests carried out by physicians, other researchers looking into balance disorders
follow a more technical approach and have implemented state-of-the-art technology
to objectively monitor and quantify balance performance [MWL+16, KJBC18].

The sensor technologies employed in such research can also provide instant biofeed-
back to help the individual improve his balance over the long-term. The biofeed-
back is delivered, however, through technology that is hardly convenient to patients.
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Figure 1.1: Mortality rates from falls among persons aged 75 and older in the US,
2000-2016 [HLBB19]

These are mostly stationary systems in hospitals or laboratories, which means that
patients have to come to the facilities and that the technology cannot be applied in
real-world scenarios. In response, researchers and industry are developing a grow-
ing number of wearable devices that aim at improving a person’s stability during
daily activities [MWL+16]. Compact devices attached to the body or integrated
into clothing could greatly enhance balance and reduce the risk of falls among the
elderly.

1.1 Concept of Balance

We earlier spoke about balance and its importance in postural transition. But what
exactly are balance and posture and how do they relate? To answer this question,
we first must address terminology.
The center of mass (CoM) is understood in biomechanics as ”the point around which
the sum of the torques produced by the weights of the body segments is equal to
zero” [Ste20, p. 57-58]. It is also often referred to as the center of gravity. For the
human body, the CoM usually sits in the area of the lower back - more exactly, at the
end of the lumbar spine [Ste20, p. 57-58]. The center of pressure (CoP) indicates the
point of application of the ground reaction force (GRF) vector on the ground plane
[BRK94]. In static quiet standing, the CoP is assumed to be the CoM’s vertical
projection on this plane (cf. Figure 1.2).
The base of support (BoS) describes a person’s contact area with a supporting
surface [MP20, p. 547-548], such as the ground, a chair or a handrail. In this study,
the BoS refers to the area beneath the feet (cf. Figure 1.3). The BoS is an important
biomechanical constraint on balance [KSGH13].
From a mechanical perspective, balance is defined as ”the state of an object when
the resultant load actions acting upon it are zero” [PDRP00]. An object is balanced
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Figure 1.2: Center of Mass (CoM) and Center of Pressure (CoP) in bipedal stance

Figure 1.3: Base of Support (BoS) in bipedal stance;
N

= CoP
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when either the CoM’s vertical projection or the CoP lies within the BoS. If the
CoM or CoP shifts outside the BoS, the object is no longer balanced and will tip
due to the gravitational force acting upon it. Humans, however, are able to cope
with a certain degree of imbalance in order to prevent falls [PDRP00]. We can sense
instabilities and activate our muscles to counteract gravitational forces. This ability
is called ”balance control” or ”postural control”.

Postural control is a complex motor skill [PDRP00]. It involves the somatosen-
sory system, the cognitive system, and the motor system to detect and react to
perturbations. Any impairment in one of these systems can result in a postural
control deficit. Impairments can stem from diseases, such as a stroke, Parkinson’s
disease or sarcopenia and often occur in older adults, the group most a↵ected by
falls [who07, CT17].

Physiologists and medics have experimented with numerous measures to prevent pa-
tients from falling. They have proposed physical exercises, with a focus on flexibility,
endurance, strength, and balance [CT17, KJBC18], recommendations supported by
findings that patients who exercised regularly reduced their risk of falling by 21%.
[CT17].

Sensor technology has helped medical teams to closely monitor a patient’s training
progress and increase her awareness for situations in which she might fall [KJBC18].
Sensors coupled with biofeedback can stimulate patients who deal with an impaired
or degenerated somatosensory system [AAB+17]. Tactile stimulation in particular
has shown to e↵ectively evoke postural responses in individuals by providing their
nervous systems with additional sensory input.

When speaking about balance in humans, we frequently distinguish between static
and dynamic balance. Static balance refers to postural control when a person is
standing still in an upright position [Rag96]. But it includes postural sway, contin-
uous corrective involuntary movements around the CoM. This is a relevant detail
when examining falls, as studies in the 1980s to 1990s have shown that postural
sway increases with age [PJA90, WWD+93, Rag96].

Dynamic balance, on the other hand, describes postural control during voluntary
movements or external perturbations [Rag96]. It is a fairly general term covering a
wide range of situations, from gait to sit-to-stand transitions. Dynamic balance is
di�cult to quantify across a range of movements, and instead mostly specified for
certain types of movements. A number of clinical test have aimed to assess dynamic
balance but only a few studies have tried to use technology to objectively quantify
dynamic balance - outside of gait analysis [MWL+16, ALHPI+18, LPJ+18].

Even though researchers distinguish between static and dynamic balance, both are
present in daily activities simultaneously. Researchers tend, therefore, to look at
balance in a series of movements, and develop a system able to assess balance in
di↵erent situations.
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1.2 Balance Assessment

Scientists and physicians di↵erentiate between non-instrumented and instrumented
tests to assess balance [MWL+16].

Physicians mostly use non-instrumented tests in a clinical context, visually assessing
postural sway or abnormal evasive movements. A common test to assess static
balance is the Romberg Test, in which the patient stands still in an upright position
and the physician compares postural sway during trials with the patient’s eyes open
and closed [MWL+16]. In the Timed Up and Go (TUG) test, the physician measures
the time a patient needs to complete a defined sequence of tasks. This test aims to
detect dynamic balance deficits. Both tests are a first step to objectively quantify
balance, but non-instrumented tests tend to lack objectivity and depend heavily on
the clinician’s expertise [PDRP00, KJBC18].

In instrumented test, researchers and physicians use sensor technologies to ob-
jectively assess balance parameters. They most frequently measure the CoM or
CoP trajectory; a great displacement and high variability in these indicate bal-
ance disturbances [KSGH13, MWL+16, DSL19]. Researchers are able to quantify
static balance by means of force plate measurements, when assessing dynamic bal-
ance, however, they mostly focus on gait parameters, such as step length and time
[AOL+15, CCD+15, MWL+16]. In one pilot study, Lou et al. developed a method
to measure dynamic balance during postural transition with a force plate in a game
like environment [LPJ+18]. Their new method correlates with results obtained from
the TUG test. The study showed that patients with a leg injury have a greater CoP
displacement on the injured side compared to the normal side indicating balance in-
stabilities in the injured leg. Still, most studies utilize force plates for measurements
and are thus limited to indoor settings [MWL+16].

At this point we want to present another concept how to assess balance. As men-
tioned earlier, humans are able to cope with a certain degree of imbalance when the
CoM or CoP shifts outside the BoS [PDRP00]. A metric to quantify this ability
are the so called Limits of Stability (LoS). Ragnarsdottir (1996) defines the LoS as
”the outmost range in any direction a person can lean from the vertical, without
changing the original base of support” [Rag96]. There are two common approaches
how to assess the LoS in humans: In the circular-leaning test, the person is asked
to lean forward and carry out a circular movement around the BoS, leaning to each
side as far as possible without loosing his balance [TSL+17]. Alternatively, in the
four-way-leaning test, the person leans in anterior, left, right and posterior direction
each separately. In one study from 2017, Thomsen et al. found out that the four-
way-leaning test shows larger LoS than the circular-leaning test [TSL+17]. Sensor
technologies, in particular force plates, can aid researchers in the LoS assessment as
well.
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Figure 1.4: Schematic structure of an IMU [mat]

1.3 State-of-the-Art in Wearable Technology

1.3.1 Sensor Technology

The market for wearable sensor technology is growing, even more as hardware and
components become cheaper [MMD17, DSL19]. Wearables range from smart shoes
to smartphones, most of which already have multiple types of sensors inside. The
challenge is to make wearables monitoring balance commercially available and guar-
antee reliable and valid functionality [MWL+16, DSL19].
The FRAIL project (www.frail.eu) is one example where researchers are developing
a compact device for daily use. Led by experts in rehabilitation research at the
Technical University of Munich (TUM), they work on a mobile app which processes
sensor data obtained by a smartwatch. The app targets the health care market and
aims at monitoring daily physical activity and detecting frailty among the users. An
evaluation of the system is due to be presented this year.
This example, however, focused solely on the detection of falls by means of a single
sensor at the wrist. If researchers want to get more insights into body motions
and balance, they need more sophisticated systems. According to a systematic
review conducted by Ma et al., researchers most commonly use inertial measurement
units and plantar pressure sensors to investigate body motions and evaluate balance
stability [MWL+16]. The sensors di↵er in the way they are attached to the human
body and the parameters they measure.
An Inertial Measurement Unit (IMU) consists in its basic configuration of a tri-axial
accelerometer and a tri-axial gyroscope [SK08, pp.483-484]. This allows it to sense
changes on six axes in a single integrated circle, based on microelectromechanical
systems (MEMS). As such, it can detect an object’s position (X,Y,Z) and orientation
(pitch,roll,yaw). State-of-the-art IMUs also incorporate magnetometers [MWL+16].
The basic structure of an IMU is similar among di↵erent manufacturers (cf. Figure
1.4); the primary di↵erences lie in the software and algorithms used to analyze and
interpret the data [DSL19].
The IMU’s accelerometer detects the acceleration of a rigid object in a three-

http://www.frail.eu
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Figure 1.5: Basic structure of a gyroscope [Vie06]

dimensional space. It measures the acceleration in each of the three axes, X,Y
and Z. A single signal is then calculated by combining the output in each direction.

The IMU can obtain the direction of the object’s linear movement by detecting
changes in the magnitude of the gravitational acceleration [MWL+16]. However,
an accelerometer cannot distinguish the di↵erences between the acceleration result-
ing from motion and the acceleration due to gravitational forces. The gravitational
forces can be subtracted from the measured acceleration, because the Earth’s grav-
itation is known, but any residual vector results in a quadratic error in position
[SK08, p. 484].

Gyroscopes measure the rotation of an object in a three dimensional space, i.e.
the pitch, roll and yaw angle. They embrace a spinning disc in which the axis of
rotation is free to take any orientation (cf. Figure 1.5). Thus, they are independent
of the object’s position and orientation, they are attached to. The principle behind
a gyroscope is based on the Coriolis e↵ect, which states that a mass moving with
a defined velocity experiences a defined force and conserves its angular momentum
[SK08, pp. 479-81]. This allows the gyroscope to detect movements more accurately
than an accelerometer in a short period of time [MWL+16]. On the other hand,
errors in the gyroscope’s measures accumulate over time due to the integration of
the angular rate resulting in a growing drift [SK08, p. 482]. These errors need to be
corrected by an alternative reference measurement, often using the accelerometer’s
output [MWL+16].

Over a long period of time all IMUs eventually drift and external reference sys-
tems are beneficial. Magnetometers are non-inertial sensors and provide informa-
tion about the absolute orientation relative to the Earth’s magnetic field [MWL+16].
They help to capture the body’s motion more accurately and correct for the errors
of the gyroscope and accelerometer.

IMUs are attached to di↵erent body segments; the lumbar area, as an approxima-
tion of the CoM’s position, is the most common location to mount a single IMU
[DSL19]. Additional locations for gait and balance analysis are the sternum, thigh
and shank [ALHPI+18]. The output of a single IMU unit can be used to determine
the orientation and position of the respective segment. By combining several IMUs
and implementing a biomechanical model, the CoM’s position can be estimated
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[KBS+16]. There are di↵erent approaches for CoM estimation and motion capture,
which we will explain in more detail in Chapter 2. A high frequency and variability in
the CoM’s trajectory indicate balance instabilities [AOL+15, BFC+20, NMAP+12].
The other group of sensors are plantar pressure sensors (PPS) placed beneath the
feet. They measure the pressure distribution on the plantar surface. Depending on
the number of sensor units and their position, they can measure the GRF in one
to three dimensions [MWL+16]. The trajectory of the CoP is a common metric to
evaluate postural stability. Great displacement and high variability in the CoP’s po-
sition indicate balance disturbances [KSGH13, MWL+16]. Force plates are regarded
as the gold standard for the measurement of the GRF and CoP in several studies
[ALHPI+18, DSL19, PSCB20]. Because they are not suitable for investigating daily
activities, pressure insoles appeared as a more compact alternative. These are in-
soles with embedded force sensors, which can easily be worn in shoes. They have
shown to reliably measure the CoP’s trajectory [CCD+15, KSGH13, MWW+15].
Physiologists and sport scientists have used both sensor systems to track the CoM’s
or CoP’s trajectory in static and dynamic balance as well as gait analysis [DSL19,
KSGH13, LPJ+18]. They could diagnose balance impairments in patients by quan-
tifying the postural sway.
Researchers have also used these systems to detect postural transitions. In one
approach, Hickey et al. implemented wavelets to discriminate di↵erent postures
and postural transitions [HGM+16]. A wavelet transform decomposes a signal into
several components and thus recognizes certain patterns in the sensor data. The
study’s results show that a wavelet transform with a 1st to 5th order scale detects
sit-to-stand transitions with an accuracy between 87% and 97%. Data was recorded
by a single IMU attached to the lower back (L5). Alternatively to a wavelet, a
neural network-based classifier algorithm can learn data patterns recorded by a
smartphone’s IMU [CBG+19]. The algorithm developed by Chandrasekaran et al.
achieved an error rate of 1.47% and accuracy of 97% in the classification of activity
and postural transition [CBG+19].
Moufawad el Achkar et al. o↵er another approach comparing an IMU sensor and
pressure insoles [ALHPI+18]. They defined thresholds which, when exceeded, in-
dicate a postural transition. For the single IMU attached to the trunk, a negative
peak in the trunk’s tilt angle implies a transition from sitting to standing (cf. Fig-
ure 1.6b). This corresponds to a forward inclination of the trunk. For the force
plate and insoles, a transition is indicated by a sudden increase in vertical force
(cf. Figure 1.6a & c) because the weight on the insoles increases in a standing po-
sition. In addition to predicting the event of a transition, the transition duration
was estimated as well. The force plate functioned as the reference system. The
IMU overestimated the transition duration for sit-to-stand by up to 31.9% whereas
the insoles showed errors of less than 20% [ALHPI+18]. The authors have argued
that the IMU-based estimation is less accurate compared to the insoles-based one
because the IMU might be prone to the detection of false positives due to frequent
trunk tilt movements. Their statement is based on findings that the IMU sensor
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Figure 1.6: Thresholds in the output signal indicating a postural transition; a=force
plate, b=IMU (trunk angle), c=pressure insoles, d-e=pressure insoles (wavelet trans-
form) [ALHPI+18]

classified unsuccessful transitions as actual transitions while the pressure insoles did
not.
Scientists are still in dissent which sensor location is most appropriate to detect
postural transitions or balance instability [DSL19]. They have reported a variety
of locations, but the lower back and sternum are the most common positions. Just
recently, Atrsaei et al. investigated exactly this issue and compared the accuracy in
the detection of postural transitions between di↵erent sensor locations [ADH+20].
In detail, they contrasted the performance of sensors attached to the sternum, lower
back (L5), anterior superior iliac spine (SIAS) and clipped to the belt. An algo-
rithm detected postural transitions by identifying peak vertical accelerations. It
reached a classification accuracy of 98% in healthy participants and 89% in patients
with severe neurological diseases and a sensitivity of 95% and 89%, respectively
[ADH+20]. Estimation was best for the sensor attached to the lower back (L5).
The sensor mounted on the sternum measured higher accelerations because of the
greater angular momentum. This negatively influences the accuracy to detect pos-
tural transitions. The lower back’s sensor most accurately estimated the tilt angle
of the trunk with a relative absolute error of 5.6%.

1.3.2 Biofeedback Systems

Furthermore, researchers have coupled IMU-based and PPS-based systems with
biofeedback systems. They have discovered that biofeedback can provide supple-
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Figure 1.7: Visualization of signal transmission and processing from sensor to
biofeedback

mentary information about the patient’s balance condition and improve postural
control [DSL19, MWL+16]. In a review, Ma et al. compared di↵erent studies re-
garding their e↵ect of feedback systems [MWL+16]. They came to the conclusion
that IMU-based feedback can lead to significant reductions of postural sway in static
balance [AS10, NMAP+12, WWSK01] while PPS-based feedback is more e↵ective
in dynamic balance [AOL+15, CCD+15, MWW+15]. However, the latter shows
reductions in the CoP’s sway in static standing as well [MWW+15].

Most studies have either investigated static or dynamic balance, the latter primarily
being gait patterns [AOL+15, CCD+15, MWL+16]. One study in 2012 assessed
both conditions, but tests regarding static and dynamic balance were carried out
in di↵erent tasks [NMAP+12]. In this particular study, patients with Parkinson’s
disease carried out a total of twelve tasks; six tasks assessed static balance and the
other six dynamic balance. The subjects were divided into two groups, of which one
group received a biofeedback during balance training. Results showed that roll sway
and pitch sway angular velocity were significantly reduced in the group receiving
feedback. The authors have suggested that biofeedback is more beneficial than
conventional training in improving balance stability in patients with Parkinson’s
disease in both static and dynamic balance tasks.

The definition of criteria, which indicate balance instability and the moment to give
feedback, is crucial for the implementation of biofeedback. Figure 1.7 illustrates the
basic structure of the signal transmission from the sensor unit to the biofeedback
system. The sensor unit detects the balance parameter and triggers a signal for-
warded to a processing unit [BFC+20]. The processing unit provides the signal for
the feedback system which is in the end transmitted to the patient.

In case of a single IMU attached to the trunk, researchers have often defined a certain
inclination of the torso as the biofeedback’s threshold [KFG+18, NMAP+12]. When
postural sway increases and the torso exceeds the defined threshold, biofeedback is
applied. Alternatively, the signal intensity is coupled with the CoM’s kinematics and
feedback intensity increases with a growing postural sway [BFC+20]. The problem
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remaining is how to determine this particular threshold. By now, it is either defined
beforehand [KFG+18] or based on baseline measures [NMAP+12]. Nanhoe-Mahabier
et al. defined thresholds for each subject and task separately during pre-training
assessment [NMAP+12]. Activation thresholds were set to 40% of a 90% range in
peak-to-peak pitch and roll angular velocity measured by a sensor mounted on the
trunk’s back. Lee et al. determined the participant’s LoS and set the thresholds to
90% of the measured LoS in each direction [LFT18]. These thresholds triggered a
vibrotactile biofeedback in a weight-shifting balance exercise.
Similarly, thresholds are defined for the parameters measured by PPS. Ma et al. sug-
gest a threshold of 110% of the average pressure amplitude recorded during baseline
readings where the subjects stand still with closed-eyes for 90s in three repeated
trials [MWW+15]. In another study, Vuillerme et al. set the threshold to one stan-
dard deviation (SD) of the CoP’s displacement during a baseline recording for 10s
[VCDP06]. This was done for the anterior-posterior and medio-lateral direction sep-
arately. In the end, they defined a so called ”dead zone”. Once the CoP had shifted
outside this zone, a feedback signal was given.

1.4 Problem Statement

Physiologists and sport scientists have used IMU-based and PPS-based biofeedback
systems to assess and improve a patient’s balance in both static and dynamic con-
ditions. However, while researchers have extensively studied these situations sepa-
rately, they have yet to investigate how to apply biofeedback in situations of postural
transition between states. Tasks regarding static and dynamic balance were always
carried out separately and the transition between postures was not considered in the
assessment [NMAP+12]. Moufawad el Achkar et al. suggest that a single threshold
for the angle of a person’s torso is an insu�cient measure and prone to the detection
of unintended movements in an IMU-based feedback system where a single unit is
attached to the lower back [ALHPI+18]. During the transition from one posture to
another, the patient could receive feedback even though the posture itself is stable
(cf. Figure 1.8). The torso shifts because of the postural transition, and the incli-
nation is detected by the IMU and leads to an unintended trigger signal. At the
same time, the reference system indicates that the CoP is still inside the LoS and
threshold area. This discrepancy between both systems’ outputs is referred to as
misclassification. A PPS-based system might be better suited for balance assessment
in transition phases because it can more accurately distinguish between transitions
and static states [ALHPI+18]. Another possible advantage of the PPS-based sys-
tem is its focus on the CoP, which is less dependent on body parameters and more
accurate in its calculation as described before. This work explores whether for these
reasons or others a PPS-system might be more reliable.
As discussed, researchers still disagree about the IMU’s optimal sensor location.
There is no clear evidence which location is the best to extract balance parameters
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Figure 1.8: Visualization of the problem; solid line = LoS, dashed line = system
threshold,

N
= CoP

[DSL19]. Even though a person’s back or sternum are the most common locations
for a single IMU, misclassification errors can occur [ALHPI+18]. A recent study
suggests that placement on the lower back (L5) best helps a single IMU to detect
postural transitions and estimate the trunk’s inclination [ADH+20]. In another
study, an IMU placed on the front of the subject’s thighs worked as a reference
for the detection of sit-to-stand postural transitions [ALHPI+18]. But researchers
have yet to couple these investigations with questions about what works best for an
IMU-based feedback system. The approach to use several IMUs on multiple body
segments is intensive in processing power and energy consumption. Furthermore,
it might influence the patient’s motion and his acceptance of a biofeedback system
[DSL19].

1.5 Aim of This Work

This work investigates whether (I) an IMU-system threshold, (II) a PPS-system
threshold or (III) a combined threshold based on both systems is most reliable in
triggering a biofeedback; reliability is defined as the temporal and spatial accuracy
of the trigger signal [AS10]. Furthermore, we compare the performance within each
system of a threshold based on the baseline postural sway (BL-threshold) during
quiet standing to a threshold based on the LoS measurements (LoS-threshold).
The second question is, which sensor locations and in the end how many sensors
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are necessary in providing valid information for the IMU-system’s thresholds. For
this purpose we will attach multiple IMUs to defined body locations and evaluate
whether they contribute to an accurate threshold.
The system should trigger feedback only when the participant’s CoM or CoP exceeds
the defined threshold and puts him in a position of balance instability. We compare
the moment the feedback is triggered and the moment the feedback was supposed
to be triggered. This is the point when the subject looses his balance, hereafter
referred to as ’tipping point’. The tipping point is determined by a force plate as
the gold standard for GRF-measurements. The BL-threshold is based on the CoP/
CoM trajectory’s variance during quiet standing. This metric is commonly used
to evaluate postural sway as described before. The LoS-threshold, on the other
hand, requires LoS measurements. We will describe the exact procedure in the next
chapter.
Previous findings suggest that a biofeedback system with a threshold based on PPS
is more reliable than one based on multiple IMUs. Time lags for feedback are shorter
in the PPS-system. Furthermore, we expect the combined threshold will be more
reliable than for either single threshold and the time discrepancy will be shorter.

H1: The PPS-system threshold is more reliable than the multiple IMU-system
threshold (�t2,4 < �t1,4)

H2: The combined system threshold is more reliable than the threshold of each
system alone (�t3,4 < �t1,4 &&�t3,4 < �t2,4)

H3: The LoS-threshold is more reliable than the BL-threshold within all systems.
(�tLoSth < �tBLth)

Hypothesis H1 states that the time discrepancy �t between the point the PPS-
system threshold is exceeded and the tipping point is significantly shorter than �t

between the point the multiple IMU-system threshold being exceeded and the tip-
ping point. Hypothesis H2 states that �t between the point the combined threshold
is exceeded and the tipping point is significantly shorter than �t of each single sys-
tem. Figure 1.9 illustrates the hypotheses in more detail. Hypothesis H3 states that
the time discrepancy between the point the LoS-threshold of all systems is exceeded
and the tipping point is significantly shorter than between the BL-threshold and the
tipping point.
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Figure 1.9: Visualization of the time discrepancy �t between the di↵erent ap-
proaches; T = numeration of conditions
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Chapter 2

Methodology

2.1 Inclusion Criteria

Participants were eligible to participate in this study if they were able to stand
upright for up to three minutes without any physical support. To ensure a homoge-
neous sample, we limited the age range to 18 - 35 years. Because of the equipment’s
dimensions, body height was restricted to 1.50 - 1.95m and the shoe size to EU 37
- 45. Participants were not able to participate if they had any medical history of
vestibular or other neurological diseases, which could influence their balance control.
Furthermore, they could not participate if they feel pain while standing for up to
three minutes. We checked theses conditions in a questionnaire and by asking the
participant before the measurements.

2.2 CoM, CoP and LoS

2.2.1 Estimation of CoM

Calculation of the CoM based on the IMU-system’s data

How to precisely estimate the body CoM’s position has been the focus of research
for years. Still, there is no standard method and most approaches are based on
assumptions of the human body’s biomechanics. Scientists have established di↵erent
approaches to estimate the CoM of the whole body and track its trajectory during
dynamic motions.
Sensor fusion is one approach to connect the output of multiple IMUs attached
to the di↵erent body segments. At first, the orientation of each IMU or segment,
respectively, is calculated using quaternion rotation [CGD+18]. In the second step,
the orientation of the whole body is estimated by means of an Extended Kalman
Filter based on a defined mathematical kinematic model. This method is limited to
the estimation of the relative body position and orientation of the body segments
to each other. It cannot estimate the CoM’s absolute position in space.
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De Leva [Lev96]
segment classification

Xsens MVN
equivalent

mass (%) CoMZ (%)

male female male female

head head + trunk 6.94 6.66 50.02 48.41
upper trunk T8 + T12 + shoulders 15.96 15.45 50.66 50.50
middle trunk L5 + L3 16.33 14.65 45.02 45.12
pelvis pelvis 11.17 12.47 61.15 49.20
upper arm upper arm 2.71 2.55 57.72 57.54
forearm forearm 1.62 1.38 45.74 45.59
hand hand 0.61 0.56 36.24 34.27
upper leg upper leg 14.16 14.78 40.95 36.12
lower leg lower leg 4.33 4.81 43.95 43.52
foot foot 1.37 1.29 44.15 40.14

Table 2.1: Segment parameters; mass = segment mass relative to body weight;
CoMZ = segment CoM position relative to segment length; data adopted from
[HAMJ+20]

Researchers, however, more commonly use biomechanical models of the human body
to reliably estimate the body CoM’s absolute position in space. These models assume
that the whole body is composed of a chain of rigid body segments connected by
joints with a defined number of DoF [WHCR14, p. 63-64]. The di�cult step is to
obtain each segment’s properties, namely the mass and center of mass. In 1990,
Zatsiorsky and Seluyanov measured the relative segment mass and center of mass
for a sample of 115 subjects (male & female); these were later adjusted by De
Leva to match the commonly used bone landmarks and joint centers [Lev96]. The
parameters are scaled to the specific subject’s segment dimensions and body weight.
The body CoM can then be calculated by weighting each segment’s CoM [WHCR14,
p. 69-70]. In this work, we followed the approach proposed by Hedegaard et al.
regarding the segment classification and calculated the CoM’s position as described
in Robertson et al. [HAMJ+20, WHCR14].
The IMU-system used was the Xsens MVN Link together with the correspond-
ing MVN Studio (v3.4.0) software (Xsens Technologies B.V., Netherlands, www.
xsens. com ); an established system employed in several studies before [KBS+16,
HAMJ+20, PSCB20]. It was validated against estimations by Optical Motion Cap-
turing (OMC). Errors (rRMSE) were less than 13% in vertical, anterior and sagittal
direction and less than 30% in lateral, frontal and traverse direction [KBS+16]. The
system consists of 17 IMUs attached to the body, as shown in Figure 2.1, and divides
the body into 23 segments. We reduced these to 16 segments to calculate the body
CoM’s position, following Hedegaard et al. in order to match the classification by
De Leva (1996) as shown in Table 2.1 [HAMJ+20, Lev96] .
The software outputs the position of each segment’s proximal endpoint (origin)
over time (cf. Figure 2.2). Because the human body is a continuous chain of

www.xsens.com
www.xsens.com
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Figure 2.1: Placement of Xsens sensors (orange boxes) and segment classification;
combined segments (blue squares) according to De Leva [HAMJ+20]
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Figure 2.2: Segment origins (proximal endpoints) as defined in Xsens MVN Studio
(graphic from Xsens user manual and modified by author)

connected segments, the distal endpoint of one segment is the proximal endpoint of
the following segment. We had to manually measure the distal endpoints only for
the head and hands as the chain’s ends. We used the position of the metatarsals,
which are outputted by MVN Studio, as the distal endpoint of the feet, neglecting
the toes’ length.
The segment CoM’s position is calculated by Equation 2.1 adopted from Robertson
et al. [WHCR14, p. 69-70].

pCoM ;s = pprox + CoMZ;s (pdist � pprox) (2.1)

pCoM ;s is the segment CoM’s position, pprox and pdist are the segment’s proximal
and distal endpoints, and CoMZ;s is the proportion factor of the CoM’s position
(cf. Table 2.1). The body CoM’s position is calculated by the weighted sum of each
segment CoM with the corresponding segment’s mass according to Equation 2.2.

pbCoM =
sX

s=1

ms pCoM ;s (2.2)

Here, pbCoM is the body CoM’s position and ms is the mass proportion of each
segment as shown in Table 2.1. Calculations were carried out in Matlab (v2020a).
Unfortunately, the software did not allow us to access each sensor’s output indepen-
dently and thus we were not able to investigate each sensor’s contribution to the
CoM trajectory’s calculation. We did though reduce the original 23 segments to
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three segments (upper body, left leg & right leg) by combining the respective seg-
ments’ positions during the segment CoM calculations. The resulting CoM based
on the reduced segmentation is hereafter referred to as ’CoMred’ and compared to
the previous approach.
For details regarding the exact calculations refer to Figure A.7 and the scripts on
the enclosed data drive.

Set up and calibration of IMU-system

The 17 single IMUs are attached to the body via Velcro straps and via a headband
and gloves at the head and hand according to the specifications in the Xsens user
manual. This allows for the flexible adjustment to each participant’s body dimen-
sions. The IMUs are then connected with each other via cables in a defined sequence
and to the computer’s MVN Studio software via USB. There is also a possibility
for a wireless transmission but we decided for the wired alternative to reduce any
disturbance caused by surrounding wireless devices such as the WLAN insoles.
In order for the IMU-system to accurately match each sensor unit to the correspond-
ing body segment and to determine the sensors’ positions to each other, we needed
to calibrate the system beforehand. This was done in a stepwise process in the
MVN studio software and was carried out before each measurement trial. At first,
the participant stood quietly in the N-pose for six seconds, followed by the T-pose
for another six seconds. The software indicates the calibration’s quality and the cal-
ibration process was repeated until the calibration showed the best result (’Good’).
At last, the IMU-system’s coordinate system was rotated so that the x-axis points
into the direction of the participant’s feet.

2.2.2 Estimation of CoP

Set up and CoP calculation of force plate

The force plate (FP) used in this study is an AMTI HPS-SC strain-gauge plate
(AMTI, USA, www.amti.biz) with the corresponding AMTI Gen 5 signal condi-
tioner. It outputs the forces and moments along the system’s coordinate system as
shown in Figure 2.3. According to the manufacturer, the force plate can measure
forces between 0N and 9,000N with an accuracy of 0.1% of the applied load.
The force plate was operated with a written C-script. In the beginning of each trial
and before the subject stepped onto the plate, it was initialized and zeroed.
We calculated the force plate’s CoP based on the output forces and moments using
the equations 2.3 derived from Robertson et al. [WHCR14, p.95-96]. Because
Robertson et al. used a di↵erent coordinate system, the force plate’s output was
adjusted to the di↵erent coordinate system (cf. Figure 2.4).

CoPx = �(My + Fx · FPz)/Fz

CoPy = (Mx � Fy · FPz)/Fz
(2.3)

www.amti.biz
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Figure 2.3: Coordinate system of force plate according to AMTI user manual

Figure 2.4: Coordinate system according to Robertson et al. [WHCR14, p.95-96]
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Figure 2.5: Sensor placement in an insole of size 45 (graphic adopted from medilogic
user manual)

CoPx and CoPy refer to the CoP’s x- and y-coordinates, Fx, Fy, Fz, Mx and My are
the output forces and moments, respectively. FPz is an o↵set value indicating the
vertical distance between the force plate’s coordinate system and the plates surface.
This value is provided by the manufacturer in the calibration certificate.

Data acquisition was done in Visual Studio Code (v2019), calculations were carried
out in Matlab (v2020a).

Set up and CoP calculation of insoles

We used two medilogic WLAN pressure insoles (T&T medilogic Medizintechnik
GmbH, Germany), which employ up to 240 SSR sensors depending on the insole’s
size and shape. Each sensor unit can measure a pressure between 0.6 to 64 N/m2

with an accuracy of 5% FSO. The manufacturer provides a detailed description and
graphic of each sensor’s position in the insole (cf. Figure 2.5). For more details refer
to the information on the enclosed data drive.

The insoles were operated with the manufacturer’s software. Each sensor’s force was
recorded over time and exported to a csv file afterwards. Based on this output and
the provided specifications we calculated the insole’s CoP based on the equations
2.4 derived from Crea et al. [CDR+14].
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vGRF =
sX

s=1

Fs

CoPx =
sX

s=1

Fs · xs/vGRF

CoPy =
sX

s=1

Fs · ys/vGRF

(2.4)

Fs is the force measured by a single sensor and vGRF the sum of forces by all sensors,
so the vertical GRF. CoPx and CoPy refer to the CoP’s x- and y-coordinates, xs

and ys are each sensors location in the insole. Calculations were done in Matlab
(v2020a).
The PPS-system is hereafter referred to as IS-system and the PPS-system thresholds
as the IS-system thresholds because the insoles are a specific system in the family
of PPS-systems.

2.2.3 Synchronization of systems

All systems recorded the data with a frequency of 100Hz, corresponding to one log
every 10ms. To synchronize the time points between all systems, the Xsens MVN
studio software triggered the force plate’s C-script and medilogic software.
The systems and software di↵er in their coordinate systems. In order to compare
the measurements, we adjusted the coordinate systems to a standard one. Figure
2.6 shows each system’s and the standard coordinate system. Furthermore, we
standardized the CoM/CoP’s unit to millimeters across all systems.

2.2.4 Assessment of LoS

In the introduction we described the Limits of Stability (LoS) and ways to assess
them. We used the four-way-leaning test, asking the subject to lean in anterior, left,
right and posterior direction separately with a short stop between each direction.
This follows the procedure reported by Thomson et al. [TSL+17]. The measurement
was repeated over three trials to assess reliable limits.
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Figure 2.6: Coordinate systems of di↵erent systems and standardized coordinate
system; red triangle indicates position of subject

2.3 Thresholds

Thresholds were calculated for each system separately, because each system showed
di↵erent results in the measurements and to compare the systems’ performances.
The combined threshold is a combination of both the IMU-system and IS-system
threshold. For the combined threshold to be exceeded, both thresholds need to be
exceeded before a feedback would be triggered.
The BL-threshold is based on the baseline measurements’ results, namely the vari-
ance in the CoP and CoM trajectories. Before calculating the threshold, we elimi-
nated any linear trends in the trajectory over time, which indicate a slight motion
during the measurement. We propose that only the high frequent involuntary sway
movements are of importance for this threshold (cf Figure 2.7) because these are
present in all standing postures.
After elimination, we calculated the trajectory’s mean and standard deviation across
the entire 45s of the baseline measurement, separately in medio-lateral (x) and
anterior-posterior (y). The BL-threshold in anterior, left, right and posterior was
then calculated using the following equations 2.5, where BLth is the BL-threshold
in each direction, meanx / meany the mean value and SDx / SDy the standard
deviation in medio-lateral and anterior-posterior, respectively.

BLthAnterior = (meany + 2 · SDy)/
p
0.0077

BLthLeft = (meanx � 2 · SDx)/
p
0.0077

BLthRight = (meanx + 2 · SDx)/
p
0.0077

BLthPosterior = (meany � 2 · SDy)/
p
0.0077

(2.5)

The value of
p
0.0077 was derived from Johannson et al., who found out that the
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Figure 2.7: Elimination of linear trends in the CoP trajectory during baseline mea-
surement (example FP CoP trajectory of subject 4)

ratio between the postural sway area and LoS area is 0.0077 [JJW+19]. We used
two standard deviations to exclude possible extreme values. Based on the threshold
values in each direction, we defined an elliptical area connecting these values as the
threshold area. We refer to the area simply as ’threshold’ even though it is in fact
a two-dimensional area rather than a single value.
The LoS are the CoP’s and CoM’s maximal displacement in each direction. We
calculated the average displacement of the three trials in each direction (anterior,
left, right, posterior) separately. The LoS-threshold was defined as 90% of these
average LoS values in each direction. The percentage value of 90% is the same used
by Lee et al. to control a vibrotactile feedback as mentioned in the introduction
[LFT18]. Out of practical considerations the threshold should lie before the actual
LoS, so that the feedback is triggered before the limits are reached. The values were
connected to an elliptical threshold area, too.
Further details regarding the calculations can be found in the scripts on the enclosed
data drive.

2.4 Study Design

In the beginning of each experiment the participant filled out a questionnaire con-
taining questions on demographics and regarding medical history and physical ac-
tivity in daily life, especially sport activities with a focus on balance. This ensured
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that the participant meets the requirements and in addition provides information
whether the participant might be trained in balance control. We furthermore orally
asked for the participant’s well-being on the day of the experiment, i.e. if the sub-
ject felt any dizziness or pain, factors which might influence the subject’s behavior
during the measurements. We determined the subject’s dominant (standing) leg
asking with which foot she or he would kick a ball.
After this introduction phase, we measured the required body dimensions for the
Xsens IMU-system and insoles to be fitted before attaching the sensor systems. The
detailed procedure is described in the Xsens MVN Studio manual. We also measured
the insoles o↵set resulting from the continuous pressure applied by the shoes. For
this, we asked the subject to lift his feet for 10s and recorded the pressure distribution
during this time interval. The measured pressure o↵set values for each sensor were
then later subtracted from the sensors’ values.
The experiment consisted of four scenarios with three trials each. The first scenario
was a baseline measurement to measure the participant’s baseline postural sway in
a straight upright position. The second scenario quantified the LoS according to
the four-way-leaning test. The third scenario measured the body position during
a stable postural transition (sPT). In this scenario the participant kept balance at
all times. Here, the thresholds as well as the LoS should not be exceeded. On the
other side, we forced the subject in the fourth scenario to get in a state of balance
instability. The participant was asked to shift his body until he can no longer keep
balance and tips over; in other words an unstable postural transition (uPT). Each
scenario was consecutively repeated in three trials. A trial started from the starting
position, a position where the participant stands straight and upright (cf. Figure
2.8 - Scenario 1 ). All subjects did the scenarios in the same order starting from the
first one.
Baseline postural sway was measured for 45s per trial. Before each trial, the subject
stood in the starting position for 10s in which he could shift his position until reach-
ing the most relaxed one. During the baseline measurement the subject remained in
this position and was asked to stand as quiet as possible, especially to avoid shifting
his weight on one leg. We repeated the baseline measurements three times but in
the end only considered two trials of each subject because of occasional failure of
the IMU-system.
In one trial of the LoS measurements the participant leaned his body in the four
directions as far as that he could hold the end position for three seconds. The order
was anterior - left - right - posterior. During the inclination the participant kept
his body straight and arms parallel along the side. During the measurements, the
subject returned to the starting position and stopped for 10s after each direction as
well as rested for 10s before the first direction.
The sPT-scenario was a simple bending forward as far as possible (max 90 degree)
from the starting position. This position was held for 3s after which the participant
raised up back to the starting position. In the starting position the participant
stopped for 10s before bending over again. The participant bent forward for three
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Figure 2.8: Visualization of the experiment’s procedure

times and repeated this procedure over the three trials.
In the uPT-scenario the subject bent over once more and in the final position he
shifted his body in one of the four directions until he lost balance and tipped over. In
one trial this was done for each direction. After tipping over and potentially leaving
the force plate the subject returned to the starting position. There, he stopped
for 10s before attempting the next transition as well as rested for 10s before the
first transition. The order was again anterior - left - right - posterior. The entire
procedure is visualized in Figure 2.8.
During all measurements the participant stood on the force plate in a bipedal stance.
The position was defined once in the beginning. The subject’s feet were a hip-width
apart and parallel so that the shoes’ tips and heels were on the same height. This
position was marked for the participant to return to the exactly same position before
each trial. All movements were demonstrated to the participant and he or she tried
each movement while the investigator corrected the starting position and transitions
visually.
Because the IMU-system is prone to a drift in the sensors’ positions we calibrated the
IMU-system and force plate before each trial. According to the Xsens MVN Studio
software we carried out the N-pose and T-pose calibration while the participant was
standing on the force plate in the defined feet position.
There is a slight risk of injury for the participant, especially during the uPT-scenario,
so the investigator stood next to the participant at any time to provide physical sup-
port in case he or she looses balance. A measurement was repeated if the participant
carried out the required movements in a wrong way, needed physical support or left
the defined feet position. Furthermore, we aborted measurements if any of the
sensors became loose.
In order to simplify the following data processing we used a basic 3 Volt trigger to
divide each repetition (sPT-scenario) or direction (LoS and uPT-scenario). Further-
more, we set a trigger between the intro (10s resting before) and the actual measure,
and at the beginning and end of a measurement. Each trial was itself a separate



2.5. DATA ANALYSIS 29

Figure 2.9: Position of segment 1 (pelvis) over time measured by the IMU-system
during the BL-scenario (example data of subject 4)

measurement.

2.5 Data Analysis

Data Analysis was carried out in Matlab (v2020a). At first, we cut each system’s
measurement at the respective triggers. This way, we obtained single datasets for
each single transition/ direction of each trial. In the next step, we calculated the
CoP/ CoM trajectory according to the formulas described before. Because the
subjects obviously never stood in the origin of each system during the starting
position, we eliminated this o↵set using theMatlab’s detrend -function. This function
subtracts o↵sets and linear trends from time-domain input data, but we kept any
linear trends in the data and just subtracted the o↵set. In the data from the LoS-
scenario, sPT-scenario and uPT-scenario, we took the intro interval (10s resting
before) to determine the o↵set. Looking at the BL-scenario’s IMU-data, we observed
a noticeable drift in positive x-direction (cf. Figure 2.9). We eliminated this sensor
drift by applying the FP-data’s trend to the IMU-data and adjusted the IMU CoM
trajectory in all datasets (cf. Figure 2.10).
Based on the baseline and LoS measurements we determined the BL- and LoS-
thresholds for each system according to the approach described before (see Section
2.3). In the end we obtained six di↵erent thresholds: FP BL-threshold, FP LoS-
threshold, IS BL-threshold, IS LoS-threshold, IMU BL-threshold and IMU LoS-
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Figure 2.10: IMU CoM trajectory over time before (IMU�dataor) and after (IMU�
datad) the drift correction of CoMx (example data of subject 4)

threshold.

We applied these thresholds to the data of the sPT- and uPT-scenarios’ measure-
ments and evaluated whether and at which time point the thresholds were exceeded.
Because we could assume that the thresholds were not exceeded in the sPT-scenario,
we looked here at the maximal distance between the CoP/CoM trajectory and the
respective threshold’s boundary. We calculated the maximal distance for each trial,
transition and system separately. We could not calculate this distance for the com-
bined thresholds though, because there is no separate system’s threshold but only
the combination of the IMU-system and IS-system thresholds. The distance of the
FP-data’s CoP trajectory and the FP-system thresholds were considered as the
reference and we calculated the distance discrepancy �d between FP-system and
IMU-system and between FP-system and IS-system. This sums up to four pairs (2
systems x 2 thresholds) times nine (3 transitions x 3 trials) number of values for
each subject.

The evaluation of the uPT-scenario was carried out similarly but as mentioned
in the hypotheses, we here looked at the time discrepancy �t between the point
the respective threshold is exceeded and the tipping point (cf. Figure 2.11). The
tipping point was defined as 20ms before the point in time when the vertical force
Fz measured by the force plate falls below 85% of the average Fz during the intro
interval (cf. Figure 2.12). This corresponds to a decrease in the measured force of
15% and indicated that the subject tips over and leaves the force plate. Initially we
intended to use a limit value of 105%, an increase in Fz indicating an vertical impulse.
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Figure 2.11: Time discrepancy �t between the point the respective threshold is
exceeded and the tipping point; BLth = BL-threshold, LoSth = LoS-threshold, T-
BLth = time point when BL-threshold is exceeded, T-LoSth = time point when
LoS-threshold is exceeded (example data of subject 5)

But we observed that some subjects did not apply such an impulse but simply tipped
over. For standardization we decided on the first approach and subtracted the 20ms
to approximately define the correct point. �t was again calculated for each trial,
direction and system separately; this time including the combined threshold, as the
point in time when both the IMU-system and IS-system threshold were exceeded.
Here we obtained eight pairs (4 systems x 2 thresholds) times three trials number
of values for each subject, though the FP-system was only considered for reference
and not included in the statistical evaluations. The combined threshold (COMB) is
considered as the fourth ’system’ in the analysis.
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Figure 2.12: Tipping point marked in the FP’s Fz curve during the uPT-scenario’s
measurement; ’limit’ = 85% BW, 1. point (from left) = approx. BW (for reference),
2. point = first local minimum (93% BW), 3. point = first local maximum (109%
BW), 4. point = local maximum before tipping point (109% BW), 5. point = tipping
point (88% BW), 5. point = first time point below limit (83% BW) (example data
of subject 8)
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2.6 Statistical Analysis

The statistical analysis was done in the Matlab - Statistics and Machine Learning
Toolbox. The �d- and �t- values are average values over the three trials of each
subject, in case of the sPT-scenario average values of the three transitions and trials.
Thus, we obtained a sample size n equal to the number of subjects tested. Level of
significance was set to ↵ = 0.05.
The statistical model is slightly di↵erent in the sPT-scenario’s evaluation compared
to the uPT-scenario’s one. In the sPT-scenario we have a 2x2 within-subject design:
Distance discrepancy�d is the dependent variable, Factor A comprises the two levels
A1 - BL-threshold and A2 - LoS-threshold, and Factor B with the two levels B1 -
FPvsIS and B2 - FPvsIMU, resulting into four balanced groups with n samples
each. Significance between the mean values of each group was tested by a two-way
repeated measure ANOVA. This way, we could evaluate main e↵ects of each factor
as well as interactions between the two factors. Using the Tukey-Kramer post-hoc
test, we also looked into each factor level combination separately.
The uPT-scenario follows a 2x3 within-subject design: Time discrepancy �t is the
dependent variable, Factor A with two levels A1 - BL-threshold and A2 - LoS-
threshold, and Factor B contains three levels B1 - IMU, B2 - IS and B3 - COMB,
resulting into six groups with n samples each. We again applied a two-way repeated
measure ANOVA and Tukey-Kramer post-hoc test.
We checked for the assumption of normal distribution using the Shapiro-Wilk test
and Mauchly’s test to check for sphericity. In case normal distribution was violated,
the data was transformed with the natural logarithm. If sphericity was not given,
we reported the adjusted p-value according to Greenhouse-Geisser.
In order to investigate the di↵erence between the CoM - based on 16 segments
- and the CoMred - based on only three segments - we compared the standard
deviation during the baseline measurements in medio-lateral and anterior-posterior
direction separately. Di↵erences in mean values were statistically tested using a
t-Test. The same was done to evaluate di↵erences in the LoS between the two
approaches; separately for anterior, left, right and posterior.
In addition to the tests evaluating diversity between metrics, we explored corre-
lations between the BL-threshold and LoS-threshold. We calculated the Pearson
correlation coe�cients between both thresholds separately for each direction and
checked their significance.
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Chapter 3

Results

3.1 Participants

We considered the data of 16 subjects (9 female, 7 male, age 25.75 ± 2.62) - out of
21 - in the analysis. The other five subjects had missing datasets or made mistakes
in the exercises. The 16 subjects reported an average exercise volume of 5.03 ± 3.52
hours per week. The most frequently stated sports discipline was running followed
by climbing and hiking. Seven participants mentioned that they occasionally face
situations of balance instabilities during their exercises. 14 subjects stated the left
leg as their dominant (standing) leg. The participants were on average 172.94 ±
9.71cm tall and weighted 69.26 ± 11.71kg. For the statistical tests we thus obtained
a sample size of n = 16.

3.2 BL-scenario

At first, we present two exemplary subjects’ data to show the general patterns in the
CoP/ CoM trajectories during the BL-scenario’s measurements. Figure 3.1 shows
subject 5’s CoP/ CoM trajectories measured by the three systems, Figure 3.2 these
of subject 8.
We see an elliptical shape in the trajectories, especially in the FP CoP trajectory,
demonstrating the constant postural sway around the initial position. The general
elliptical shape in subject 8’s trajectories is similar but we observe, particularly in the
IS CoP trajectory, a great shift in the left-posterior direction of around 8 to 16mm.
The FP and IS CoP trajectories indicate though that this was a short displacement,
after which the participant shifted back, because the trajectory’s density is higher
around the initial position.
Figure 3.3 shows the CoP/ CoM trajectories over time. Here, we can even more
clearly see the di↵erences between the systems. The IMU CoM trajectory shows a
smoother development and smaller frequency compared to the pressure-based sys-
tems, FP and IS. The IS CoP trajectory’s amplitude is smaller compared to the IMU
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Figure 3.1: CoP/ CoM trajectories during the 45s of one baseline measurement
(Subject 5 - Trial 1)
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Figure 3.2: CoP/ CoM trajectories during the 45s of one baseline measurement
(Subject 8 - Trial 1)
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Figure 3.3: CoP/ CoM trajectories over time during the 45s of one baseline mea-
surement of subject 5 (left) and subject 8 (right) (Trial 1)

and FP. On the other side, we spot a similar shape in all three plots, indicating that
all systems detected the postural sway accurately.
Looking at the right side of Figure 3.3, we realize the increasing amplitude in medio-
lateral (x) and anterior-posterior (y) direction. Values of subject 8 diverge more
around the mean than these of subject 5. Furthermore, there is a drift into the
left-posterior direction in subject 8’s trajectories. Both facts indicate that subject
8 staggered more during the BL-scenario than subject 5.
Table 3.1 presents the standard deviation (SD), as a metric of variance, in the data
points of both BL-scenario trials separately for each system and direction. Because
the IMU-system did not record all three trials of all subjects, we only considered
two trials of each subject in the Data Analysis to keep the sample size at n = 16.
The SDs decreased after applying the Matlab’s detrend -function in preparation for
the BL-threshold’s calculation. The values confirm our observation that subject 8
shows a greater postural sway than subject 5 because SDs of subject 8 are higher.
The boxplots in Figure 3.4 and 3.5 show the variance in medio-lateral and anterior-
posterior direction measured by each system across all subjects. In both directions
the variance in the IS CoP trajectories is significant lower compared to the FP CoP
and IMU CoM trajectories, respectively.
The exact di↵erences between the mean values and the results of the statistical test
are shown in Table 3.2. Di↵erences in medio-lateral are below 1mm, in anterior-
posterior between IS and FP and between IS and IMU around 1.6mm. The di↵erence
between FP and IMU amounts to less than 0.02mm.
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Subject 5 Subject 8

Trial1 Trial2 Mean Trial1 Trial2 Mean

BL ml FP SD
or 0.6926 0.5863 0.6394 1.6040 3.0203 2.3121
d 0.6109 0.5462 0.5785 1.1665 2.6675 1.9170

BL ap FP SD
or 2.1530 2.1053 2.1292 4.2233 6.6632 5.4432
d 2.0559 1.7472 1.9016 4.0129 6.4620 5.2375

BL ml IS SD
or 0.3168 0.4285 0.3726 1.0982 3.1763 2.1373
d 0.2538 0.2821 0.2680 1.0004 2.3453 1.6728

BL ap IS SD
or 0.7689 0.6291 0.6990 2.0025 4.2047 3.1036
d 0.7163 0.5832 0.6498 1.7832 3.9940 2.8886

BL ml IMU SD
or 0.7866 0.5638 0.6752 1.5127 3.2355 2.3741
d 0.7158 0.5220 0.6189 1.0375 2.9089 1.9732

BL ap IMU SD
or 2.2101 2.1330 2.1715 4.7331 6.7052 5.7192
d 2.1559 1.7179 1.9369 3.7844 6.2537 5.0191

Table 3.1: SD of CoP/ CoM trajectories during the 45s of baseline measurement of
subject 5 and 8; ap = anterior-posterior, ml = medio-lateral, or = original data, d
= detrend -data; unit: [mm]

Figure 3.4: Comparison between the CoP/ CoM trajectory’s SD in medio-lateral
direction of each system across all subjects during baseline measurements; red line
= median, whiskers = min/max, * = p<0.05, ** = p<0.01
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Figure 3.5: Comparison between the CoP/ CoM trajectory’s SD in anterior-posterior
direction of each system across all subjects during baseline measurements; red line
= median, whiskers = min/max, * = p<0.05, ** = p<0.01

Di↵erence StdError p-value

FP ml vs IS ml 0.4922 0.0760 0.0001**
FP ml vs IMU ml -0.1225 0.0588 0.3448
IS ml vs IMU ml -0.6146 0.0762 0.0000**
FP ap vs IS ap 1.6337 0.1560 0.0000**
FP ap vs IMU ap 0.0176 0.0992 1.0000
IS ap vs IMU ap -1.6160 0.1662 0.0000**

Table 3.2: Results of Tukey-Kramer post-hoc test regarding di↵erences in means
between SD values of the systems; ap = anterior-posterior, ml = medio-lateral; unit
’Di↵erence’: [mm]; * = p<0.05, ** = p<0.01
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3.3 LoS-scenario

The LoS measurements served the purpose to determine the maximal voluntary
displacement the participant could reach without tipping over. Figure 3.6 pictures
subject 5’s and subject 8’s CoP/ CoM trajectories of one trial. The characteristic
star-like shape indicates the displacement in each direction during the four-way-
leaning test. We see that the leaning movement is not a straight line but the subject
still shows postural sway.
Plotting the trajectories over time (Figure 3.7), we clearly observe the sudden de-
viations during each leaning movement. For example, when the participant leaned
forward, the plot in the lower half shows a shift in positive direction. A point to
mention are the local peaks after each major excursion, in particular in anterior-
posterior (y), indicating a short overshoot when the subject returned to the initial
position. The resting periods between each direction were cut out in this and the
following figures.
Patterns and shape in the CoP/ CoM trajectories of subject 8 are similar though
amplitudes are greater in left and posterior direction. Furthermore, we observe
that the participant moved slightly to anterior (+y) when leaning to the left (-x).
In general, the leaning movements in each direction were less independent of each
other; during the shift in the medio-lateral direction we also see changes in anterior-
posterior.
Table 3.3 lists the displacement over the three trials and the mean value for each
system and direction separately. We notice that subject 8 shows on average broader
LoS than subject 5. There is variance between the trials; in most cases values are
higher in trial 2 and 3 compared to trial 1, indicating that the LoS increased and a
learning e↵ect was present.
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Figure 3.6: CoP/ CoM trajectories during one LoS measurement of subject 5 (left)
and subject 8 (right) (Trial 1)

Figure 3.7: CoP/ CoM trajectories over time during one LoS measurement of subject
5 (left) and subject 8 (right) (Trial 1)
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Figure 3.8: Comparison between the LoS in anterior measured by each system across
all subjects; red line = median, whiskers = min/max, * = p<0.05, ** = p<0.01

Across all subjects, the LoS in anterior measured by the FP-system are significantly
higher than those measured by the IS-system with a di↵erence in means of 21.84mm
(cf. Figure 3.8). The same is true for the di↵erence of 15.32mm between IMU-system
and IS-system.
In the left direction, the LoS measured by the FP-system are significantly higher
than those by the IMU-system by a margin of 7.29mm between mean values (cf.
Figure 3.9). The di↵erence between the IS-system’s and IMU-system’s means are
less than 1mm.
This di↵erence is less than 1mm in the right direction as well. Variations in means
measured by the FP-system compared to the other systems are around 5mm though
not significant (cf. Figure 3.10).
The statistical results of the LoS in posterior are similar to those in anterior but
here the LoS measured by the FP-system and IS-system are higher by only 13.09mm
(cf. Figure 3.11).
Table 3.4 presents the di↵erences and statistical results of all system combinations.
We need to mention that two groups in the ANOVA violated the assumption of
normal distribution, namely the ’FP anterior’ and ’IMU anterior’. Considering the
Shapiro-Wilk test’s output and after a visual inspection, the assumption was only
marginally violated and we decided to not correct the distribution.



3.3. LOS-SCENARIO 45

Figure 3.9: Comparison between the LoS to the left measured by each system across
all subjects; red line = median, whiskers = min/max, * = p<0.05, ** = p<0.01

Figure 3.10: Comparison between the LoS to the right measured by each system
across all subjects; red line = median, whiskers = min/max, * = p<0.05, ** =
p<0.01
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Figure 3.11: Comparison between the LoS in posterior measured by each system
across all subjects; red line = median, whiskers = min/max, * = p<0.05, ** =
p<0.01

Di↵erence StdError p-value

anterior
FP vs IS 21.844 2.3132 0.0000**
FP vs IMU 6.5277 1.8049 0.0716
IS vs IMU 15.3160 3.4686 0.0171*

left
FP vs IS -8.2480 3.8736 0.6130
FP vs IMU -7.2888 1.8651 0.0428*
IS vs IMU -0.9592 4.5216 1.0000

right
FP vs IS 5.4586 4.2064 0.9669
FP vs IMU 5.2856 1.7421 0.1891
IS vs IMU 0.1730 4.6863 1.0000

posterior
FP vs IS -13.0900 1.3126 0.0000**
FP vs IMU -0.2935 1.5389 1.0000
IS vs IMU -12.7690 1.8857 0.0003**

Table 3.4: Results of Tukey-Kramer post-hoc test regarding di↵erences in means
between LoS values of each system ; ap = anterior-posterior, ml = medio-lateral;
unit ’Di↵erence’: [mm]; * = p<0.05, ** = p<0.01



3.4. BL- & LOS-THRESHOLD 47

3.4 BL- & LoS-threshold

As mentioned in the previous chapter, we calculated two thresholds for each system:
The first one based on the postural sway in the baseline measurements and the
second one based on the measured LoS. Figure 3.12 shows the CoP/ CoM trajectories
of trials 1-3 during the LoS measurements together with the calculated BL- and LoS-
threshold of subject 5. As expected, the LoS-threshold encloses nearly the entire
CoP/ CoM trajectories’ range, leaving out the extreme 10% in each direction. The
BL-threshold is quite narrow, especially in the IS-system. This is not surprising
when we remember the low SD in subject 5’s baseline measurements (cf. Table 3.1).
Comparing subject 5’s thresholds to these of subject 8 (cf. Figure 3.13), we clearly
see that subject 8 has a much broader BL-threshold because he showed a larger
postural sway in the baseline measurements. Looking into Table 3.5, we notice that
subject 8 has consistently higher threshold values, in particular when it comes to
the BL-threshold.
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Figure 3.12: CoP/ CoM trajectories of trials 1-3 during LoS measurements and the
calculated BL- and LoS-threshold for each system separately (Subject 5)

Figure 3.13: CoP/ CoM trajectories of trials 1-3 during LoS measurements and the
calculated BL- and LoS-threshold for each system separately (Subject 8)
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Subject 5 Subject 8
BL-threshold LoS-threshold BL-threshold LoS-threshold

anterior
FP 43.3406 64.7625 119.3727 77.7635
IS 14.8093 40.5772 65.8372 57.8058
IMU 44.1470 65.9361 114.3951 72.6380

left
FP -13.1858 -85.6443 -43.6923 -121.6277
IS -6.1072 -63.4671 -38.1270 -111.6977
IMU -14.1054 -87.3268 -44.9736 -116.2894

right
FP 13.1858 104.4953 43.6923 111.4742
IS 6.1072 76.8270 38.1278 104.8226
IMU 14.1054 101.4967 44.9736 111.2686

posterior
FP -43.3406 -41.4302 -119.3727 -77.2619
IS -14.8093 -26.6597 -65.8372 -69.3657
IMU -44.1470 -39.1046 -114.3951 -74.3856

Table 3.5: Threshold values of subject 5 and 8; unit: [mm]

3.5 Correlation BL- & LoS-threshold

The figures in the previous section, which showed the thresholds of subject 5 and 8,
already pointed out that the BL-threshold and LoS-threshold do di↵er. We looked
deeper into the relation between both thresholds and correlated them across all
subjects separately for each direction. This is the same as a correlation between
the baseline measurements’ average SD and the LoS, because the thresholds are
calculated by adding constant factors which do not have an influence on the relative
relation of the data points and therefore correlation. In the first calculation we
observed two outliers in the data points, thus we repeated the correlation after
eliminating the outliers in all factions (directions), reducing the sample size to n =
14. Outliers were values that diverged more than three scaled median absolute
deviations away from the median.
Figure 3.14 depicts the correlation between the anterior component of the BL-
threshold and LoS-threshold. We observed a correlation of R = 0.4169 (p =
0.1380, n = 14) excluding the outliers. For the posterior components we obtained
a correlation of R = 0.5204 (p = 0.0564, n = 14) after eliminating the outliers (cf.
Figure 3.15). Figures of the left and right components are in the Appendix (Figure
A.1 & A.2). Table 3.6 lists the correlations.
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Figure 3.14: Correlation between the anterior component of BL-threshold and LoS-
threshold ; red circle indicate outlier, straights are the regression lines

Figure 3.15: Correlation between the posterior component of BL-threshold and LoS-
threshold ; red circle indicate outlier, straights are the regression lines
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R p-value n

Anterior with outlier -0.1138 0.6749 16
Anterior without outlier 0.4169 0.1380 14
Left with outlier -0.0747 0.7833 16
Left without outlier 0.0191 0.9434 14
Right with outlier -0.0232 0.9320 16
Right without outlier -0.1567 0.5927 14
Posterior with outlier 0.2646 0.3219 16
Posterior without outlier 0.5204 0.0564 14

Table 3.6: Correlations between BL- and LoS-threshold separated by direction com-
ponent

3.6 sPT-scenario

After we determined the BL- and LoS-threshold for each system, the next step was
to evaluate their performance during the postural transitions. In the sPT-scenario
the participant bent forward, shifting his CoP and CoM. The postural transition
was stable and the subject did not loose balance at any point.
Figure 3.16 depicts the CoP/ CoM trajectories of subject 5’s transitions 1-3 of trial
3 together with the calculated BL- and LoS-threshold for each system. We notice
that the BL-threshold was exceeded in all three systems. The LoS-threshold was
also exceeded in the IS-system and IMU-system in transition 3, though not in the
FP-system. In contrast, subject 8 never exceeded the thresholds during the stable
postural transition (cf. Figure 3.17).
Table 3.7 outlines the maximal distance between the CoP/ CoM trajectory recorded
by each system and its respective BL- and LoS-threshold. Positive values indicate
that the CoP/ CoM reached a point beyond the threshold and thus crossed it.
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Figure 3.16: CoP/ CoM trajectories of the three transitions (trans1-3) of trial 3
during the sPT-scenario and the calculated BL- and LoS-threshold for each system
(Subject 5)

Figure 3.17: CoP/ CoM trajectories of the three transitions (trans1-3) of trial 3
during the sPT-scenario and the calculated BL- and LoS-threshold for each system
(Subject 8)
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If we look at the maximum displacement in anterior direction during the sPT-
scenario (cf. Figure 3.18), we observe large variations across the subjects ranging
from less than 30mm to more than 110mm as measured by the FP-system. Di↵er-
ences between the systems’ means are significant (F (2, 30) = 43.26, p = 0.0000, ⌘2p =
0.74, f = 1.7); especially the IMU-system measured a greater displacement. Detailed
results are listed in Table A.2 in the Appendix.
The FP-system’s measurements and performance were regarded as the reference.
Thus, we compared the di↵erences in maximal distances between the IS-system and
IMU-system by calculating the distance discrepancy �d between the FP-system’s
distance values and the IS-system’s or IMU-system’s values, respectively.
The �d-values across all subjects grouped by system and threshold-type are shown
in Figure 3.19. We clearly see a larger variance in �d of the IMU-system compared
to the IS-system. A value of zero means that there is no discrepancy between
the maximal distance values of the FP-system and the IS-system or IMU-system.
Negative values indicate that distance values lie above those identified by the FP-
system, so the CoP/ CoM reached either closer to the corresponding threshold or
exceeded it by a larger scale than did the CoP recorded by the FP-system. Most
values lie below zero and are therefore greater than the reference. The IS-system’s
LoS-threshold comes closest to the reference and shows a small variance among
the subjects. It also demonstrates a significant better performance than the BL-
threshold. On first sight, results of the IMU-system’s BL- and LoS-threshold seem
to be similar.
Di↵erences in mean values between the factor combinations were statistically eval-
uated in a two-way repeated measure ANOVA. We found no significant main e↵ect
for the factor ’System’ (F (1, 15) = 2.6, p = 0.1277, ⌘2p = 0.1477) but a medium e↵ect
size of f = 0.42 according to Cohen. There is a trend towards a di↵erence between
the IS-system and IMU-system regarding the accuracy with which they can track
the CoP’s or CoM’s position to a defined threshold. There is a significant main
e↵ect for the factor ’Threshold’ (F (1, 15) = 7.1, p = 0.0176, ⌘2p = 0.3214) with a
large e↵ect size of f = 0.69. So the BL-threshold seems to significantly di↵er from
the LoS-threshold. Besides the two main e↵ects there is also a significant interaction
between ’System’ and ’Threshold’ (F (1, 15) = 25.1, p = 0.0002, ⌘2p = 0.6263) with
a very large e↵ect size of f = 1.29. This seems plausible when we look at Figure
3.19 once more: The di↵erence between BL-threshold and LoS-threshold is greater
within the IS-system than within the IMU-system.
In order to evaluate the di↵erences between each factor combination separately, we
carried out a post-hoc test. The results are presented in Table 3.8. The di↵erence in
the BL-threshold between the two systems is less than 1mm but more than 13mm
considering the LoS-threshold. The distance discrepancy of the IS-system’s LoS-
threshold is 11.37mm lower than the discrepancy of the BL-threshold.
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Figure 3.18: Maximum displacement in anterior direction during the sPT-scenario
across all subjects measured by the di↵erent systems; red line = median, whiskers
= min/max, * = p<0.05, ** = p<0.01

Figure 3.19: Distance discrepancy �d between the CoP’s (recorded by the FP-
system) maximal distance from the respective threshold and the CoP’s (IS-system)
and CoM’s (IMU-system) corresponding values; red line = median, whiskers =
min/max, * = p<0.05, ** = p<0.01
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Di↵erence StdError p-value

FP-IS BLth vs FP-IS LoSth -11.373 2.0940 0.0004**
FP-IS BLth vs FP-IMU BLth -0.7436 3.9328 0.9975
FP-IS BLth vs FP-IMU LoSth 1.9874 4.4197 0.9687
FP-IS LoSth vs FP-IMU BLth 10.6300 4.0415 0.0769
FP-IS LoSth vs FP-IMU LoSth 13.3610 4.3704 0.0359*
FP-IMU BLth vs FP-IMU LoSth 2.7311 2.1977 0.6108

Table 3.8: Results of the Tukey-Kramer post-hoc test regarding di↵erences in means
of �d between factor combinations of ’System’ and ’Threshold’ in the sPT-scenario’s
evaluation; unit ’Di↵erence’: [mm]; * = p<0.05, ** = p<0.01

3.7 uPT-scenario

Investigating the systems’ performances in the uPT-scenario, we evaluated each di-
rection separately. Data recordings of the postural transitions were split into the
di↵erent directions and then tested for statistical significance between the groups’
means. This time, we also considered the combined threshold (COMB) in the anal-
ysis.

uPT - Anterior

Figure 3.20 and Figure 3.21 show the CoP/ CoM trajectories during the uPT-
scenario in anterior direction of subject 5 and subject 8. Trajectories are plotted
from the beginning of the postural transition until the tipping point was reached.
Hence, the path’s end-point corresponds to the tipping point. We observe a certain
sway around the initial position, resulting from the forward bending, followed by
a continuous motion in anterior direction. Because the IS-system’s coordinate sys-
tem is not fixed to the environment but to the participant, we can observe sudden
changes in the CoP trajectory at the point when the subject tipped over and made
impulsive movements. BL- and LoS-threshold of the systems were exceeded in all
trials, except in the FP-system in trial 3 of subject 8, where the subject did not
exceed the BL-threshold before she or he reached the tipping point.
Table 3.9 gives the exact time discrepancies for each trial and threshold of subject
5 and 8. Positive values indicate that the threshold was exceeded after the tipping
point was reached. In trial 3 of subject 8 we have a time discrepancy �t of 30ms
which corresponds to the case mentioned.
In the statistical analysis we considered the mean over the three trials of each subject.
Figure 3.22 presents the results for each threshold across all subjects. Because all
values lie below zero, all threshold were on average crossed before the tipping point
was reached. The IS-system’s BL-threshold shows a great variance in �t; values
range from -500ms to around -7500ms before the tipping point.
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Figure 3.20: CoP/ CoM trajectories of trial 1-3 during the sPT-scenario in anterior
direction and the calculated BL- and LoS-threshold for each system (Subject 5)

Figure 3.21: CoP/ CoM trajectories of trial 1-3 during the sPT-scenario in anterior
direction and the calculated BL- and LoS-threshold for each system (Subject 8)
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Subject 5 Subject 8
Trial1 Trial2 Trial3 Mean Trial1 Trial2 Trial3 Mean

FP BLth -4460 -1790 -2550 -2933.33 -110 -70 30 -50.00
FP LoSth -1600 -1280 -1890 -1590.00 -390 -600 -460 -483.33
IS BLth -5480 -2270 -3440 -3730.00 -540 -730 -730 -666.67
IS LoSth -1900 -1580 -2040 -1840.00 -570 -870 -780 -740.00
IMU BLth -2640 -2100 -3240 -2660.00 -550 -730 -570 -616.67
IMU LoSth -2080 -1720 -2380 -2060.00 -950 -1100 -850 -966.67

Table 3.9: Time discrepancy �t between the timepoint the subject exceeded the
respective threshold and the tipping point during the uPT-scenario anterior; unit:
[ms], positive values indicate that the threshold was crossed after the tipping point
was reached

Figure 3.22: Time discrepancy �t between the timepoint the subject exceeded the
respective threshold and the tipping point during the uPT-scenario anterior; red line
= median, whiskers = min/max, * = p<0.05, ** = p<0.01
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We transformed the data taking their natural logarithms in order to meet the as-
sumption of normal distribution. We got a significant e↵ect for the factor ’Sys-
tem’ (F (2, 30) = 9.4, p = 0.0025, ⌘2p = 0.3853) with a large e↵ect size of f = 0.79
and the interaction of the factors ’System’ and ’Threshold’ (F (2, 30) = 18.66, p =
0.0000, ⌘2p = 0.5544) with a very large e↵ect size of f = 1.12. The post-hoc test
found a significant di↵erence in �t between the IMU-system’s LoS-threshold and
the IS-system’s and combined LoS-threshold, respectively. All results are listed in
Table A.3 in the Appendix.

uPT - Left

Figure 3.23 depicts the results of the uPT-scenario in left direction. The statistical
analysis revealed a significant main e↵ect for both the factor ’System’ (F (2, 30) =
5.32, p = 0.0235, ⌘2p = 0.262) with an e↵ect size of f = 0.6 and the factor ’Threshold’
(F (1.15) = 17.00, p = 0.0009, ⌘2p = 0.53) with an e↵ect size of f = 1.06. There is also
an significant e↵ect for the interaction between the factors (F (2.30) = 11.35, p =
0.0019, ⌘2p = 0.43) with a large e↵ect size of f = 0.87. The results indicate that
time discrepancy �t is shorter for the LoS-threshold than for the BL-threshold and
shorter in the IS-system than the IMU-system. Di↵erences between means of the
BL-threshold and LoS-threshold reach from 2287ms within the IS-system to 759ms
within the IMU-system. The di↵erence between IS LoS-threshold and IMU LoS-
threshold lies at 757ms. We observed a similar trend in the combined threshold. All
results are listed in Table A.5 in the Appendix together with exemplary results of
subject 5 and 8.

uPT - Right

Figure 3.24 and Figure 3.25 show the CoP/ CoM trajectories of subject 5 and subject
8 during the uPT-scenario in right direction. We see that the CoP and CoM first
shifted to anterior once the subjects bent forward and then right when moving to
the right. In the IS-system’s CoP trajectory the sudden quick movements, once the
tipping point is reached, are clearly discernible. In trial 1 and 3, subject 5 already
passed the BL- and LoS-threshold by the time he bent forward. Subject 8’s CoP
and CoM stayed closer to the initial position and only passed the threshold when
he moved to the right.
Table 3.10 contains the detailed time discrepancies and we notice that these are
higher in trail 1 and 3 of subject 5, the trails where he already passed the thresholds
during the forward bending. In trail 2 di↵erences between subject 5 and 8 are less
than 1000ms.
Looking at the results across all subjects (cf. Figure 3.26), we observe a high variance
in the IS BL-threshold’s results with values ranging from -1500ms to one case of -
10500ms. This one subject exceeded the threshold early on in the beginning of the
postural transition.
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Figure 3.23: Time discrepancy �t between the timepoint the subject exceeded the
respective threshold and the tipping point during the uPT-scenario left; red line =
median, whiskers = min/max, * = p<0.05, ** = p<0.01

Figure 3.24: CoP/ CoM trajectories of trial 1-3 during the sPT-scenario in right
direction and the calculated BL- and LoS-threshold for each system (Subject 5)
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Figure 3.25: CoP/ CoM trajectories of trial 1-3 during the sPT-scenario in right
direction and the calculated BL- and LoS-threshold for each system (Subject 8)

Subject 5 Subject 8
Trial1 Trial2 Trial3 Mean Trial1 Trial2 Trial3 Mean

FP BLth -3510 -1890 -3900 -3100.00 -1710 -1460 -1080 -1416.67
FP LoSth -2260 -810 -2940 -2003.33 -820 -1060 -550 -810.00
IS BLth -5520 -4680 -5360 -5186.67 -1790 -1500 -1380 -1556.67
IS LoSth -2620 -1040 -3250 -2303.33 -1020 -1160 -800 -993.33
IMU BLth -4330 -2630 -4100 -3686.67 -1340 -1360 -1070 -1256.67
IMU LoSth -3440 -750 -3380 -2523.33 -820 -920 -710 -816.67

Table 3.10: Time discrepancy �t between the timepoint the subject exceeded the
respective threshold and the tipping point during the uPT-scenario right; unit: [ms]
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Figure 3.26: Time discrepancy �t between the timepoint the subject exceeded the
respective threshold and the tipping point during the uPT-scenario right; red line
= median, whiskers = min/max, * = p<0.05, ** = p<0.01

The statistical test gave a significant e↵ect of the factor ’System’ (F (2, 30) =
6.56, p = 0.0159, ⌘2p = 0.3,f = 0.66) and the factor ’Threshold’ (F (1, 15) = 39.25, p =
0.0000, ⌘2p = 0.72) with a very large e↵ect size of f = 1.62 as well as a significant
e↵ect of the interaction (F (2, 30) = 10.14, p = 0.0016, ⌘2p = 0.4) with an e↵ect size
of f = 0.82. But we need to interpret these main e↵ects with caution because of
the high variation in the group ’IS Blth’. The post-hoc test revealed several sig-
nificant di↵erences, of particular interest are the di↵erences between the group ’IS
Blth’ and each other group’s mean and the di↵erence between the combined BL-
and LoS-threshold. All results are listed in Table A.6 in the Appendix.
Trends and di↵erences are similar to the left direction, except the single low value
in the group ’IS BLth’. In both directions, the LoS-threshold’s �t is shorter than
the BL-threshold’s one within all systems.

uPT - Posterior

Finally, Figure 3.27 depicts the results of the unstable postural transition in posterior
direction. Again, the group ’IS BLth’ shows a high variability and the post-hoc test
revealed significant di↵erences compared to all other groups except the IS-system’s
LoS-threshold and IMU-system’s BL-threshold. The statistical test calculated a
significant e↵ect of the factor ’System’ (F (2, 30) = 11.49, p = 0.0025, ⌘2p = 0.43)
with an e↵ect size of f = 0.88 but not the factor ’Threshold’ or the interaction
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Figure 3.27: Time discrepancy �t between the timepoint the subject exceeded the
respective threshold and the tipping point during the uPT-scenario posterior; red
line = median, whiskers = min/max, * = p<0.05, ** = p<0.01

between the factors. Again we need to treat the main e↵ect with caution because
of the large variability in the group ’IS Blth’. The post-hoc test only revealed
one significant di↵erence between the other groups, namely the IS-system’s and
combined LoS-threshold. All results are listed in Table A.8 in the Appendix.
Like in anterior direction (cf. Figure 3.22), we observe only a significant main e↵ect
for the factor ’System’, though in both directions the LoS-threshold’s �t is shorter
compared to the BL-threshold within all systems. Worth to mention is the small
di↵erence between the IS-system’s and IMU-system’s LoS-threshold of less than
18ms in posterior direction.
Exemplary results of subject 5 and 8 are presented in the Appendix.

3.8 Reduced segmentation

In the last part of the data analysis we looked into the di↵erences between the two ap-
proaches how to segment the human body in the IMU-system’s CoM-calculation. In
the first approach, we defined 16 segments according to Hedegaard et al. [HAMJ+20],
in the second approach we defined only three segments (upper body, left leg and
right leg) by combining the original 23 segments during the segment CoM’s calcu-
lation. Go to Figure A.7 in the Appendix for detailed information. We refer to the
CoM calculated according to the first approach as the ’CoM’ and to the alternative
one as the ’CoMred’. Standard deviations (SD) during the baseline measurements
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Figure 3.28: Di↵erences in in each direction’s LoS between the CoM and CoMred;
red line = median, whiskers = min/max, * = p<0.05, ** = p<0.01

and the LoS of the IMU-system were calculated for both approaches and compared
to see whether there are any significant di↵erences.
A t-Test revealed that the SDs in both directions do not significantly di↵er between
the CoM and CoMred. In medio-lateral direction the average SDs di↵er by only
0.02mm (t = �1.78, p = 0.0938, n = 16), in anterior-posterior direction by 0.06mm
(t = �1.24, p = 0.233, n = 16). Detailed figures can be found in the Appendix.
Figure 3.28 shows the di↵erences in the LoS in each direction between the CoM and
CoMred. We notice that the CoMred’s LoS are broader compared to the CoM’s
ones. The CoMred’s LoS anterior is significantly larger by 4.03mm (t = �5.85, p =
0.0000, n = 16), the LoS left is significantly larger by even 5.14mm (t = 4.17, p =
0.0008, n = 16). LoS right and LoS posterior di↵er by 1.86mm and 0.07mm.

3.9 Summary

To sum the results up, we obtained di↵erences between the IS-system thresholds
and IMU-system thresholds. Di↵erences between both systems are more distinctly
for the LoS-threshold than they are for the BL-threshold, mainly because there is
a great variability in the BL-threshold’s results across the subjects. Regarding the
LoS-thresholds, the IS-system demonstrates the best performance. The IS-system’s
LoS-threshold has a significant lower distance discrepancy �d by 13mm compared
to the IMU-system’s one and a shorter time discrepancy �t, except during the uPT
in posterior direction, where results are similar. Values of the combined thresholds
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are similar to these of the IS-system.
Within the systems, the LoS-threshold shows a better performance than the BL-
threshold. The LoS-threshold has a lower �d in the IS-system and shorter �t, and
thus achieves more similar results to the reference. Only during the uPT in anterior
direction the IMU-system’s LoS-thresholds achieved a similar �t with a di↵erence
of only 8ms in favor of the BL-threshold. In the other cases, di↵erences lie between
650ms and 2325ms in favor of the LoS-threshold.
Speaking of the two threshold-types, we found a large positive, though not signif-
icant, correlation between the BL- and LoS-threshold of 0.42 and 0.52 in anterior
and posterior direction.
Comparing the two CoM-calculation approaches, we found no large or significant
di↵erences in the postural sway. The LoS di↵ered significantly in anterior and left
direction, though only by a small scale of 4mm and 5mm.
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Chapter 4

Discussion

4.1 A Novel Approach

To the best of our knowledge there is no previous study which utilized the CoM-
displacement measured by an IMU-system to control biofeedback in the context
of postural control. As presented in the introduction, most studies considered the
trunk’s inclination (angle) or angular velocity as the parameter which defines the
threshold and thus controls the biofeedback. There are studies though, which
estimated the CoM’s position based on IMU sensors to classify body postures
and postural transitions; for example to predict activity and energy expenditure
[FSS+17, HAMJ+20, PSCB20]. Other researchers have used IMU measures to assess
balance performance, mostly in dynamic balance during gait and physical activities
[LDP04, FWSV+12, DBRM19]. So it is not arbitrary to implement such a control
scheme. A biofeedback system based on the CoM-displacement tackles the prob-
lems reported when using the trunk’s inclination or angular velocity because it does
not focus on the orientation of one body segment but the whole body’s position
[NMAP+12]. On the downside, we require more than one IMU sensor to estimate
the CoM’s position and a comparably high processing power for the calculation. But
our results show that the CoM based on the segmentation of the body into three
segments only marginally di↵ers from the CoM based on 16 segments. There are
no significant di↵erences in the baseline postural sway and di↵erences in the LoS,
though significant, range around 5%. We have to keep in mind though that the cal-
culations are in both cases based on the output of all sensors. We highly encourage
future studies to further investigate this aspect.

4.2 Threshold Parameters

We looked at two parameters which defined our thresholds and could potentially
control biofeedback. Postural sway was defined as the variance in CoP and CoM
trajectories during baseline measurements. We observed high variations in the base-
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line postural sway across the subjects, indicating that this metric is highly individ-
ual. This coincides with findings by Yamamoto et al. who classified the variation
as an individual-specific factor as well [YSS+15]. They suggest that spectral param-
eters in the CoP trajectory’s frequency and amplitude are less individual-specific.
We further observed this trend in the sPT- and uPT-scenario’s results where the
BL-threshold shows a higher variation across the subjects than the LoS-threshold
does. So spectral parameters might be better suited to define a threshold based
on baseline measurements. Even more so, because the BL-threshold does not show
any correlation to the LoS-threshold in the medio-lateral direction and is compa-
rably narrow. The BL-threshold is proportional to the baseline postural sway (cf.
Equation 2.5), so the higher the postural sway the broader the threshold. There-
fore, it is reasonable why the BL-threshold is smaller in the medio-lateral than the
anterior-posterior direction because in the latter direction the body is more stable
in a bipedal stand.
The LoS-threshold, on the other hand, is based on the displacement a person can
voluntarily reach. It is also an individual-specific factor but better considers the
person’s voluntary ability to control his balance. Our findings support this argument
as the LoS-threshold has a lower distance and time discrepancy and shows a better
performance than the BL-threshold.

4.3 Implications

Considering the BL-threshold, our findings implicate that a person with a higher
postural sway needs a broader threshold because he reaches the tipping point later
than a person with a small postural sway does. This is contradicting findings in
previous studies that postural sway increases with age and that older adults have
a smaller range of motion and narrower LoS [TSL+17, JJW+19]. So in fact, they
would need tighter thresholds.
Our results suggest that a LoS-based threshold is better qualified to control biofeed-
back because it shows a more reliable performance and smaller di↵erence to the
reference system than the BL-threshold does. Di↵erences between the two thresh-
old parameters are not statistically significant in all systems but only in particular
cases, so that we cannot accept the hypothesis H3. We cannot statistically proof
that the LoS-threshold is in general more reliable but our results indicate so.
One might argument that it is di�cult to assess LoS in the elderly. We claim that
it is not important to determine the extremest limits but the range a person is
comfortable to move in. It is more important that we assess voluntarily reachable
limits and based on these we could adjust the threshold. So instead of defining 90%
of the LoS, as we did in this study, one could take 110% of the ’comfortable LoS’
to account for the fact that the person did not reach the extremest limits during
the assessment. The exact percentage would need further investigation including a
larger sample. Alternatively, one could also implement an algorithm which learns
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the optimal ratio based on previous situations where a feedback was triggered. Our
results show a considerable variability in the CoP/ CoM trajectories of some subject
across the trials. Looking at Figure 3.16, it seems that subject 5 increased his or
her range of motion with each transition in the trial and crossed the LoS-threshold
in the last one. So it might be more e↵ective to define a flexible threshold, which
adjusts itself based on the user’s previous movements.
Furthermore, the results indicate that a PPS-system, like the IS-system, is more
reliable than the IMU-system because it shows less variance in the output across all
subjects and a smaller distance and time discrepancy compared to the IS-system.
This is in particular the case for the IS-system’s LoS-threshold. Once again, we
cannot statistically proof that the PPS-system thresholds is in general more reliable
than the IMU-system ones and therefore cannot accept hypothesis H1. From a
practical perspective, a PPS-system is easier to implement and integrate into daily
activities than an IMU-system.
We cannot confirm that a combined threshold is more reliable than the threshold of
one single system but that the combined threshold shows a similar performance to
the IS-system’s thresholds. So we cannot accept the hypothesis H2 and our results
suggest an opposite trend.

4.4 Practical Context

So far, we have mostly compared the systems in relation to each other, now we
want to bring the absolute values into context. During the baseline measurement
we recorded standard deviations (SD) in medio-lateral direction of 0.25 - 3.6mm in
the PPS-system and 0.6 - 3.3mm in the IMU-system (cf. Figure 3.4). These are
below mean values of 4mm reported by Kirchner et al. where older adults stood
quietly on a force plate in a bipedal hip-width position. [KSGH13]. In anterior-
posterior direction they report an average SD of 5.4mm which is above the 0.9 -
6.5mm measured in this study (cf. Figure 3.5). Di↵erences might result from the
various stance width and age of participants. The shape and absolute displacement
of the CoP and CoM trajectories are similar with results found in the literature
[LDP04, TFWA15]. The LoS, we measured in this study, correspond to values
reported by Thomsen et al. who collected data from a sample of similar age and
body dimensions [TSL+17].
The IS-system’s LoS-threshold showed a 11mm lower distance discrepancy �d com-
pared to the BL-threshold and 13mm lower �d compared to the IMU-system’s
LoS-threshold. If we compare the �d-values to the maximum displacement in an-
terior during the sPT-scenario (cf. Figure 3.18), the �d of 11mm corresponds to
18% of the average maximum displacement measured by the reference system. A
�d of 13mm corresponds to 21%. Further compared to the ranges during baseline
measurements, the discrepancies are considerable.
Our findings suggest that the IS-system’s LoS-threshold is most reliable in triggering
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a biofeedback compared to the other systems. We measured average time discrep-
ancies �t of around -1600ms, -2600ms, -1800ms and -2300ms (anterior, left, right
and posterior) for this threshold during the uPT-scenario. This means that the sub-
jects on average crossed the IS-system’s LoS-threshold 2075ms before the tipping
point. Do we compare this time discrepancy to average reaction times on vibro-
tactile stimuli, di↵erences are large. Bao et al. compared reaction times between
younger and older adults and between di↵erent body locations to which they applied
the vibrotactile stimulus [BSK+19]. They report reaction times of 200 - 250ms in
the younger and 250 - 300ms in the older adults. The reaction time was shorter the
closer to the brain the stimulus was sensed. These are values for scenarios where
the subjects were fully focused on the stimulus. In a dual-task scenario, reaction
times increased to 500 - 600ms. Still, the average �t values measured in this study
are three to four times higher than these reaction times, so one could argue that the
biofeedback signal would be triggered too early. On the other hand, we measured
extreme �t values of less than 600ms in all thresholds, so in some cases feedback
would be triggered too late. This shows once more the variability between subjects.
And an early feedback would give elderly people enough time to react properly.

4.5 Limitations

This study compared di↵erent concepts how to control a biofeedback system. Even
though our results revealed di↵erences between the concepts and parameters, we
want to discuss potential limitations.
We simplified the human body and its biomechanics and assume in our calculations
that the human body is composed of a chain of rigid body segments. Furthermore,
our proportions are based on results of previous studies, namely these of Zatsiorsky
and Seluyanov in 1990. But we adjusted the proportions to the subject’s body
dimensions. This procedure is widely applied among researchers and accepted as a
good approximation of the human’s kinematics [FSS+17, DBRM19, HAMJ+20].
We calculated the insole’s CoP according to the weighted-mean-approach, where
the force/ pressure of each sensor is weighted by its corresponding location in the
insole. In a 2018 study, Hu et al. point out that the accuracy of the CoP’s position
in this approach depends on the locations and amount of sensors [HZP+18]. Certain
locations and the areas covered by each sensor are potential sources for errors.
They mention, however, that this error becomes smaller the denser the sensors are
installed. Because the medilogic insoles employ up to 240 sensors, we neglected the
potential error and used the weighted-mean-approach.
The tipping point’s detection is another limitation in the technical setup. We could
notice a distinctive peak in the vertical force measured by the force plate once
the subject tipped over but the scale and time frame varied, making it di�cult to
automatically analyze. A trigger below the shoe’s sole might help to determine more
exactly the tipping point, as the point when the sole leaves the ground.
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Other potential limitations result from the study design. Our sample of subjects
contains only young adults, of who all do sports regularly. Nearly half of the par-
ticipants reported that they frequently need to handle balance instabilities during
their exercises. A future biofeedback system, however, will be designed for older
adults or patients with neurological impairments. So it is important to verify the
results in a cohort closer to the target one. Previous studies suggest that sensation
and balance control di↵ers between young and older adults [MWW+15, JVD13].
All measurements of one subject were done consecutively on a single day with a
rather short period where the participant could accustom to the systems and exer-
cises. We tried to handle potential deviating behavior by repeating each exercise
over three trials and considering the mean value. Yet, some subjects improved or
changed their behavior over the trials. Thomsen et al. already pointed out that
a valid determination of the LoS would need at least eight trials [TSL+17]. So we
recommend more detailed and standardized measures on the exact threshold param-
eters. One variable, which might have an influence on the subject’s balance, are the
shoes. We asked the participants to wear tight sport shoes, but we observed that
subjects controlled their balance di↵erently depending on the soles shape. Flat thin
soles provided a better sense of the ground while thick round soles led to more tiny
movements.

4.6 Future work

As already mentioned in the beginning of this discussion, we are not able to finally
answer the question which IMU locations are necessary to reliably estimate the
CoM’s position. Measurements of postural sway and LoS should be repeated with
an IMU-system, which allows the user to access each sensor’s output separately.
This way, one could compare the estimated CoM of di↵erent sensor sets or evaluate
each sensor location in a Principal Component Analysis.
Our results suggest that a PPS-system is more reliable in triggering biofeedback.
Insoles are also easy to integrate in shoes, so future research should focus on the
exact tracking of the CoP by means of mobile PPS-based systems. We come to
the conclusion that a LoS-threshold is more reliable than one based on the baseline
postural sway. But as mentioned before, alternative less individual-specific param-
eters might provide even better results. Control parameters for a threshold should
be investigated in more detail.
The reliability and validity of a potential biofeedback device should further be eval-
uated in a cohort closer to the target user group and also in di↵erent environmental
settings. Our study was limited to one particular feet position, other positions, such
as semi-tandem stance, should be explored as well. We tried to put our measured
time discrepancies into context with reported reaction times but the optimal timing
a elderly person needs to react on feedback and prevent a fall should be studied
further.
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Chapter 5

Conclusion

This study compared a PPS-system, using pressure insoles, and an IMU-system re-
garding their performance to reliably trigger a feasible biofeedback. We compared
the time discrepancy between the point the potential feedback would be triggered
and the actual tipping point when the person lost balance. The shorter this dis-
crepancy the more accurate and reliable the system. Furthermore, we contrasted a
threshold based on the postural sway during baseline measurements with a thresh-
old based on the subject’s LoS. We evaluated what influence the factors ’System’
and ’Threshold’ have on the time discrepancy. Though not significantly in all fac-
tor combinations, our results indicate that the LoS-based threshold has a shorter
time discrepancy, and the PPS-system triggers a signal closer to the tipping point
than the IMU-system. We come to the conclusion that the LoS-based threshold of
the PPS-system is most reliable because time discrepancy and variance among the
subjects are lowest in this case. A combined threshold of both systems gave similar
results to the PPS-system. The average time discrepancies are still high though
compared to reaction times on vibrotactile stimuli. We should further investigate
the threshold’s exact definition and consider alternative parameters, other than the
postural sway or LoS. They might be better suited and less individual-specific. A
potential biofeedback device should finally be tested under various circumstances
and in a cohort closer to the target user group.
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Appendix A

Additional Figures & Tables

A.1 Correlation BL- & LoS-threshold

Figure A.1: Correlation between the left component of BL-threshold and LoS-
threshold ; red circle indicate outlier, straights are the regression lines
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Figure A.2: Correlation between the right component of BL-threshold and LoS-
threshold ; red circle indicate outlier, straights are the regression lines

R p-value n

Anterior with outlier -0.1138 0.6749 16
Anterior without outlier 0.4169 0.1380 14
Left with outlier -0.0747 0.7833 16
Left without outlier 0.0191 0.9434 14
Right with outlier -0.0232 0.9320 16
Right without outlier -0.1567 0.5927 14
Posterior with outlier 0.2646 0.3219 16
Posterior without outlier 0.5204 0.0564 14

Table A.1: Correlations between BL- and LoS-threshold separated by direction com-
ponent



A.2. SPT-SCENARIO 77

A.2 sPT-scenario

Di↵erence StdError p-value

FP vs IS 12.0210 1.4988 0.0000**
FP vs IMU -19.4990 4.0150 0.0006**
IS vs IMU -31.5200 4.0900 0.0000**

Table A.2: Results of the Tukey-Kramer post-hoc test regarding di↵erences in means
between the systems’ maximal displacement in anterior direction during the sPT-
scenario; unit ’Di↵erence’: [mm]; * = p<0.05, ** = p<0.01

A.3 uPT-scenario
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Figure A.3: CoP/ CoM trajectories of trial 1-3 during the sPT-scenario in left
direction and the calculated BL- and LoS-threshold for each system (Subject 5)

Figure A.4: CoP/ CoM trajectories of trial 1-3 during the sPT-scenario in left
direction and the calculated BL- and LoS-threshold for each system (Subject 8)



80 APPENDIX A. ADDITIONAL FIGURES & TABLES

Subject 5 Subject 8
Trial1 Trial2 Trial3 Mean Trial1 Trial2 Trial3 Mean

FP BLth -5150 -4610 -5160 -4973.33 -1130 -1170 -1040 -1113.33
FP LoSth -3600 -3360 -1310 -2756.67 -530 -660 -590 -593.33
IS BLth -5690 -5220 -5470 -5460.00 -1340 -1300 -1220 -1286.67
IS LoSth -3940 -3730 -3220 -3630.00 -810 -830 -710 -783.33
IMU BLth -5110 -4390 -4910 -4803.33 -1290 -1280 -1110 -1226.67
IMU LoSth -3860 -3350 -3290 -3500.00 -1080 -890 -700 -890.00

Table A.4: Time discrepancy �t between the timepoint the subject exceeded the
respective threshold and the tipping point during the uPT-scenario left; unit: [ms],
positive values indicate that the threshold was crossed after the tipping point was
reached
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Figure A.5: CoP/ CoM trajectories of trial 1-3 during the sPT-scenario in posterior
direction and the calculated BL- and LoS-threshold for each system (Subject 5)

Figure A.6: CoP/ CoM trajectories of trial 1-3 during the sPT-scenario in posterior
direction and the calculated BL- and LoS-threshold for each system (Subject 8)
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Subject 5 Subject 8
Trial1 Trial2 Trial3 Mean Trial1 Trial2 Trial3 Mean

FP BLth -3800 -2510 -3890 -3400.00 -290 -240 -220 -250.00
FP LoSth -2860 -1000 -2800 -2220.00 -1050 -940 -860 -950.00
IS BLth -5600 -4800 -7130 -5843.33 -1250 -1140 -1140 -1176.67
IS LoSth -3220 -1240 -3100 -2520.00 -1180 -1100 -400 -893.33
IMU BLth -3990 -3970 -4010 -3990.00 -220 -490 -280 -330.00
IMU LoSth -3290 -2270 -3260 -2940.00 -540 -660 -520 -573.33

Table A.7: Time discrepancy �t between the timepoint the subject exceeded the
respective threshold and the tipping point during the uPT-scenario posterior; unit:
[ms], positive values indicate that the threshold was crossed after the tipping point
was reached
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A.4 Reduced Segmentation

Figure A.7: Visualization of the two segmentation approaches of the CoM and
CoMred (graphic from Xsens user manual and modified by author)

Figure A.8: Di↵erences in the baseline SD medio-lateral between the CoM and
CoMred; red line = median, whiskers = min/max, * = p<0.05, ** = p<0.01
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Figure A.9: Di↵erences in the baseline SD anterior-posterior between the CoM and
CoMred; red line = median, whiskers = min/max, * = p<0.05, ** = p<0.01
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