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Abstract

The risk of suffering from musculoskeletal disorders increases considerably with age. One
of the causes is the decrease in physical activity. Osteoporosis is a disease that is favored
precisely by this lack of movement. It is mainly characterized by bone fractures, espe-
cially of the femur. Previous studies have shown that regular exercise with high strains on
the bones of the lower extremities, such as jumping or running, can prevent osteoporosis.
Musculoskeletal models can help in the research of these preventive mechanisms. This
work aims to determine the kinematic data relevant to the prevention of osteoporosis,
correlate it with simulated kinetic data, and finally interpret it. The findings are to be
made measurable and tangible for the user in everyday life with the help of smart devices
or smartphones. For this reason, typical positions of smart devices were first evaluated
for recording high-impact exercises. A motion capture system based on inertial measure-
ment units was used. The study showed that the accelerations acting on the pelvis can
be recorded very well at typical positions where smart devices are worn. However, care
must be taken to ensure the exercise is performed correctly. In the next step, a markerless
motion capture system was used to record various everyday movements and high-impact
exercises and to simulate them using musculoskeletal models. The strains on the femoral
neck were analyzed using the models. The results indicate that most exercises place a con-
siderable load on the femoral neck, potentially promoting bone formation and modeling.
Despite the simplified assumptions regarding femoral geometry and deformation behavior,
which are necessary for accommodating a large number of subjects, the results aligned
with previous research findings that highlight the positive effects of strenuous activities
on bone health. In the final phase of this work, the findings were integrated to incorpo-
rate these preventive mechanisms into everyday life. Acceleration data from an inertial
measurement unit were initially compared with data from the markerless motion capture
system. This comparison did not yield usable results, so only the motion capture system
data were used. The comparison with the calculated load data showed low correlations.
It was demonstrated that better results could be achieved with additional input parame-
ters and more extensive calculation models. Possible feedback systems based on this data
were also discussed. In summary, this work has shown several promising approaches to
integrating practical systems for the prevention of musculoskeletal disorders. The final

implementation, which requires further work and methodological evaluation, presents an



exciting opportunity for future research and development in this field.



Zusammenfassung

Die Gefahr an muskuloskelettalen Erkrankungen zu leiden, nimmt stark mit dem Alter
zu. Eine der Ursachen ist die Abnahme der physischen Aktivitdt. Osteoporose ist eine
Krankheit, die genau durch diese fehlende Bewegung begiinstigt wird. Vor allem macht
sie sich durch Knochenbriiche im Speziellen des Femurs bemerkbar. In bereits vergan-
genen Studien konnte gezeigt werden, dass ein regelmiBiger Umfang an Ubungen mit
hohen Belastungen auf die Knochen der unteren Extremitat, wie beispielsweise Sprin-
gen oder Rennen, vorbeugend gegeniiber Osteoporose sein. Muskuloskelettale Modelle
kénnen bei der Erforschung dieser praventiven Mechanismen helfen. Ziel dieser Arbeit
ist es, die flir die Osteoporosepravention relevanten kinematischen Daten zu ermitteln
und mit simulierten kinetischen Daten zu korrelieren und schliellich zu interpretieren.
Mit Hilfe von Smart Devices oder Smartphones sollen die gewonnen Erkenntnisse im All-
tag fiir den Nutzer messbar und greifbar gemacht werden. Deswegen wurden zunachst
typische Positionen von Smart Devices in Bezug auf das Aufzeichnen von hochbelasten-
den Ubungen evaluiert. Dabei wurde ein Motion Capture System basierend auf inertiale
Messeinheiten verwendet. Die Studie hat gezeigt, dass die Beschleunigungen, die auf
den Pelvis wirken, sehr gut an typischen Positionen, an denen Smart Devices getragen
werden, aufgezeichnet werden konnen. Jedoch ist dabei auf die korrekte Ausfiihrung
der Ubung zu achten. Im néichsten Schritt wurden mittels einem markerlosen Motion
Capture System verschiedene Alltagsbewegungen und Ubungen mit hohen Belastungen
aufgenommen und mit muskuloskelettalen Modellen simuliert. Dabei wurden die Belas-
tungen auf den Femurhals betrachtet, welche sich aus den Modellen ableiten lieBen. Die
Ergebnisse deuten darauf hin, dass die meisten Ubungen den Oberschenkelhals erheblich
belasten, was moglicherweise den Knochenaufbau/-modellierung fordert. Trotz starker
Vereinfachung der Annahmen fiir Femurgeometrie und Verformungsverhalten, um eine
hohe Anzahl an Probanden zu ermoglichen, waren die Ergebnisse stehen im Einklang mit
fritheren Forschungsergebnissen, die die positiven Auswirkungen von anstrengenden Ak-
tivitaten auf die Knochengesundheit hervorheben. Im letzten Schritt dieser Arbeit sollten
die gewonnen Erkenntnisse zusammengefiihrt werden, um diese praventiven Mechanismen
in den Alltag zu integrieren. Dafiir wurden zunéchst Beschleunigungsdaten einer inter-
tialen Messeinheit mit denen des markerlosen Motion Capture Systems verglichen. Dies

lieferte jedoch keine verwertbaren Ergebnisse, weshalb nur die Daten des Motion Cap-



ture Systems verwendet wurden. Der Vergleich mit den berechneten Belastungsdaten
fithrte nur zu geringen Korrelationen. Jedoch zeigte sich das Potenzial bessere Ergebnisse
mit weiteren Eingangsparametern neben den Beschleunigungsdaten und umfangreicheren
Berechnungsmodellen zu erzielen. Ansétze fiir mogliche Feedbacksysteme basierend auf
diesen Daten wurde diskutiert. Zusammenfassend konnten in dieser Arbeit einige Ansétze
zur Integration von handlichen Systemen hinsichtlich der Pravention von muskuloskelet-
talen Erkrankungen gezeigt werden. Die finale Umsetzung bedarf jedoch weiterer Arbeit

und Methodikevaluierung.



Chapter 1
Introduction

The risk of musculoskeletal disorders considerably rises with age (Bonewald 2019; Hirschfeld
et al. 2017). Osteoporosis is one of the most common diseases of the human musculoskele-
tal system, and its prevalence and the fractures associated with it have increased in recent
years. They are expected to continue to rise (Kanis et al. 2021). Osteoporosis comes with
many risk factors that need to be considered. In addition to demographic factors such
as age and gender, poor nutrition, alcohol consumption, various illnesses, and smoking
favor the risk of developing osteoporosis (Bartl 2023a). Physical inactivity is the most
relevant biomechanical risk factor. Social events like the COVID-19 pandemic promoted
physical inactivity (Woods et al. 2020; Ainsworth and Li 2020). On top of that, physical
activity decreases with age (Hirschfeld et al. 2017; Gomes et al. 2017). However, it is
easy to address this issue. Several studies have shown the positive effects of exercises
with the right stimuli on bone growth and preservation. Jumping and fast movements
with a high impact on bones have proven to be particularly preventative (Vainionpaa
2007; Vlachopoulos et al. 2018). Even though these positive effects have been observed, it
has yet to be determined which exact mechanisms of the musculoskeletal system achieve
this result. Musculoskeletal simulations, which can calculate the loads and forces acting
on muscles and bones from input movement data, can provide a deeper insight. The
results of these simulations will be used to evaluate the implementation and strength of
the preventive effect of high-impact exercises. In order to make the intended data more
tangible for the user or the patient at risk, data from everyday life must be recorded, and
the effect of exercises must be visualized. Digitalization is a great approach to intervene
here. Smart devices like wearables are selling incredibly fast and offer more and more
features to monitor daily movements and interactions (IDC 2020; Rossi and Veltink 2010;
TrendForce 2019; Statista 2023). This massive amount of data includes acceleration data.
Most of the data is not reviewed or cannot be interpreted by the user because there is
often no context of what this data means to personal health. Therefore, the aim is to
extract data relevant to the prevention of osteoporosis, evaluate it, correlate it with the

calculated kinetic data, and finally interpret it. These results could then be made avail-
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able to the user through apps or feedback systems, thus achieving a preventive effect on

osteoporosis.

1.1 Osteoporosis

Anatomy of femur

Trabecular bone Femoral head

Femoral neck
Greater
trochanter

Cortical bone

Figure 1.1: Anatomy of the human proximal femur (upper third of the human femur bone),
which includes the femoral head, femoral neck, greater trochanter, and upper portion of
the femoral stem. Adapted from Voo et al. (2004)

Osteoporosis is mainly manifested by fragility fractures of the femur with 17 %, the
forearm with 16 % and the vertebral bodies with 15 % of all fragility fractures (Veronese
et al. 2021). 51 % of all fractures in women and 24 % in men can be attributed to
osteoporosis (Lippuner et al. 2005). To understand why the femoral head is particularly
affected, it is important to look at the anatomy of the femur. The human femur, the
largest and strongest bone in the body, is vital in supporting body weight and facilitating
movement. The proximal part of the femur, known as the femoral head, articulates with
the pelvic acetabulum to form the hip joint. This ball-and-socket joint allows a wide
range of motion, essential for activities such as walking and running. The femoral neck
connects the head to the stem, and its angle significantly influences biomechanics. The
greater and lesser trochanter serve as attachment points for muscles, contributing to hip
stability and motion. The trabecular bone in the proximal femur provides structural
support and allows for weight distribution (Bartl 2023b; Metcalfe 2008). The femoral
neck is the narrowed region directly below the femoral head. Cortical bone is a bone’s
outer (hard) shell with higher material density. The trabecular bone is the soft, sponge-

like bone inside the hard cortical shell. Connectivity density is crucial in the maintenance
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of bone strength. It decreases significantly in the femoral neck and vertebra with aging,
as the trabecular bone volume decreases (Chen et al. 2013). This relatively thin structure
is more prone to fracture than the joint to a dislocation (Metcalfe 2008). Figure 1.1 shows
the anatomy of the human proximal femur. The following chapter will explain in more
detail the effects of osteoporosis on the anatomy of the femoral head, what causes it, and

how it can be prevented.

Prevelance of osteoporosis

Osteoporosis is a pervasive and potentially debilitating bone disorder that affects a signif-
icant portion of the global population. While it predominantly impacts postmenopausal
women due to hormonal changes and estrogen depletion, men can also be affected (Al-
swat 2017). The aging process itself contributes to the development of osteoporosis, as
bone density naturally diminishes over time. According to the World Health Organisa-
tion (WHO) definition of osteoporosis, approximately 21 % of women between the ages
of 50-84 suffer from osteoporosis. In the same age range, the prevalence in men is 6 %,
making it the most common bone disease worldwide (Kanis, Johnell, Oden, Jonsson, et al.
2000). These global values from 2000 are also reflected in the European population in
2019 (Kanis et al. 2021). For this age group, one in three women and one in five men suffer
from an osteoporotic fracture in their remaining lifetime (Kanis, Johnell, Oden, Sernbo,
et al. 2000). Osteoporosis is characterized by compromised bone strength and increased
susceptibility to fractures. Bones, in individuals with osteoporosis, become porous and
brittle, leading to heightened risks of fractures, especially in areas like the spine, hip,
and wrist (“Consensus development conference: diagnosis, prophylaxis, and treatment of
osteoporosis” 1993). Figure 1.2 shows an example of the effects of osteoporosis on the
cortical and trabecular structures of a proximal femur. The left image (a) shows a nor-
mal femoral neck with high bone density. The right-hand image (b) shows the reduced
bone mineral density (BMD) of a person suffering from osteoporosis. This reduced BMD

increases the risk of fracture.
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Figure 1.2: (a) Normal cortical and trabecular structure of the proximal femur. (b)
Proximal femur of a patient with severe osteoporosis. Note destruction of the trabecular
(trajectorial) network indicating a high fracture risk. Adapted from Bartl 2023b, p. 25

Risk factors

Osteoporosis is a commonly overlooked risk factor for fractures that can lead to severe
complications, particularly in old age. The focus should be on preventing osteoporosis
and reducing the risk factors contributing to its development (Bartl 2023b). However,
it is important to note that certain risk factors cannot be prevented, such as genetics,
race, gender, and age. To illustrate the change in bone density, it is useful to consider
the body’s natural aging process. Further details on this change will be provided below.
Firstly, modifiable risk factors, which mainly relate to a person’s lifestyle, should be listed.
Stimulants, such as caffeine and cigarettes, as well as excessive alcohol consumption, have
a negative impact on BMD. Nutrition plays an essential role in maintaining bone health,
with calcium and vitamin D deficiencies linked to osteoporosis. Therefore, it is crucial to
have a sufficient intake of minerals, vitamins, and proteins. (Bartl 2023b; Pouresmaeili et
al. 2018). From a biomechanical point of view, physical inactivity is the most critical risk
factor that can be influenced. Bone mass and density peak in men and women between
25 and 30. After this peak, bone density decreases steadily. While men experience a
relatively even decline, women experience a sharp drop after the menopause. This puts
women at a higher risk of fractures in old age compared to men. Due to physical inactivity
or an unfavorable genotype score, bones may not reach the same density as individuals
who exercise regularly or are genetically predisposed, resulting in lower bone density in
old age (Herbert et al. 2019). Figure 1.3 displays the correlation between age and BMD
and the impact of genotype and physical activity level.

13



Advantageous Total Genotype Score (TGS)

1 1
Peak bone and high levels of Physical Activity (PA)
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10 30 50 70 90

Advantageous Total Genotype Score (TGS)
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Peak bone
mass
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BMD (men)

10 30 50 70 90
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Figure 1.3: Schematic representation of typical age- and sex-related loss of BMD in women

(first graph) and men (second graph) and the effect of physical activity and genetics.
Adapted from Herbert et al. (2019).

Previous research has demonstrated that exercises with certain stimuli can prevent
osteoporosis. The following section will provide a detailed explanation of how these stimuli

can be implemented.

Biomechanical approaches of preventing osteoporosis

In 1892, Julius Wolft’s book “Das Gesetz der Transformation der Knochen” described how
the shape and structure of bones adapt to mechanical stress and the load on the body.
Wollff observed that the bone trabeculae in femoral heads align with the mechanical forces,
suggesting that mechanical forces determine the architecture of bone structures (Wolff
1892). H. Frost developed the concept of the Mechanostat a few decades later based
on these assumptions. The Mechanostat aims to define specific parameters and their
threshold values to differentiate how the bone reacts to different loads. The core parameter
that describes the deformation of the bone is measured in pStrain, where 1000 pStrain
equals a 0.1 % change in length (Frost and Schonau 2000; Frost 2000). Table 1.1 provides

an overview of the areas defined for bone loss, preservation, and gain.
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Table 1.1: Thresholds of bone remodeling

<800 pStrain | 800 — 1500 pStrain | >1500 pStrain | >15000 pStrain

Disuse Adapted State Overload Fracture
Bone loss/remodeling | Bone perservation | Bone gain/modeling | Bone fracture

High-impact exercises, such as running, jumping, and resistance training, exert dy-
namic forces on the skeletal system. These mechanical stresses stimulate bone cells,
fostering bone remodeling (Koshy et al. 2022). Regular engagement in high-impact exer-
cises has been associated with increased BMD, particularly in weight-bearing bones such
as the spine, hips, and legs (Allison et al. 2018). The effects of exercise vary depending on
the number, intensity, and type of impact, with running and jumping primarily affecting
the lower body (Zhang et al. 2022). In the early 2000s, Vainiopéé conducted a study in-
vestigating the effect of high-impact exercises (e.g., running, jumping, drop jumps) on the
BMD in premenopausal (age 35-40 years) women. Therefore, a body monitor recorded all
accelerations the body underwent over 12 months, which were then evaluated. The results
indicate that bone stimulation is significantly impacted by accelerations exceeding 4g. To
achieve bone stimulation, a minimum of 60 daily impacts is required (Vainionpaa 2007).
Another study showed that jumping intervention can improve bone mass, bone stiffness,
and parameters in adolescent athletes participating in non-osteogenic sports such as swim-
ming and cycling. The jumping intervention resulted in significantly greater bone mineral
content and bone stiffness in the legs compared to the control groups (Vlachopoulos et al.
2018). These findings suggest that high-impact jumping interventions in non-osteogenic
sports may effectively promote bone health and, thus, prevent osteoporosis. However,
only the analyses of the acceleration data and the altered tissue are available. It is un-
clear which exact mechanisms lead to the changes in bone density and which forces and
loads occur in the regions analyzed. The forces and loads can be triggered by muscles and
their attachment points or by joint reaction forces. Muscle contractions, joint position,
body weight, movement patterns, speed of movement, and the type of load cause these.
Unfortunately, they are difficult to measure in vitro or cannot be measured at all. Mus-
culoskeletal modeling and simulations can provide a deeper insight into these parameters,

which will be discussed in the following paragraph.
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1.2 Musculoskeletal Modeling

(General

Musculoskeletal modeling involves using computational techniques to create models of the
human musculoskeletal system, allowing for a better understanding of its biomechanics
and function. They facilitate a better understanding of complex relationships and are
widely used in various fields. Musculoskeletal simulations provide a variety of parameters
which are depending on the complexity and purpose of the simulation. These parameters
include joint kinematics, muscle forces and activities, joint forces and moments, or ground
reaction forcess (GRFs). The models must be constantly adapted and developed to reflect
the current state of science and technology. This requires extensive validation work.
Engelhardt et al. (2020) developed a detailed hand model using the AnyBody Modeling
System (AMS), which includes all extrinsic and intrinsic muscles of the hand. Aurbach
et al. (2020) aimed to modify a shoulder model and assess its effects. These models can
be used for studies in orthopedics (Weber et al. 2016; Renkawitz et al. 2016; Benditz et al.
2018; Asadi and Arjmand 2020), ergonomics (Hosseini and Arjmand 2024; Melzner et al.
2021) or sports (Simonsen et al. 2023; Auer et al. 2021; Rasmussen et al. 2023). Finally,

the general public can benefit from the results in many ways.

Bones

Marker

(for kinematic analysis)

Muscles

Predicted Ground
Reaction Force

Figure 1.4: Basic elements of a musculoskeletal simulation in the AMS. Bones are depicted
in beige, muscles in salmon. The blue lines at the bottom represent the vectors of the
predicted GRF.

The requirements and computational possibilities are explained using the AMS (Any-
BodyTechnology A /S, Aalborg, Denmark) with its open-code model library, the AnyBody
Managed Model Repository (AMMR), which is used in this work. These models repre-

16



sent the human musculoskeletal system using various elements with adjustable, simplified
parameters based on the latest biological knowledge. Solid bodies approximate the bones,
while muscles are represented by actuators. Connecting elements serve as tendons and
ligaments for the interfaces between bone and bone, as well as muscle and bone. The
model’s joints are determined by defining degrees of freedom between its bones. Fig-
ure 1.4 shows the basic elements of a musculoskeletal simulation in the AMS. Individual
factors such as body weight, body height, and other anthropometrics can be adjusted by
modifying the parameters of the elements. The musculoskeletal models in the AMS are
based on the inverse dynamics approach. This means that the forces and moments within
the models are calculated from defined or recorded movements (Damsgaard et al. 2006).
The process involves several steps. Firstly, the movements are recorded using motion
capture technology. This technology can be categorized as either inertial or optical and
can be sensor-based, marker-based, or markerless. The recorded movements are then used
as input data in the AMS. Before performing any additional calculations, transferring the
captured movement to the model while adhering to the specified boundary conditions
is necessary. The accelerations can then be calculated from the position data using the
double-time derivative. The resulting forces can be determined by considering the mass
distribution of the segments. The force boundary conditions to the environment can be

included via force plates or predicted through calculation.

Model anatomy

The hip and femur are surrounded by several muscles responsible for a wide range of
motion. These muscles attach to the respective bones at different origin and insertion
points, supporting upright posture and mobility. For instance, the gluteus maximus,
or the gluteal muscle, helps maintain balance and enables standing and walking as an
extensor, external rotator, abductor, and adductor (Hofmann 2021). Additionally, the
gluteus maximus stabilizes the pelvis and spine during various movements. In general,
the surrounding muscles are essential for performing flexion and extension movements
in the hip and knee joints and supporting the rotational movements of the thigh. They
are, therefore, crucial for activities such as climbing stairs or turning the body. The
hip joint enables a broad spectrum of motion, such as flexion, extension, abduction,
adduction, internal rotation, and external rotation. These movements facilitate forward
and backward leg bending, sideways leg movement away from and towards the body, and
leg rotation inward or outward. These movements are controlled by various muscles. For
instance, the hip flexor (iliopsoas muscle), the rectus femoris (part of the quadriceps),
and the sartorius are responsible for flexion. The extension is mainly made possible
by the gluteus maximus and the hamstrings (leg flexors). Abduction is supported by

the gluteus medius and gluteus minimus, while adduction is performed by the adductor
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groups, such as the adductor longus, adductor brevis, and adductor magnus. The gluteus
medius, adductor magnus, and tensor fasciae latae are the primary muscles responsible for
internal rotation, while the gluteus maximus, piriformis, and gemellus superior support
external rotation (Tillmann 2016).

To better understand the forces exerted on the femur, particularly during low- and
high-impact exercises, it is necessary to analyze the muscles surrounding the hip joint,
whose points of origin and insertion are close to the femoral head. Figure 1.5 illustrates
these muscles, their origins, insertions, and paths. The muscle forces of these femur-
surrounding muscles, the calculated joint reaction forces, and moments of the hip joint

are used to determine stress resultants and strains in the femoral neck.
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Deep Hip Muscles Adductors

® M. piriformis

® M. pectineus

©® M. obturatorius externus

@® M. piriformis

@® M. adductor minimus

L M. adductor brevis
@ M. obturatorius internus,

Mm. gemelli superior
and inferior

@® M. adductor longus

@® M. quadratus femoris

O Muscle origin

® M. adductor magnus

@ M. gracilis

Muscle origin (semi-translucent)

Muscle insertion

Muscle insertion (semi-translucent)

Anterior Hip Muscles Posterior Hip Muscles

@ M. psoas minor @ M. gluteus medius

|| [y

® M. psoas major M. iliopsoas

|\l

@ M. gluteus minimus
® M. iliacus &

® M. rectus femoris ® M. gluteus maximus

® M. sartorius

© M. semimembranosus
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® M. vastus lateralis Caput breve

} @ M. biceps femoris
Caput longum
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@® M. articularis genus

@ Pes anserinus profundus

Figure 1.5: Hip muscles divided into deep, anterior and posterior muscles and adductors.
The content is based on and adapted from the illustrations in Tillmann (2016, pp. 625,
629).
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Calculation principle

The human body comprises numerous muscles, bones, and other structures that work to-
gether in complex combinations to facilitate movement. The degrees of freedom of a joint
are determined by its type. Muscles are activated to allow or prevent movement around
the joint centers. They are arranged around the joints to enable every possible movement,
as muscles can only shorten or pull between their origin and insertion. Furthermore, the
human body is kinetically overdetermined, meaning that various muscles can be addressed
in many different ways for a particular movement. This results in the required force being
distributed among different muscles, reducing the maximum force required per muscle,
but mathematically results in an infinite number of solutions. However, this creates an
optimization problem when calculating individual muscle forces. As stated, the AMS
utilizes the inverse dynamic approach. This method enables the determination of muscle
and joint forces from the kinematics recorded by motion capture and the given boundary

conditions based on an equilibrium. The equations of equilibrium can be expressed as

Cxf=r (1.1)

where f is a vector of muscle and joint forces, r is a vector of external and inertia
forces, and C' is the matrix of equation coefficients. For vector f)  the conditions
fOM) >0 and fM < ff%}m that apply are limited to the fact that muscles can only pull
and cannot exceed the maximum defined force. These maximum defined forces, which are
standard values in the AMS, are based on previous studies. The optimization problem
can be described in the following way on the basis of the sequence of conditions mentioned

above:

minimize G(f™))
subject to Cx* f=r (1.2)
M >0, =100

G(f™)) describes the objective function of the optimization problem, which defines
the criterion of muscle recruitment. This function is to be minimized with respect to
all unknown forces in the vector f. Various approximations are used to account for the
numerical characteristics of the AMS, as it is impossible to reproduce reality exactly. The
target function has multiple variations. One commonly used option to describe how the

nervous system recruits muscles is through the following polynomial criterion:

G = Z (%)p (1.3)

The power of the polynomial that represents the muscle synergy is denoted by p. A
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higher value of p indicates greater muscle synergy, resulting in a more even distribution of
forces across all muscles. The normalization factor N4 for a muscle is usually calculated
based on its maximum strength f,,ax. Powerful muscles are required to exert more effort
than weaker ones. If p = 1, this indicates that the AMS recruits only the minimum
number of muscles required to stabilize the system, which is not physiological. Setting
the p-value higher can result in a physiological state, but as the strength of the polynomial
increases, the model’s numerical stability decreases. For motion capture models that use
ground reaction force prediction (GRFP), the default value of p = 2. Since no force plates

were used in this study, the equation in this study is assumed to be as follows:

G = Z (%)2 (1.4)

In addition to the type of muscle recruitment, there are also different muscle models in
the AMS. Auer (2023) demonstrated in a study that the simple muscle model is a reliable
muscle model for sprinting simulations and, therefore, for high-dynamic movements. The
basic muscle model determines the muscle’s strength, which uses a scaling factor known
as the strength index and the muscle’s physiological cross-sectional area.

The AMS is a powerful tool with a possible preventive role. Therefore, making the
individual simulation results available and tangible to patients or high-risk groups is
reasonable. However, motion capture recordings in gait laboratories and the complex
analysis and calculation with musculoskeletal models are costly, time-consuming, and
provide only a snapshot. To ensure objectivity, using only simple measurement methods
to determine simplified parameters is recommended. Manufacturers of sports watches
already offer initial approaches in terms of kinematics. These approaches allow measuring
parameters such as stride distance, speed, and cadence. The following section will examine

the advantages of this technology and describe the approaches used in this work.

1.3 Wearables and acceleration data

Wearables, encompassing various devices like smartwatches, fitness trackers, and aug-
mented reality glasses, have become integral to modern lifestyles. Acceleration sensors, a
fundamental component in many wearables, are crucial in detecting motion and orienta-
tion. These sensors, often based on microelectromechanical systems technology, measure
acceleration forces in three axes, enabling precise movement tracking (Krishnan et al.
2007). In fitness trackers, acceleration sensors monitor activities like walking, running,
and cycling, providing accurate data for step counting and distance traveled (Montes et al.
2020). The integration of accelerometers in wearables has also revolutionized healthcare,
enabling the monitoring of body posture, sleep patterns, and fall detection for the elderly

(Lin et al. 2023). As technology advances, wearables will likely incorporate more sophisti-

21



cated acceleration sensors, contributing to a broader range of applications and improved
user experiences. The analysis of this data can be continuously improved through various
forms of artificial intelligence combined with collected sensor and acceleration data. This
allows patterns to be identified and targeted feedback to be given to the user. This tech-
nology and the analysis of this non-invasive data are also attracting increasing interest
in biomechanics. Mundt et al. (2020) aimed to estimate joint angles and moments using
inertial measurement unit (IMU) data and reached mean correlation coefficients of 0.85
for joint angles and 0.95 for joint moments. Riddick et al. (2023) focused on estimating
human spine orientation using IMU data and developed a model showing that the error
of motion reconstruction depends exponentially on the sampling frequency. Liang et al.
(2023) figured out that an IMU can measure lower-limb kinematics during sprinting accu-
rately but has a less accurate estimation of pelvic orientation. However, this technology
has not yet been used for high-impact exercises in combination with prevention techniques
for osteoporosis. For this reason, this thesis will take a closer look at the possibilities for
the prevention of osteoporosis. In the following section, the questions of this thesis are

presented and analyzed in the following chapters.

22



1.4 Hypotheses

There is sufficient evidence to suggest that physical activity, especially vigorous exercise,
has a preventive effect on the development and progression of osteoporosis (Vainionpéé
2007; Wolff 1892). However, there is a lack of knowledge about the exact mechanisms and
the influence of different musculoskeletal components. Approaches have already shown
how high and to what extent these effects need to be to affect bone health positively. How-
ever, how these effects are reflected biomechanically in the body is unclear. Musculoskele-
tal models are ideally suited to address these issues as they allow joint and muscle forces
analysis. In addition, accelerometers are well suited to recording these impacts, provid-
ing information about the impacts experienced by the body without the need for complex
measurement setups and computationally intensive simulations. Chapter 2 aims to clarify
where on the body these high-impact exercises can be well measured using accelerometers
and whether these positions correspond to typical wearable positions. Chapter 3 deals
with the musculoskeletal and biomechanical mechanisms during these exercises. Chapter
4 aims to clarify whether linking the results of these elaborate and complex calculations
to measured acceleration data alone is possible. The following hypotheses can be derived

from these approaches:

1. The accelerations measured at the hip can also be measured at typical wearables
positions.

2. A single sensor suitable for everyday use is sufficient to record high-impact exercises
and interpret them in terms of the loads on the body.

3. It is possible to conclude possible strains on the bones purely from the acceleration
data.
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Chapter 2

Evaluation of acceleration data

measured on the human body

This chapter deals with the hypothesis " The accelerations measured at the hip can also
be measured at typical wearables positions.” A part of the following chapter has been

published in a similar form in the MDPI Journal sensors under Reinker et al. (2023).

2.1 Introduction

The prevalence of osteoporosis has increased significantly in recent years. World-wide,
about 33 % of women and 20 % of men over age 50 will experience osteoporosis fractures
(Melton et al. 1998; Kanis, Johnell, Oden, Sernbo, et al. 2000). The first projections
for the year 2040 show a doubling of acute cases (Odén et al. 2015; Castrogiovanni et
al. 2016). Exercise is one key preventive strategy recommended to reduce the risk of
osteoporosis, falls, and fractures (Multanen et al. 2014). But physical activity decreases
with age (Gomes et al. 2017; Bonewald 2019). Exit barriers and other restrictions, which
can be seen during the Corona pandemic, also promote physical inactivity, even among
younger people (Woods et al. 2020; Ainsworth and Li 2020). Additionally, health care
services such as doctor’s appointments or physical therapy were not allowed or skipped
(Litke et al. 2021). To ensure lasting success, timely and comprehensive follow-up of
osteoporosis patients it is necessary to monitor success or potential problems of treatment
and to offer individualized rehabilitation programs to the patient (Hourigan et al. 2008;
Swanenburg et al. 2003). However, regular outpatient and medical visits are very time
consuming and costly. So, these current social events show that more independent ways
of diagnosis and especially prevention of diseases are essential. Digitalization is a great
approach to intervene here. Smart devices like wearables are selling incredibly fast and
offer more and more features to monitor daily movements and interactions (IDC 2020;
Rossi and Veltink 2010; TrendForce 2019), giving patients the chance to follow their
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progress on demand. IMUs are a popular kind of sensor to use in such wearable smart
devices. IMUs enable recording of body movements and acceleration to which the body
is subjected. In the early 2000s for example, scientists tried to figure out how high-
impact exercises (e.g., running, jumping, drop jumps) affect BMD especially of the femur
in premenopausal (age 35-40 years) women. For that reason, all accelerations the body
underwent over the day were recorded by a IMU placed at the hip for 12 months. Results
showed a positive correlation between a minimum number of movements with specific
high accelerations and an increased BMD in examined regions which leads to prevention of
osteoporosis (Vainionpéad et al. 2009; Vainionpaa 2007; Vainionpéa et al. 2005; Vainionpaa
et al. 2006; Vainionpaa et al. 2007). Another study shows positive effects of a 9-month
jumping intervention on BMD and content in non-osteogenic sports, such as swimming
and cycling (Vlachopoulos et al. 2018). Based on these findings, this study aims to
evaluate acceleration patterns of different body segments during high-impact exercises
(jumps), to offer more possibilities of tracking prevention and rehabilitation programs
of osteoporosis patients. The intention is to clarify at which segments or body regions
impacts on the lower extremities can best be recorded during these exercises compared to
findings measured at the hips. Can these loads be tracked at the locations where smart
devices are typically worn, such as the wrist (smart watch), upper leg (smartphone),
or sternum (chest strap)? In the long term this would allow exercises to be performed
not only without supervision but also in any location and without any extra sensors.
Physicians or therapists would get an overview of the patient’s activity status, can evaluate

the collected data and adjust the program based on progress.

2.2 Materials and Methods

2.2.1 Participants

49 participants were recruited for this study. All of them granted informed consent.
Bone density peaks at around age 30. Women lose bone density faster than men. After
menopause, the risk of developing osteoporosis increases in women. Therefore, the age
ranges were chosen to include subjects in whom bone density tends to begin to decline,
but women have not yet reached menopause. The upper age limit was standardized for
all genders. Therefore, the criterions for taking part in this study were set to an age of 30
to 45 years, two hours of physical activity per week and no musculoskeletal condition and
injury for the last 12 months. The idea was to limit the risk of injuries during different
jumping tasks. The main kind of sports the subjects usually did were running, cycling
and weight training (multiple answers were possible). Data was collected over two weeks,
one week at the Laboratory for Biomechanics at the OTH Regensburg and one week at

the Greifswald University Medicine. A list of subject characteristics is given in Table 2.1.
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Table 2.1: Subject demographic and anthropometric characteristics.
sports were queried (multiple responses were possible).

Most performed

Variable Value
Sex

Female 22

Male 27
Age (years) 33.7+4.2
Height (cm) 174.0£7.5
Weight (kg) 74.14+13.4
BMI (kg m~2) 24.3+3.3
Sports

Running 25

Cycling 18

Weight Training 11
Dominant Leg

Left 3

Right 46

2.2.2 Experimental Setup

The jump exercises were recorded at 60 Hz using 17 IMUs (MVN Awinda, Xsens Tech-
nologies B.V., NL) for full-body setup, comprising a 3-axial accelerometer, gyroscope and
magnetometer. The sensors were placed on the head, shoulders, upper sternum, pelvis,
upper and lower legs, and feet with velcro straps. Beside the motion capture data gener-
ated via sensor fusion algorithms, specific parameters like acceleration or orientation can
be analyzed separately to imitate smart devices worn on the body. A 30 cm-high wooden
box served as a raise to perform the drop jumps. The procedure of the experiment was
explained to the participants and their consent was obtained before recording. Demo-
graphic and anthropometric data of the subjects, such as age, gender, weight, height,
were collected, additionally physically active time and previous musculoskeletal injuries
in the last two years. The subjects performed different jumping tasks five times each,
containing squat jumps (SJs), counter movement jumps (CMJs) and drop jumps (DJs).
The exact execution of the exercises is shown in Figure 2.1. Attention should be paid to
not cushion the landing by strong knee flexion for all exercises, but to keep the legs as
extended as possible in order to keep the impact on the bones as high as possible (Kanis,
Johnell, Oden, Sernbo, et al. 2000). The first landing/ground contact when executing the
DJ is followed by a bounce hop. The second landing follows the instruction of the SJ and
CMJ. In contrast to the SJ and CMJ, the jump height for the DJ is mainly achieved by
reflex plantar flexion of the ankle joint with the knee angle as extended as possible. Before
every exercise the right execution was demonstrated, and the subjects were allowed to do

a test run first to get used to the task and the system. The subjects had to keep their
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hands on their hips during the exercises. If the execution was not done right, the subjects

were asked to repeat the trial.

Figure 2.1: Step by step execution of the different high-impact exercises SJ, CMJ and DJ.
The hands must remain on the hips during the entire execution. When landing, ensure
as little cushioning as possible through knee flexion. The height of the box at the DJ is
30 cm.

2.2.3 Data Processing

Motion capture data from Xsens was reprocessed by MVN Analyze software (version
2021.2; Xsens, Enschede, The Netherlands) (MVNA). Further data processing and anal-
ysis was performed using Python (Python Software Foundation; Python Language Refer-
ence; version 3.8.3) with the packages numpy (v. 1.18.5), pandas (v. 1.0.5), seaborn (v.
0.10.1) and scipy (v. 1.7.2). Acceleration values in gravitational direction for all 17 IMUs,
were extracted from the MVNA post-processed files for all subjects (49), exercises (3), and
trials (5). Only accelerations in gravitational direction were considered, as the impacts
of the jumping exercises are introduced into the body in the gravitational direction. The
exercise of the jumps takes place without significant movements in the transverse plane.
In the first step, the measurement data was cut down to the period of the actual exercise.
Subsequently, trajectories of the acceleration graphs between the different sensors and
the three jumping exercises were compared according to highest accelerations, as these
maxima can be equated with a high impact on the body or bone. Maximum jump height
for each trial was evaluated using MVNA software. In the further course, the jumping
exercises were considered and evaluated separately. The Pearson correlation coefficients
p were calculated for each possible combination of the time series of the pelvis sensor and
the 16 other sensors for each subject and trial. As correlation coefficients are not unbiased,
the average of several correlations will not converge to the true correlation. Therefore, the
correlation coefficients are transformed with the Fisher z-transformation, then averaged
and finally calculated back into the Pearson correlation coefficient. The Pearson correla-

tion coefficients were interpreted according to Cohen (1988), where p < 0.29 should be
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considered as low correlation, 0.30 < p < 0.49 as moderate correlation and 0.50 < p as

strong correlation (Cohen 1988).

2.3 Results

The graphs of the acceleration in gravitational direction show very similar curves for all
sensors. Positive accelerations in the graphs spatially mean a movement upwards (jump)
or the deceleration of the movement at the landing. Clear outliers can only be observed
for the accelerations of the foot sensors. The peak accelerations here are partly 2 times
that of the remaining sensors. For the DJ, however, the differences are smaller. In order
to illustrate what has been described, the graphs of the accelerations for one randomly

selected person are shown in Figure 2.2.

Subject 916974
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Acceleration z [*9.81m/s?]
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head —— right_fore_arm —— left_upper_arm  —— right_upper_leg —— left_upper_leg == pelvis
—— right_shoulder =~ —— right_hand left_fore_arm right_lower_leg left_lower_leg

Figure 2.2: Acceleration curves of all 17 sensors during the jumping exercises, illustrated
on a single subject for the third trial each. The acceleration is given as a multiple of the
acceleration due to gravity.

Comparing the maximum accelerations of the sensors for each exercise, the medians
for DJ are higher than for SJ and CMJ. The second highest accelerations occurred for
CMJ. The comparison of the sensors for the exercises is shown in Figure 2.3. For the
sensor on the left forearm (imitating a smart watch), a median of 3.23 for SJ, 3.62 for

CMJ, and 4.9 times the acceleration due to gravity for DJ was obtained.
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Figure 2.3: Boxplots of maximum accelerations in gravitational direction over all subjects
and trials for each sensor and exercise.

The evaluation of the jump height shows that the jump height for the SJ is on average
0.37£0.06 m (min: 0.23 m, max: 0.54 m), for the CMJ 0.41£0.07 m (min: 0.3 m, max:
0.59 m) and for the DJ 0.47+0.02 m (min: 0.42 m, max: 0.55 m). In addition, it must be
said that for DJ the height of fall is measured after jumping from the 30 cm high wooden
box and not after the bouncing hop. The height was chosen to give the subjects a safe
feeling when performing the exercise. Due to the different physical activities performed
in their free time, some subjects were less familiar with jumping exercises. The aim was
to keep the risk of injury low and still maintain a high impact on the bones. Pearson’s
correlation matrix over the whole time series shows that the measured accelerations in
the direction of gravity correlate very well for all exercises between pelvis sensor and
sensors at the upper body. Here, all correlation coefficients are above 0.87 (min: 0.87,
max: 0.94). For the thighs, the correlation with the pelvis sensor is still above 0.83 (min:
0.83, max: 0.88). Accelerations in the lower leg correlate less well with the pelvis. The
coefficients here take values between 0.66 and 0.74. The foot sensors do not correlate with
the upper body with values below 0.27 (min: 0.20, max: 0.27). A heat map, pointing out

the correlation strengths is shown in Figure 2.4.
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Correlation Matrix for accelerations of sensors and pelvis sensor
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Figure 2.4: Correlation matrix for the acceleration of the pelvis sensor and one other sensor
in gravitational direction for SJ, CMJ and DJ. The values correspond to the correlation
of the respective sensor combinations concerning the acceleration curves for each exercise.
The color scale underlines the strength of the correlation.

2.4 Discussion

The maximum acceleration at the different sensor positions shows, that the impact of the
jumping exercises can be measured on all parts of the body. These results can be used as
a basis for osteoporosis prevention programs and, in general, for continuous monitoring
of movement using IMUs. It still leaves the possibility for the appropriate placement
of sensors depending on the application and individual well-being. The DJ exerts the
highest loads on the body. The lowest impacts are achieved by the SJ. This gradation
can be attributed to the different drop heights, which is highest for the DJ. Another
reason for the increased accelerations over the entire body is the bounce hop, in which
the deceleration acceleration is mainly absorbed by the ankle joint. The knee does not
flex as much here as it does in the other two exercises. There was a tendency for the
mean values in this study to be lower, which can be attributed to the lower sampling
rate. Vainionpédd et al. (2006) used an accelerometer with a sampling rate of 400 Hz. The
acceleration data in this study was acquired at a frequency of 60 Hz. This sampling rate
was chosen to compare with typical values of wearables. However, when comparing the
obtained values with accelerations at the pelvis from previous studies conducted for these
exercises, they are in similar ranges (Vainionpéi et al. 2006). The high accelerations in
the foot sensors can be explained by the kinematic chain. The feet are the first segments
of the body to be decelerated when landing. All other segments are cushioned distally via
the intermediate joints (ankle, knee, hip) and the muscles running above them. They are

also very unstable until they finally come to rest flat on the ground. The strong deviations
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in the curve to the other sensors can be attributed to this. These deviations can also be
seen in the correlation coefficient matrices. Sensor combinations with a foot sensor have
the lowest correlations for all exercises. However, a very good correlation can be read for
all combinations between pelvis and sternum, shoulders, upper arms, forearms and hands
starting at values of 0.87. To reach these correlation coefficients the hands must remain
on the hips throughout the exercise. None of these segments and their connecting joint
angles are actively involved in cushioning the movement. Therefore, they all experience
very similar accelerations on landing. Slight differences can be explained by the damping
effect of the vertebral bodies or compensating movements to maintain balance. This study
compares different jumping exercises whose execution is predetermined. Therefore, the
results cannot be generalized. Other movements or movement patterns must be evaluated
separately, as the extremities experience different accelerations during other movements.
In addition, the Xsens sensors cannot be accurately compared to smart devices, even if the
placement can be assumed to be the same. In this study, the sensors were fixed to the skin
with velcro straps. A consistent position of the sensor is important, as can be assumed
with a smartwatch, for example. Smartphones, on the other hand, are not so well suited, as
they have leeway in the trouser pocket, which can lead to wrong results. Specifications of
wearables must be observed before use. They must be able to record the same parameters
and these parameters should also be retrievable to evaluate the performed exercises. The
characteristics of the test persons were very different in this study. Especially the different
physical conditions and training levels should be emphasized, which made a controlled
execution of the exercises difficult due to a lack of coordination and jumping power.
Having this wide range of subjects, reinforces the high correlations that can be seen in

the correlation matrix.

2.5 Conclusions

The study shows that the accelerations measured at the pelvis during jumping exercises
can be tracked very well on the upper body and upper extremities. This includes the
locations where smart devices are typically worn, such as the wrist (smart watch) or
sternum (chest strap). Sensors positioned at the thighs do not offer as good correlations
as the upper body and extremities but are still strong. When performed correctly, it
does not matter which segment the sensor is placed on. As shown in past studies, these
jumping exercises are sufficient to have a positive effect on bone density and thus a
preventive effect on osteoporosis. The impact and effects of these exercises on the legs is
difficult to deduce from the accelerations on the upper body. Here, a more farreaching
consideration is necessary considering the acting joint and muscle forces for a validation,
in order to analyze further statements around the preventive mechanisms and impacts on

the femur. This is done in the following chapter.
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Chapter 3

Comparison of musculoskeletal loads
in proximal femur during low-impact

and high-impact exercises

This chapter deals with the musculoskeletal and biomechanical mechanisms caused by
high-impact exercises to clarify the hypothesis that ” A single sensor suitable for everyday
use is sufficient to record high-impact exercises and interpret them in terms of the loads
on the body” in Chapter 4.

3.1 Introduction

The study about the “Evaluation of acceleration data measured on the human body”
presented in Chapter 2 showed that the accelerations on the upper body and upper ex-
tremities might be used for tracking high-impact exercises for prevention programs for
osteoporosis. This chapter deals with the preventive mechanisms and impacts on the
femur. To better understand these mechanisms, it is important to evaluate the forces
and loads the femur experiences during high-impact exercises. Numerical methods, such
as the finite element method, allow the calculation of stresses and deformations of the
femur under various loads. This has been analyzed in numerous studies. Faisal and Luo
(2015) used image-based finite element (FE) analysis to investigate stress variations in
the proximal femur during single-stance and sideways falls and drew conclusions about
the higher risk of hip fracture from sideways falls in older people. Levadnyi et al. (2021)
compared femur strain under a wide range of loading conditions to cover the directional
range of the hip joint forces. The study showed that surface strain magnitude and stiff-
ness vary significantly under different loading conditions. To my knowledge, no studies
have been conducted on calculating and evaluating stress in the femur using finite element

methods during high-impact exercises, such as jumping or running. However, numerous

32



publications have been published on the effects of these exercises and plyometrics on bone
density. Dual X-ray absorptiometry (DXA) is frequently used to analyze this. Rodricks
et al. (2024) and Florence et al. (2024) summarise the effects of high-impact exercises on
BMD in their meta-analyses. The most common sites of increased BMD were the femoral
neck with a significant small-moderate effect and the total hip and trochanter with a
significant effect of jump training only in younger adults. The studies analyzed and com-
pared exercise groups with control groups. The exercise groups performed high-impact
exercises at regular intervals over defined periods of time. Bone density was measured
before, partly during, and after the exercise period and then analyzed. Therefore, effects
could be recorded. A small to moderate effect on BMD of the femoral neck was observed
with moderate certainty when the average jump load of 50 jumps was performed four
times per week. The exact mechanisms following the impacts and responsible for the
changes are not specified and appear to be site-specific. Musculoskeletal simulation ap-
proaches can be used to model bone geometries, joint structures, and muscle attachment
points based on anatomical data. This enables a more precise understanding of force and
moment distributions between bones and muscles. Since these effects of force distribu-
tion presumably have a significant influence on BMD, the aim of the study is to analyze
and evaluate the musculoskeletal loads in the proximal femur during low-impact exercises
(walking, stair climbing) and high-impact exercises (running, counter movement jump,
box jump). The focus will be on the areas where differences occur and how these can be

anatomically attributed to preventative effects and changes in relation to osteoporosis.

3.2 Materials and Methods

3.2.1 Participants

This study involved 211 subjects who gave their informed consent. Inclusion criteria for
this study were an age range of 18-45 years to be within the range of the highest BMD
and to exclude the possible time of menopause. In addition, subjects should have no
previous musculoskeletal conditions and should have been free of lower extremity injury
for the previous 12 months to minimize the risk of injury. Recruitment took place at
a university, so most participants were students. The measurements were performed at
the OTH Regensburg. The study was conducted following the Declaration of Helsinki
and approved by the Ethics Committee of the University of Regensburg. A list of the

anthropometric and demographic data collected can be found in Table 3.1.

3.2.2 Experimental Setup

The exercises were recorded using an optical markerless motion capture system (Cap-
turyLive v255, The Captury, DE). A total of 8 machine vision cameras (FLIR Blackfly
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Table 3.1: Subject demographic and anthropometric characteristics.

Variable Value
Sex

Female 90

Male 121
Age (years) 24.5+£5.3
Height (cm) 177.8 £9.8
Weight (kg) 74.3£13.9
BMI (kgm™2) 23.3£3.1
Dominant Leg

Left 32

Right 179

S1652C, Teledyne FLIR LLC, USA) at a recording rate of 60 Hz and 1440 p * 1080 p were
used to cover a measurement volume of approximately 6 m * 4 m with an approximate
relative resolution of 2 px/cm. Three cameras were mounted on the short sides and one
in the middle of the long side at a height of 2.50 m. The cameras were calibrated using a
grid board to determine the distortion of the optics and the alignment of the cameras to
each other. The origin is defined using the grid board located at the center of the mea-
suring volume and is kept consistent for all exercises. In addition, each subject was fitted
with an IMU (Xsens, Xsens Dot) on the hip to record vertical accelerations/impacts—the
acceleration sensor measured at a frequency of 120 Hz. A walking/running track of 6 m
length was marked in the center of the measurement volume. Outside of the measuring
volume, 2 m were made possible as inlet and outlet sections in front of and behind the
track. The length was chosen to allow at least two complete gait cycles to be recorded
within the measurement volume. The box and stairs required for the box jump and stair
climbing were marked on the side of the track to ensure the same output every time. The

measurement setup is shown in the following Figure 3.1.
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Figure 3.1: The measurement volume enclosed by the cameras of the markerless motion
capture system is marked in orange and measures approximately 6 m * 4 m. The track
runs the full length of the measurement volume. The stairs and the box are slightly offset
from the track. The subject wears an IMU sensor, attached above the pelvis with a Velcro
strap.

First, all significant anthropometric and demographic data was recorded. Then, the
subjects were asked to complete the track four times at a self-selected speed adapted to
their everyday walking speed. The measurement was not stopped at the turning points.
The test subjects were asked to turn around independently and continue walking until
they had covered four times the distance. The same exercise was then carried out at a
self-selected running speed. The subjects performed two jumping exercises. They were
instructed to place their hands on their hips for the counter movement jump, and the
correct execution was demonstrated. Invalid jumps were repeated immediately. Next,
the box was placed in the measurement volume, and the subjects started on the box
with their hands on their hips. The subjects stood on their dominant leg with the non-
dominant leg bent and jumped off the box, landing only on their dominant leg. They
were required to maintain balance for an additional two seconds. Each type of jump was
repeated three times. The subjects were then asked to walk up and down a staircase with
three steps, both up and down. They were then instructed to stop on the plateau and
start the descent with the non-dominant leg to maintain consistency. This exercise was

repeated three times. Figure 3.2 shows the exact exercise sequences.
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STAIRS

Figure 3.2: The box jump, walk, run, CMJ and stairs exercises are demonstrated step-
by-step to illustrate correct execution.

3.2.3 Musculoskeletal Simulation

In the introduction to this work, reference has already been made to the state of the
art and the principles of musculoskeletal simulation in general, with the help of inverse
dynamics in the AMS. In order to ascertain the strain in the femoral neck, the cutting
forces and moments must be determined. The AMS enables the calculation of these values
by specifying a reference coordinate system and the decisive forces and moments for these

values. Therefore, it is necessary to specify the muscle forces of the aforementioned
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muscles and the joint forces in the hip. The reference point for the cutting reactions is
specified as the center point between the ”Vastus Lateralis Superior” attachment point
and the reference coordinate system of the hip joint. This implies that the reference
point is consistently adjusted in a uniform manner relative to the scaling of the individual
models. The coordinate axes extend from the reference point in the direction of the
hip joint reference coordinate system and in the anterior direction, and the third axis is
perpendicular to the other two axes in a right-handed coordinate system. The definition
of the reference point and the calculation of the internal forces and moments in the AMS
can be found in Appendix A - Listing B.1. To determine the strain in the femoral neck,
several steps are required, and the following simplifications are assumed: First, a section
is made perpendicular to the main axis of the femoral neck. The cross-sectional area
shows a composition of the femoral neck consisting of cortical bone as the outer layer
and the trabecular bone on the inside. In order to determine the load, a bending load
case is assumed, more precisely, the case of an oblique bending. For an initial overview,
however, the individual components of the inclined bending are analyzed separately, in
each case, regarding the defined coordinate system axes perpendicular to the main axis.
The geometry of the cross-section is simplified to a hollowed-out circle. The dimensions
for the diameter and the thickness of the edge, which correspond to the thickness of the
cortical bone, are taken from Djonic et al. (2011), Nissen et al. (2005) and Kaptoge et al.
(2003). Figure 3.3 illustrates the simplified geometry.

Cortical Bone

Trabecular Bone

Figure 3.3: Simplified geometry of the cross-section of the femoral neck for calculating
stresses and strains

The following formulas 3.1 and 3.2 are used to calculate the edge fibre stresses.

oy=—+ —Lxz (3.1)
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with I as area moment of inertia
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and N as a normal force in the main axis direction, A as the area on which the normal
force acts, M, as moment around the z-axis, M, as moment around the y-axis and z or
y as the distance from the center of the surface to the edge fiber. In the next step, the
oblique bending was considered as a combination of the two isolated bendings (3.4). The

tensile and compressive stresses at the edge fibers are considered here.

N, M, M,
azjilz *yj:]—yy*z (3.4)

The strains were then calculated (3.5) from the stresses using the Young’s modulus of
cortical bone E = 19,000 MPa in order to compare it with the values from the literature
(Zysset et al. 1999; Turner et al. 1999; Bayraktar et al. 2004). The corresponding code
for calculating these parameters in Python can be found in Appendix B - Listing B.2.

(3.5)

SIS

3.2.4 Data Processing

Kinematics of the whole body are tracked automatically by using CapturyLive (v255, The
Captury, DE) on the principles of silhouette/color recognition (Bottino and Laurentini
2004; Miindermann et al. 2006) and background subtraction (Piccardi 2004) to gain in-
formation about segment lengths, joint positions, and angles of a virtual skeleton (Stoll
et al. 2011). The information for each trial is saved in a separate C3D file. The AnyPy-
Tools (v. 1.11.4) tool allows loading motion capture data into the AMS from Python
(Python Software Foundation; Python Language Reference; version 3.8.3) and starting
simulations, enabling batch processing with the same parameters set in the AMS. The
workflow was adapted to the study of (Auer et al. 2024), who compared the kinematics of
the markerless motion capture system with a marker-based one. The kinematic input for
the model was not filtered to keep the impacts in the data. The results of the simulations
were then each saved in an h5 file, a hierarchical data format (HDF) that enables the
storage of large amounts of data. Further data processing and analysis were performed
using the Python packages NumPy (v. 1.18.5), Pandas (v. 1.0.5), seaborn (v. 0.10.1),
and SciPy (v. 1.7.2).
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3.2.5 Data Analysis

To use the kinematic data in the AMS, the video recordings of the tests were viewed
individually and shortened to the actual exercise. This meant that movements were not
analyzed before and after the exercise, at the edge or outside the measurement volume.
The stair climbing exercise was divided into ascending and descending. With the input
parameters of kinematics - from the motion capture system, anthropometry - collected at
the beginning of the measurement, and the defined start and end times, all the exercises
could be simulated via batch processing in the AMS. After running the inverse dynamics
in the AMS, the ground reaction forces are considered for each exercise. These values
can further reduce the data to the time domain. The part of the exercise where the body
experiences the impact is selected. In this way, accelerations and muscle forces experienced
by the body during jump-off, for example, are ignored in this study in order to give a
clear statement. Even though the excluded time ranges were not considered in this part
of the work, they were simulated to see if they were relevant to further consideration and
merging of the kinematic and kinetic data. The following figures Figure 3.4, Figure 3.5,
Figure 3.6, Figure 3.7, Figure 3.8 and Figure 3.9 explain which areas have been considered.
The ground reaction forces in these figures are depicted perpendicular to the ground, in
the direction of gravity, representing the impact time. The red lines indicate the evaluated
area. The CMJ comprises four phases: pre-jump, take-off, flight, and landing. The study
focuses on the landing phase of the CMJ, which is where the body experiences the most
significant impact. Figure 3.4 displays the ground reaction forces for a CMJ. For all
subjects, the evaluated range was set to the first ground contact, regardless of the foot,

up to half a second (30 frames) afterward.
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Figure 3.4: Relevant range of the CMJ that is required for analyzing the impacts. The
graphs show the course of the ground reaction forces for the left and right foot. The area
marked in red is the selected range.

The box jump is a three-phase exercise that includes take-off, flight, and landing. Only
the dominant leg is loaded in this exercise, focusing solely on the landing. Figure 3.5
displays the ground reaction forces for a box jump. For all subjects, the evaluated range
was set to the first ground contact, regardless of the foot, up to half a second (40 frames)

afterward to include the equalizing movement.
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Figure 3.5: Relevant range of the box jump that is required for analyzing the impacts.

The graphs show the course of the ground reaction forces for the left and right foot. The
area marked in red is the selected range.

The walk/gait is divided into a stance phase, where the foot is in contact with the
ground, and a swing phase, where the foot is lifted and moved forwards for each foot.
These phases are anticyclical for the left and right foot. Figure 3.6 displays the ground
reaction forces for a walk. For all subjects, the evaluated range was set to the first ground
contact of the dominant leg, up to right before the first ground contact of the next gait

cycle of the dominant leg.
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Figure 3.6: Relevant range of the walk that is required for analyzing the impacts. The
graphs show the course of the ground reaction forces for the left and right foot. The area
marked in red is the selected range.

Like the gait, the run is divided into a stance phase, where the foot is in contact
with the ground, and a swing phase, where the foot is lifted and moved forward for each
foot. These phases are anticyclical for the left and right foot. However, the curve of the
GRF differs here from that of the gaits. The phases are significantly shorter, and the
rolling motion mainly occurs via the midfoot and forefoot. Figure 3.7 displays the ground
reaction forces for a run. For all subjects, the evaluated range was set to the first ground
contact of the dominant leg up to the right before the first ground contact of the next
gait cycle of the dominant leg.
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GRF Left [*BW]
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Figure 3.7: Relevant range of the run that is required for analyzing the impacts. The
graphs show the course of the ground reaction forces for the left and right foot. The area
marked in red is the selected range.

Stair climbing is also divided into stance and swing phases for each foot. These phases
are anticyclical for the left and right foot. In this case, only one height difference needs to
be overcome. Figure 3.8 displays the ground reaction forces for going up and Figure 3.9
for going down stairs. For all subjects going up the stairs, the evaluated range was set to
the first ground contact on the first step, right before the stance phase at the top. For all
subjects going down the stairs, the evaluated range was set to the first ground contact on

the first step way down, up to the right before the stance phase at the bottom.
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Figure 3.8: Relevant range of the descending stairs that is required for analyzing the
impacts. The graphs show the course of the ground reaction forces for the left and right
foot. The area marked in red is the selected range.
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Figure 3.9: Relevant range of the stair climbing that is required for analyzing the impacts.
The graphs show the course of the ground reaction forces for the left and right foot. The
area marked in red is the selected range.

3.3 Results

The faulty tests were sorted out before the actual evaluation could be carried out. These
included incorrect tracking of the subjects by the motion capture system due to clothing
that was too loose or a lack of contrast between the clothing and the background, as well
as errors in marker tracking or failing inverse dynamics in the AMS. Most of the errors
were caused by an incorrect calculation of the ground contacts and, thus, the reaction
forces. The following Table 3.2 shows the number of errors excluded from the analysis.
The walk achieved the lowest rate of usable trials with 84.4 % of all trials.
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Table 3.2: Number of recorded trials per exercise and the number of analysed trials after
sorting out incorrect trials.

Trials per exercise | Total number of trials | Number of trials analyzed | Rate of analyzed trials
cmj 3 633 580 91.6 %
box jump 3 633 562 88.8 %
run 4 844 744 88.1 %
walk 4 844 712 84.4 %
stairs up 3 633 543 85.8 %
stairs down 3 633 543 85.7 %

All further calculations and results refer to the dominant leg indicated by the subjects.
Under this definition, a standardized evaluation is only possible because the box jump is

performed on the dominant leg.

Ground reaction forces

The GRF were calculated as part of the inverse dynamics in the AMS. They provide an
insight into which forces and, therefore, impacts are exerted on the dominant leg by the
exercises. They are the basis for all other force calculations in the body (e.g., muscle
forces, joint reaction forces), as they define the force boundary conditions of the body in
relation to the environment. If you look at the calculated GRF of the individual exercises,
you can see that the highest values are achieved in the box jump with a median of the
maxima of 2.64 times the body weight. This is followed by the run at 2.18 times, the CMJ
at 1.46 times, descending stairs at 1.42 times, climbing stairs at 1.24 times, and the walk

at 1.23 times. Table 3.3 shows these median values with the corresponding quartiles.

Table 3.3: Ground reaction forces for the dominant leg in gravitational direction with the
corresponding quartiles.

GRF (grav. dir.) i
quartiles
[*BW]

cmj 1.46 [1.26, 1.72]
box jump 2.64 2.50, 2.81]
run 2.18 2.02, 2.29]
walk 1.23 [1.18, 1.28]
stairs up 1.24 [1.19, 1.31]
stairs down 1.42 [1.32, 1.52]

Stresses and strains at the femoral neck

The marginal fibre stresses were first considered separated in the different anatomical
directions of impact. All maximum values were calculated in both the positive and neg-

ative edge fibre directions for the supero-inferior and antero-posterior directions for each
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exercise. The values obtained were then negatively tested for normal distribution. There-
fore, the respective median of the maximum values with quartiles were used for further
consideration. The results of these calculations are shown in Table 3.4. It can be seen
that both tensile and compressive stresses are present in the supero-inferior direction.
The compressive stresses in the edge fibre are most pronounced in the box jump with 97.8
MPa, followed by the run with 74.7 MPa. This is followed by the stair climb and the
walk with about 49 MPa each. The lowest compressive edge fibre stress was calculated
for CMJ with 34.4 MPa. The gradation is the same for the tensile edge fibre stress. Here
the highest value is 60.8 MPa for the boxjump and the lowest value is 21.2 MPa for the
CMJ. In the antero-posterior direction, the box jump also has the highest value with 36.2
MPa. This is followed by the run with 27.3 MPa, the stair climb with 23.5 MPa, the
stair walk with 20.0 MPa, the walk with 15.6 MPa and lastly the cmj with 8.6 MPa. In
the positive direction of the edge fibres all values are around 0 MPa, i.e. there is neither

tensile nor compressive stress.

Table 3.4: The femoral neck’s tensile and compressive edge fiber tensions are divided
into supero-inferior and anteroposterior directions for the respective exercises. The values
correspond to the median of the maximum values for each exercise and are given in MPa
with the corresponding quartiles.

Supero-Inferior Antero-Posterior

Tension Compression Compression/Tension Compression

[MPa] [MPa] [MPa] [MPa
cmj 21.2 [16.6, 27.4] | -34.4 [-43.3, -27.0] -2.7 [-4.5, -1.4] -8.6 [-11.2, -6.5]
box jump 60.8 [49.5, 71.8] | -97.8 [-112.5, -81.4] 0.6 [-2.4, 4.5] -36.2 [-42.8, -30.2]
run 43.1 [34.0, 52.7] | -74.7 [-89.4, -59.9] -2.0 [-4.6, -0.2] -27.3 [-33.1, -21.6]
walk 29.0 [22.7, 35.7] | -47.7 [-58.1, -38.5] -1.1 [-2.7, 0.2] -15.6 [-18.8, -13.0]
stairs up 30.1 [23.1, 38.2] | -51.3 [-62.8, -41.2] 2.3 (0.6, 3.9] -23.5 [-27.6, -19.3]
stairs down | 28.5 [23.0, 35.1] | -47.4 [-56.7, -38.6] 3.4 (1.4, 5.1] -20.0 [-24.0, -16.7]

To better visualize the spatial direction and magnitude of the stresses, the following
figures show the stresses in the supero-inferior (Figure 3.10) and antero-posterior (Fig-

ure 3.11) directions in a bar plot.
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Figure 3.10: Bar plot with the calculated maximum edge fiber stresses in the supero-
inferior directions in MPa. The femoral neck is shown as a silhouette. The red circle
marks the area that is the subject of further calculations. The coordinate system defines
the spatial directions of the calculated stresses. The principle and effect of bending under
the influence of a normal force are shown between the bar plots. The green arrows
represent the edge fibers for which the stresses are shown in the bar plots above and
below.
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Figure 3.11: Bar plot with the calculated maximum edge fiber stresses in the antero-
posterior directions in MPA. The femoral neck is shown as a silhouette. The red circle
marks the area that is the subject of further calculations. The coordinate system defines
the spatial directions of the calculated stresses. The principle and effect of bending under
the influence of a normal force are shown between the bar plots. The green arrows
represent the edge fibers for which the stresses are shown in the bar plots above and
below.

The combination of the two isolated bending stresses results in the stresses for an
oblique bending. The combined axis of rotation rotates in the plane of the cross-sectional
area away from the isolated axes of rotation. The greatest stress occurs in the areas
perpendicular to the combined axis of rotation. In order to make the stresses more tangible
biomechanically and preventively, they are converted into strains with the help of Young’s
modulus of cortical bone. The results of these calculations are shown in Figure 3.12. A
comparison of all polar plots shows that the tensile strains are most pronounced in the

supero-anterior direction and the compressive strains in the infero-posterior direction.
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For CMJ and walk, the deviation of the total axis of rotation from the axis of rotation
around which the moment M, acts is the smallest. When climbing stairs, the femoral neck
experiences the greatest proportion of stress in the antero-posterior direction. The strains
tend to act in superior and inferior directions with a small proportion of antero-posterior
components. The highest compression (3946 pStrain) and tensile strains (2045 pStrain)
can be detected during the box jump. The run follows with values of 2963 pStrain in
compression and 1338 pStrain in tension. The femoral neck experiences the lowest loads
in the CMJ with 1177 pStrain in compression and 508 pStrain in tension. In between are
walking, climbing, and descending stairs. For a better comparison of all calculated values

with the corresponding quartiles, see Table 3.5.
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Figure 3.12: Polar plots of tensile and compressive strains in the femoral neck due to
oblique bending. The arrows point in the direction of the strongest strains. The length
of the arrows indicates how high these strains are. It is also noted whether the loads are
tensile or compressive. The rotation of the rotation axis or the angle of the arrows is
calculated from the arctangent of the values for the moments around the y- and z-axis.
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Table 3.5: Tensile and compressive strains in the femoral neck due to oblique bending for
every exercise with the corresponding quartiles.

Tension strains [pStrain] | Compression strains [pStrain] | Angle between My and Mz axis [°]
cImj 508 [372, 704] 1177 1902, 1503] 84 81,87
box jump 2045 [1649, 2496] 3946 [3241, 4638] 77 75,79
run 1338 [1040, 1666] 2963 [2373, 3537 78 [76, 81]
walk 813 [648, 1011] 1736 [1421, 2082 80 |77, 83
stairs up 1094 [898, 1349] 2229 1841, 2656 72 (68, 74
stairs down 1033 [841, 1274] 1991 [1616, 2370] 74 [70,77]

3.4 Discussion

This study aimed to analyze various high-impact exercises and everyday movements on
the proximal femur. These results should provide conclusions on possible preventive
measures for osteoporosis. Motion capture recordings were taken of 211 subjects for these
various exercises, from which the loads were subsequently calculated using musculoskeletal
simulation in the AMS. The conditions for calculating stresses and strains in the femoral
neck based on this were determined using a highly simplified geometry of the cross-section.
This enables good comparability of the loads. Decisive for the correct calculation is the
determined ground reaction forces, which represent the force boundary conditions of the
human body to the environment. For the GRF, the highest values were determined for
the box jump and the run. The CMJ follows in third place. Consequently, the highest
GRFs are not achieved for the two jumping exercises. This study focuses on the effects
of the exercises on the loads in the femoral neck and, therefore, one leg. In contrast to
the box jump and the other exercises, the CMJ is performed on both legs. The impact
of the jump is, therefore, distributed over both legs. This suggests that single-leg or side
alternating high-impact exercises have a greater positive effect on the femoral neck.

If the results of the strain calculations are compared with the values defined by Frost
and Schonau (2000) and Frost (2000) all exercises except CMJ are exceeding 1500 pStrain
and thus promote bone gain/modeling. Here, too, the low value for the CMJ can be at-
tributed to the bipedal execution of the jump. In the supero-anterior region of the femoral
neck, i.e., where the tensile loads act, only the box jump, and the run can exceed this
limit. This result is consistent with the positive effect of high-impact exercises identified
by Vainionpdd (2007) and Vlachopoulos et al. (2018) in their long-term studies. Poole
et al. (2010) investigated the effects of aging on femoral neck bone in women. They found
out that older women had relative preservation of inferior femoral neck bone over seven
years because of the loads of daily activities such as walking or standing. These region is
experiencing higher strain in stance and heel strike. Voo et al. (2004) were also able to
show the positive effect of jumps and races in their FE approaches. Nikander et al. (2009)
reveal that femoral necks of older women are rarely subjected to high impact loads that

are associated with physically active young women with thickened femoral neck cortices.
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They also recommend so-called odd-impact exercises in old age, i.e., walking forward,
backward, and sideward, as these are mechanically less demanding to the body.

However, it is important to consider several points when analyzing and evaluating
this study and the results. It was not possible to simulate or analyze all tests for each
test subject and exercise due to various influencing factors. The movement recordings
in The Captury rely on silhouette/color recognition and background subtraction. The
manufacturer warns that loose clothing may cause tracking issues observed during the
tests. Test subjects wearing very wide trousers or dresses/skirts were excluded from the
analysis and evaluation as the kinematics, visually represented as a skeleton, were not
displayed correctly.

In some cases, the measured kinematics could not be transferred to the kinematics of
the models in the AMR because there were problems in the calculation of the GRF. Since
the forces occurring in the body are calculated via inertia and externally applied forces in
inverse dynamics, the determined ground reaction is a decisive part of the kinetics. This
could be due to a lack of contrast between the test subjects’ footwear and the laboratory
floor /environment. This led to an unstable recognition of the foot kinematics, which
resulted in a trembling of the feet and, thus, an unstable and incorrect calculation of the
ground reaction forces. This can be clearly seen in the data via a difference in the curves
or a curve that resembles measurement noise. These tests were also excluded from the
analysis. Nevertheless, at least 84.4 % of the trials per exercise could be analyzed with a
minimum number of 543 trials or data points per parameter to be analyzed.

Furthermore, the strong simplifications and the assumptions made must be discussed.
The material composition of the femoral neck was approximated with a hollow circle,
in which only the edge with the material properties of cortical bone was assumed as
the cross-sectional area. Of course, the trabecular bone also counteracts the loads on
the femoral neck. Due to the large number of test subjects and the lack of means to
determine the exact bone structures, this simplification was accepted as sufficient. This
study is not concerned with individual results but with a general assessment of the loads.
These structures cannot be determined without CT images. Although finite element
methods provide individual results, they were omitted since this study focussed on a
general assessment. On the other hand, the focus was on a large number of test subjects in
order to support the results statistically. Scaling of cortical thickness and cross-sectional
area according to height, weight, and gender was also avoided, as this could only be
estimated.

It should be noted that the performance of this exercise varies among individuals.
Cyclical exercises, such as walking and running, can be compared effectively as the phases
of the movement can be clearly categorized, allowing for the standardization of a gait
cycle. In this study, a cycle was always selected from the center of the measurement

volume. This approach reduces the risk of analyzing a step that is in the initial or
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deceleration phase, which differs kinematically from the typical gait pattern. In contrast,
individual isolated exercises, such as jumping exercises, make it difficult to distinguish
between exact temporal phases. Some test subjects take longer to jump and find their
balance less quickly upon landing. They may also jump with different forces, resulting
in a different jump height, or have difficulty imitating the exercise in terms of motor
skills. A detailed analysis of these factors is provided in the next chapter. It is important
to consider kinematics on an individual basis. Therefore, multiple trials were recorded
from each subject to analyze and identify patterns or outliers that could go undetected
with fewer repetitions. This strengthens the study’s validity, leading to more robust and
generalizable conclusions.

Even taking into account the aspects above and limitations, this study provides a
relatively simple but effective approach to assessing the loads on the femoral neck during
various exercises. Although the data do not correspond to in-vivo data and do not allow
an individual assessment, they do open up the possibility of comparing different exercises
for preventing osteoporosis in the femoral neck. In this way, even small differences in
muscle recruitment due to different kinematics are made tangible and less susceptible
in this approach. For a generally valid statement, complex FE simulations, for which

significantly more input parameters are required, can thus be dispensed with.

3.5 Conclusion

This study aimed to analyze the impact of various high-impact exercises and everyday
movements on the proximal femur to draw conclusions about preventive measures for os-
teoporosis. Results indicated that most exercises placed the femoral neck under consider-
able strain, potentially promoting bone gain/modeling, except for CM.J, which distributed
impact across both legs. These findings were consistent with previous research highlighting
the positive effects of high-impact activities on bone health, particularly among physically
active individuals. While the study provided valuable insights into femoral neck strains
during exercises, further research is needed to address limitations and validate findings.
Nonetheless, the study contributes to understanding how different exercises impact bone
health and may inform preventive measures for osteoporosis. In the following chapter,
approaches will be discussed as to how the results of this study can be combined with the
results of the first study in order to make the loads more tangible and measurable and

integrate osteoporosis prevention strategies more into everyday life.
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Chapter 4

Merging sensor data and kinetic
parameters - approaches for

preventive feedback systems

This chapter will correlate the accelerations and strains occurring during high-impact
exercises. In addition, prominent parameters that are relevant for feedback systems in
everyday life are clarified. The chapter follows the verification of the hypotheses ” A single
sensor suitable for everyday use is sufficient to record high-impact exercises and interpret
them in terms of the loads on the body” and "It is possible to draw conclusions about

possible strains on the bones purely from the acceleration data”.

4.1 Introduction

In chapters 2 and 3 of this thesis, the accelerations and the strains resulting from various
high-impact exercises and everyday movements were considered separately. This work
aims to combine these two steps and integrate the knowledge generated into everyday
life. After the first of the three hypotheses was answered in Chapter 2, the measured
acceleration data during the high-impact exercises must be analyzed regarding the cal-
culated strains to answer the remaining two questions. That is why the exercises in the
following are limited to the CMJ, box jump, and run. Wearables enable the recording
of acceleration data considered in this work. Acceleration sensors are efficient due to
their size and are now built into almost all mobile phones and smartphones. Strongman
et al. (2023) have conducted a scoping review on the validity and reliability of smart-
phone accelerometers of gait analyses versus motion capture systems, pressure walkways,
and IMUs. The study’s result shows these accelerometers’ high accuracy and reliabil-
ity. Only a closer look at the sampling rate is recommended. As a result, smartphones

and smartwatches offer a simple, cheap, and handy solution for recording and evaluating
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kinematic data. They expand the possible parameters that can be collected to include
health parameters. Masoumian Hosseini et al. (2023) describe in their publication how
effective the recording and monitoring of health parameters can be for the diagnosis and
reporting of symptoms, the early detection of potential health risks and the monitoring of
patients with chronic diseases. However, safety considerations must be considered as most
smartwatches are designed for lifestyle rather than medical diagnosis. Since, according
to an American study, 45 % of smartwatch users use them for activity tracking (Richter
2017), it is necessary to process the data in a well-founded manner and present it to
users in order to address these security concerns and generate added value for the user.
The term feedback system is often used if the purpose is medical, for example, preven-
tive or rehabilitative. The classic way to improve or adapt exercises, whether in sports,
medicine, or physiotherapy, always requires an observer. This means that a therapist or
trainer evaluates the exercise performance and usually gives verbal feedback to the person
performing the exercise. The circle is closed as soon as the person adapts their perfor-
mance based on the feedback. Replacing the person giving feedback with a digital system
that records and evaluates the movement and provides feedback creates new possibilities
for continuous, time-independent, and location-independent monitoring (Pustisek et al.
2021). Feedback systems already offer the possibility of supporting patients in carrying
out targeted exercises during rehabilitation at home (Brennan et al. 2019). In sports, too,
professional and recreational athletes are constantly trying to improve their skills and per-
formance through a wide range of technology, especially wearable technology (Hribernik
et al. 2022). According to Brennan et al. (2019) feedback can be given in different ways.
Brennan et al. (2019) present the different approaches in their review. These can be found

in Figure 4.1.

Audio - direct/indirect Knowledge of results
Visual - direct /indirect Knowledge of performance
Haptic / \

Multimodal Descriptive  Prescriptive

Concurrent Constant
Terminal Reduced
Fading

Figure 4.1: Components of feedback adapted from Brennan et al. (2019)

In medicine, feedback systems are mainly used downstream of surgeries or diagnoses.
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In this work, however, the focus is on preventing osteoporosis, which should already be
used at a young age. A daily impact feedback system can help prevent osteoporosis
by continuously collecting and analyzing movement data to ensure that bones are regu-
larly experiencing sufficient stress. The system may encourage optimal physical activity
through real-time notifications and suggested adjustments, which maintains bone strength
and reduces the risk of bone loss. In addition, such a system raises users’ awareness of the
importance of weight-bearing exercise, which reinforces preventive behaviors in the long
term. In this chapter, the results and findings of the previous two chapters are utilized to
serve as a basis for discussing data quality and implications for further use. It will also
describe how a feedback system for preventing osteoporosis could look. First approaches

will be discussed and evaluated.

4.2 Materials and Methods

In addition to the motion recordings with the markerless optical motion capture system,
acceleration data were recorded in the second study with an IMU sensor (Xsens Dot,
Xsens Technologies B.V., NL) attached to the hip. This positioning was chosen in the
measurement setup and procedure because the sensor could be attached with a Velcro
strap to any subject regardless of clothing (see Figure 4.2). The IMU sensor was con-
tinuously measured at a frequency of 120 Hz across all exercises. The sensor coordinate
system is a right-handed coordinate Cartesian system that is body-fixed to the sensor.
However, it is laborious to record the impacts uniformly with this body-fixed coordinate
system, as the orientation of the sensor in space would also be necessary. This is why
there is an orientation coordinate system in which the accelerations are stored. The local
earth-fixed reference coordinate system is a right-handed Cartesian coordinate system
with X positive to the East, Y positive to the North, and Z positive when pointing up
(Movella Inc. 2022). The accelerations in the Z direction were considered in this study
and are called free accelerations. The data set was divided into the time series of the
individual measurements based on the recording times of the motion capture system The
Captury (CapturyLive v255, The Captury, DE) afterward. There are two ways to analyze
the time series. A time series or single values such as minima/maxima can be analyzed.
In this study, both options will be considered and finally evaluated in terms of feasibil-
ity. All recorded data was extracted with Python (Python Software Foundation; Python
Language Reference; version 3.8.3). Further data processing and analysis were performed
using the Python packages NumPy (v. 1.18.5), Pandas (v. 1.0.5), seaborn (v. 0.10.1),
SciPy (v. 1.7.2) and spmld (v. 0.4.0).
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xsens

Figure 4.2: IMU sensor with velcro strap and the orientation of the sensor coordinate
system (Movella Inc. 2022).

4.3 Comparison of acceleration data

To assess the quality and comparability of the acceleration data over the time series mea-
sured with the IMU sensor, the statistical parametric mapping (SPM) was used (Pataky
2012). SPM offers several advantages to biomechanics and movement scientists. The main
advantage is that no abstraction of the initially sampled time series is required for the
statistical analysis of the data. Here, the recorded time series were tested for statistically
significant differences over their course using random field theory (Pataky 2012; Pataky
2016). In order to compare the acceleration data of the acceleration sensor with the load
data resulting from the simulation data of the AMS, the kinematic input data for the
AMS from the motion capture system must be considered. The data from the sensor is
compared with the acceleration of the skeleton’s root joint, defined in the BVH file, which,

in this case, is the pelvis.

4.3.1 Approaches for comparing the acceleration data

Analysis of time-series

The first step in evaluating the data about a time series is to assess the various exercises’
comparability and identify any patterns. The kinematic input data for the AMS from
the motion capture system was resampled to a frequency of 120 Hz to enable better
comparability of the time series. Afterwards, the data was filtered using a fourth-order
Butterworth filter with a 15 Hz cut-off frequency. The individual time series of the various
test subjects were then analyzed with the aid of dynamic time warping (DTW) (Miiller
2007) and equated to the extreme points that occurred. Mean value curves and their

standard deviation could now be formed. These mean value curves were correlated for
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each time series and then analyzed for significant differences over time using SPM (Two-
sampled, two-tailed T-Test). The complete methodological procedure is shown in the

following diagram applied to the box jump data (Figure 4.3).

29



Acceleration data from
markerless motion capture

Acceleration data from IMU
sensor

Resampled Raw Data

Acceleration [¥9.81m/s?]

100 200 300 400 500

oA

10

5]

ol

s |

104
0 200 400 600 800

|

Low-Pass Filter + Dynamic Time Warping

Acceleration [¥9.81m/s?]
o

4

0 20 40 60 80 100 120 140 0 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 80

Mean Value + Standard Deviation, SPM

Acceleration [¥9.81m/s?]

Frame

Figure 4.3: Methodological procedure for the comparison of acceleration data. The accel-
eration data of the markerless motion capture system is shown on the left, and that of the
IMU sensor on the right. The data is first smoothed using a Butterworth filter and then
analyzed with dynamic time warping and equated to the extreme points that occurred.
The last row shows the mean curves with the standard deviation on the left-hand side
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and the SPM (two-sampled two-tailed T-test) on the right-hand side.
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Analysis of single values

As the impacts are relevant to the prevention of osteoporosis, the isolated maximum
acceleration values of both systems are considered in the next step. For this purpose,
the raw data from the time series observation was used. Now, all maximum values of
the acceleration data of both measurement conditions are compared individually for each
subject and test and separated by exercise. The results are visualized and evaluated for
each in a Bland-Altman plot, a graphical method for evaluating the agreement between

two different measurement conditions or methods.

4.3.2 Results

Analysis of time-series

The time series for the acceleration data of both systems were analyzed separately with
SPM for the different exercises. The t-value here shows the strength and direction of the
effect at each point. A high positive t-value means that the acceleration data of the IMU
sensor has significantly higher values than the acceleration data of the motion capture
system. A high negative t-value indicates the opposite. The dashed lines are significance
thresholds that indicate the statistical significance threshold (e.g., t-value at p=0.05). If
t-values exceed these lines, the effect is statistically significant. The results are visualized

in Figure 4.4.
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Figure 4.4: SPM results for different exercises. The left side shows the mean curves with
the standard deviation for the acceleration data coming from the different systems. The
right side shows an SPM (two-sampled two-tailed T-test).

For the CMJ, the t-values are above the statistically significant limit value of t=3.260
over the majority of the time course. Consequently, the acceleration data of the IMU
sensor are above those of the motion capture systems. This only changes in the area of
impact. For the box jump, the determined t-values also exceed the statistically significant
limit value of t=3.197 most of the time. For the take-off and landing, i.e., the impacts,

the t-values are in the negative range. The amount of t-values is lowest in the landing
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area. For the run, the t-values determined fluctuate between positive and negative. The
threshold here is t=3.445.

In a broad comparison, the acceleration data of the IMU sensor consistently registers
higher values. However, it’s important to note that in the impact areas, the t-value
decreases, and the direction changes to negative, indicating a unique characteristic of the
IMU sensor in these specific scenarios. The clearly different curves of the two measuring

systems can also be recognized in the mean value curves.

Analysis of single values

Bland-Altman plots were used to compare the isolated maximum acceleration values. The
bias indicates the average systematic difference between the two measurement conditions.
Limits of Agreement (LoA) show the range in which approximately 95 % of the differences
should lie. A positively increasing trend line shows that the differences become more
significant with increasing mean values, which indicates a proportional bias. Suppose
the trend line runs through both positive and negative differences. In that case, this
means that the first method provides lower values at low mean values than the second
method (negative differences). The first method provides higher values than the second
method (positive differences) at high mean values. The Bland-Altman plots for all three
exercises are shown in the Figure 4.5. A rising straight line can be seen for the CMJ.
The average difference between the methods is 1.33. Isolated outliers can be recognized.
In general, the straight line is mainly in the positive range. A rising trend line has also
been determined for the box jump. Here, the average difference between the methods
is as high as 2.82. A rising trend line was also determined for the run, with an average
difference between the methods of 1.34. However, the difference between the methods at
higher mean values is partly fan-shaped, which means that the motion capture system
delivers higher acceleration data than the IMU sensor in the case of isolated outliers. To
summarise, the IMU sensor records significantly higher values for the acceleration data

than the markerless motion capture system.
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Figure 4.5: Bland-Altman plots for isolated maximum acceleration values for the different
exercises. The determined data points might be described with a linear trend line.

4.3.3 Discussion and Conclusion

This section analyzed two methods for comparing the acceleration data of the IMU sensor
and the motion capture system. The aim here was to determine whether the measured
kinematic data of the two systems match to form a basis for deriving and evaluating
the kinetic data. The first approach to comparing the time series provided significant
deviations over most sections considered for all exercises. This difference is also visually
recognizable when comparing the mean value curves. The standard deviations around
the mean value for the motion capture system are lower for all exercises than for the
IMU sensor. Despite the visual differences, SPM was used to quantify differences between
groups or conditions using statistical tests. It also allows specific regions or time points
to be identified where significant differences occur that might be missed in a simple visual
inspection, increasing the sensitivity of the observation. The curves for all exercises also
correspond more closely to the acceleration curves assumed in theory due to gravity. This
may be because the motion capture system’s acceleration data for the pelvis is taken
from the position of raw data. Another point is processing the raw data using DTW

and Butterworth filters to synchronize the salient points of the impacts. Without this
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procedure, it would be difficult to compare the time courses since the duration, jump
height, speed, or correct execution strongly influence the acceleration curve. However,
this causes distortions in the data that influence the course of the mean value curves.
However, the mean values of both systems were relatively close to each other in the area
of impact. Therefore, the maximum accelerations at the time of impact were analyzed in
isolation in the next step. Bland-Altman plots were used for this. This type of diagram
is mainly used to compare different measurement conditions. Viecelli et al. (2020) have
already compared smartphone acceleration data with that of a video-based motion capture
system for a weight stack to extract single repetition, contraction-phase specific, and
total time under tension (TUT) during resistance exercise training and found a very
good match. The evaluation in this study showed that the IMU sensor records much
higher values for the acceleration data than the markerless motion capture system. One
explanation could be the higher sampling rate of 120 Hz for the IMU sensor compared to
the 60 Hz of the markerless motion capture system. Furthermore, it needs to be made
clear which processing steps are taken between the camera-based kinematic recording of
the test subject and the export of a 3D model in the form of a motion data file. Another
point that could explain the large differences in how the IMU sensor is attached is that it
is attached using a Velcro strap that contains a small pocket where the sensor is placed.
The sensor could have shifted in this pocket during the measurement or not recorded
the actual accelerations caused by the impact, but those caused by the sensor slipping.
As Wilhelm and Weidt (2011) report in their article, measurements with acceleration
sensors on the human body show exactly these observed problems. Depending on how
the sensor is attached to the body, the sensor can be subject to superimposed vibrations.
If the sensor is attached to clothing, the measurement data is challenging to reproduce.
However, even if the sensor is attached directly to the skin, the skin can vibrate, leading
to incorrect curves. This is comparable to the Velcro tape of the IMU sensor.

In summary, the significant measurement discrepancies stem from the potential for
the IMU sensor to shift within its Velcro strap pocket, resulting in inaccurate data. This
underscores the importance of secure sensor attachment for ensuring reliable and repro-
ducible outcomes. Additionally, caution is advised when handling IMU acceleration data
to mitigate inaccuracies. Therefore, the IMU sensor acceleration data will not be consid-
ered further in the following section. The focus will be on the acceleration data obtained

from the motion capture system for comparison with the simulated strains.

4.4 Merging acceleration and strain data

In order to implement the feedback system, specific input parameters must be calculated,
determined or assigned for specific output parameters. In this case, the recorded accel-

eration data from the motion capture system serves as input for the feedback system.
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The strains on the femoral neck will be calculated from this acceleration data and then

evaluated.

4.4.1 Methodology

A simple method is to calculate a correlation coefficient. The Pearson coefficient is used
in this chapter, as in chapter 2, And measures the strength and direction of a linear
relationship between two variables. The reason for using it here is that it is easy to
interpret and does not depend on the scaling of the data. When comparing the acceleration
and strain data, a linear relationship is assumed, which can be well represented by the
coefficient, i.e., at higher accelerations or impacts, the strains on the femoral neck are also
higher. The influence of other subject- and test-specific parameters, such as body weight,
jump height, and speed, on the result is also analyzed. The speed during a run might
influence the strains on the femoral neck, as faster running speeds result in greater ground
reaction forces. In a countermovement jump, the jump height may be significant since
higher jumps might involve more forceful landings, possibly exerting greater strain on
the femoral neck. Generally, body weight is presumed to affect all high-impact activities,
as greater mass might lead to higher forces during movement, potentially increasing the
mechanical load on the bones and joints. These considerations highlight the importance
of evaluating different parameters when assessing the stress on the femoral neck in various
physical activities. The parameters are visualized with color scales to make the influence

recognizable.

4.4.2 Results

Low values could be achieved for the correlations, according to Pearson (p), for all three
exercises. For the strains in the femoral neck caused by compression, the values were
p = 0.34 for the CMJ, p = 0.23 for the box jump, and p = 0.22 for the run. For the loads
in the femoral neck caused by tension, the values were p = 0.27 for the CMJ, p = 0.22
for the box jump, and p = 0.29 for the run. All values were significant (two-sided t-test,
p < 0.05). Since the scatter around the regression line was very high, various parameters
that could be related to the exercises were examined. The parameters of body weight,
jump height, and speed normalized in the direction of movement were reviewed in more
detail. Figure 4.6 shows the graphs for the loads caused by tension as an example. Higher
jump heights in the CMJ are often reached with greater accelerations. For box jumps, the
body weight of the individual is a key factor affecting the strains on the femoral neck, with
heavier weights leading to higher strains. Additionally, as running speed increases, so do
the accelerations in the direction of gravity. All other graphs can be found in Appendix B.
The following can be seen from this. In all exercises, both for the strains caused by tension

and compression, the body weight has a decisive influence on the strain level. A tendency
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can also be seen in the jump height, which is the maximum height the foot raises when
running. Higher jump heights lead to higher accelerations. The speed/velocity parameter

is mainly an influencing factor when running, leading to higher accelerations.
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Figure 4.6: Pearson correlation between acceleration data and strains on the femoral neck
for all exercises. The line indicates the best-fit linear regression line.

4.4.3 Discussion and Conclusion

The Pearson correlation coefficient did not reveal any clear correlation between the accel-
eration of the pelvis in the direction of gravity and the strains achieved in the femoral neck.
However, the additional consideration of the parameters of body weight, jump height, and
speed in the plane provided insight into possible correlations. Also, to enable the calcula-
tion of the loads, major simplifications were made in the musculoskeletal models to allow
the calculation of 211 test subjects. No anatomical adjustments were made regarding
the exact cross-section of the femoral neck. The data available in the literature could
be more straightforward. The most accurate method involves adapting the models using
anthropometric data from imaging procedures, which is a very time-consuming process.

In this study, many test subjects were preferred over individual model adaptations due to
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the lack of appropriate measuring equipment. Additionally, this approach allowed for the
simulation of more test subjects. In conclusion, it can be said that it is not possible to
derive strains purely from acceleration data with the available data, but the approaches

described offer potential for further investigation methods.

4.5 Approaches for feedback systems

In the introduction different types of feedack are discussed. Depending on the application,
target parameters, or suitability for everyday use, different approaches can be used here.
Based on the literature and the results of this work, two different approaches were tested
during this project. The feedback systems only deal with the kinematic input parameters
and provide feedback on the impacts on the body. Kinetic data or strains on the femoral

neck were initially omitted, as no validated implementation was possible at that time.

Visual feedback

Visual feedback systems integrated with gamification offer significant advantages in vari-
ous contexts, particularly educational and training environments. These systems enhance
user engagement and motivation by employing gamified elements such as progress bars and
interactive visuals. Research indicates that gamification can effectively promote learning
outcomes by providing immediate feedback on performance, which facilitates iterative im-
provement and goal attainment (Dichev and Dicheva 2017; Mazeas et al. 2022). Moreover,
the visual representation of progress and achievements helps users track their development
more intuitively and encouraging continued participation. In this approach pelvis accel-
erations in the direction of gravity were evaluated to compare the kinematic data. The
markerless motion capture system used makes it possible to stream this data and all
joint angles live via a network interface. Another programme can then access these. In
this approach, visual feedback from the user was chosen. With the help of the Unity
game engine (Unity Technologies, San Francisco, USA), this data stream was accessed
and transferred to an avatar. Figure Figure 4.7 shows an example of what the feedback
system for a DJ looks like. Next to the avatar is a green bar that grows larger depending
on the acceleration of the pelvis during landing. The maximum value reached is marked
with a red line, and the value is on the bar. Next to the bar, various values for maximum
acceleration on the pelvis during different exercises are adapted from the literature with
a reference value of 1.5 g for walking at v = 4 km/h and 3 g for running at v = 10 km/h.
The marked value can be reset to zero using a reset button. This feedback system also
offers the potential to display kinetic parameters visually. In the future, corresponding
methods could also be used to display the strains on the femoral neck. Until then, it has

been possible to arouse interest and awareness of the need for more high-impact exercises
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in everyday life at public events. In addition, the system offered the user an assessment

of the accelerations experienced by the body during various movements or exercises.

Walking 4 km/h

Figure 4.7: User interface of the visual feedback system. The motion data from the
motion capture system is streamed into the Unity game engine, where it is analyzed and
evaluated. The green bar indicates the maximum acceleration measured on the pelvis.

The visual feedback system brings gamification and a simple, clear user interface.
The disadvantage, however, is the handiness and the costs. The system can currently
only be used with the markerless motion capture system used. One approach for further
applications would be to implement this system in a mobile app that accesses the camera
and uses it to capture motion data. Move.ai (Move.ai, London, UK), for example, already
allows the collection of motion data using a smartphone. However, this implementation is
also not very handy and only records the impacts during use. Therefore, another approach

was also pursued during this project.

App-based feedback

As mentioned, the ownership and use of smart devices and smartphones is increasing. The
technology built into them makes it possible to record acceleration data. Therefore, the
approach was to use an smartphone app to access, permanently record, and evaluate the
sensor data. Similar to visual feedback, thresholds for acceleration values are stored here.
As soon as these are exceeded, these high values should be stored and available for viewing
on demand at any time. This should be able to track the impacts on the body over the
day. In summary, you will then receive the values for each day, and you can see which days
you were more or less active, similar to a pedometer. This idea was implemented but still
requires further adjustments. However, what has become apparent in this doctoral thesis
is that the values of these acceleration sensors often need to be revised. In addition,

the smartphone is even less fixed in this application than the IMU in the movement

69



study. Swinging up and sliding around in your pocket are enormous disadvantages of
this system, which could, however, be minimized or even avoided by improved analyses
and further developed models for evaluating the acceleration data. Another point is the
high measurement accuracy and sampling rate required for these impacts, which remains
system-dependent. Furthermore, the type of exercise or movement must be recorded or
determined based on the loads on the femoral neck. As the results in chapter 3 show,

whether an exercise is performed with both legs or with one leg is crucial.

4.6 Discussion

Estimating kinetics from inertial sensor data through musculoskeletal movement simula-
tions is a promising approach for accurate motion analysis. In this work, high-impact
exercises were considered. Acceleration data on the pelvis in the direction of gravity
were measured and compared using an IMU sensor and a markerless motion capture
system. Research has shown that integrating sensor-to-segment calibration methods in
musculoskeletal models significantly improves the accuracy of joint kinematics estima-
tion, ensuring consistency with gold standard motion capture systems (Di Raimondo et
al. 2022). Sparse sensor setups, particularly those including a pelvis sensor, have been
found to enhance the reconstruction quality of spatiotemporal, kinematic, and kinetic
variables during walking and running, offering usability with minor reductions in accu-
racy (Dorschky et al. 2023; Nitschke et al. 2024). Although running movements were also
investigated here, in contrast to the literature, no good agreement between the two sys-
tems could be found, neither in terms of time course nor individual maximum acceleration
values. It should be mentioned, however, that in this work, only the acceleration in the
fixed spatial direction was examined, namely in the direction of gravity, to simplify the
condition and thus to approach smart devices worn in everyday life. Under this applica-
tion, laboratory conditions cannot be assumed. Another critical point for the use of IMUs
in everyday life is the already discussed fixation of the sensors. Swinging up and slipping
are already observed phenomena that make it difficult to interpret the measured values.
No clear conclusion could be drawn from the combination of kinematic and kinetic data.
However, methods of artificial intelligence and deep learning are promising. Developing a
novel deep learning model for predicting joint moments and ground reaction forces using
IMU sensors has demonstrated high accuracy across diverse subjects and walking con-
ditions, outperforming existing deep learning models significantly (Hossain et al. 2023).
Further studies using the available data should, therefore, be sought. If it is possible to
correlate the kinematic and kinetic data, the approaches presented here provide a rea-
sonable basis for developing feedback systems suitable for everyday use. Therefore, the
goal of implementing preventive measures against osteoporosis or other musculoskeletal

diseases is still possible.
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Chapter 5
Discussion

This work aimed to collect, correlate, analyze, and make accessible, relevant data for
preventing osteoporosis in everyday life. These individual steps were processed and dis-
cussed in different sections. First, recorded accelerations from high-impact exercises at
various points on the body, which correspond to typical positions of smart devices, were
evaluated in a study with 49 subjects. A further study simulated high-impact exercises on
211 subjects using musculoskeletal models, and the loads on the femoral neck were calcu-
lated. Finally, the results of the first and second studies were compared, and similarities
were sought. Based on this, initial approaches for feedback systems on the prevention of

osteoporosis were developed and discussed. Three hypotheses guided this work.

The first hypothesis to be investigated was ”The accelerations measured at the hip
can also be measured at typical wearables positions”. Previous studies (Vainionpaa 2007;
Vainionpéd et al. 2007) that had already looked into the topic of osteoporosis prevention
were able to derive certain limit values for accelerations measured at the hip. This study
was used to integrate these findings into everyday life. The first study’s results showed
that the accelerations measured at the pelvis during jumping exercises can be very well
measured at the upper body and the upper extremities. In particular, the positions of
typical smart devices such as smartwatches or chest straps provided very good matches. It
is essential to ensure that the exercise is performed correctly according to the instructions

to ensure comparability.

The second hypothesis, ” A single sensor suitable for everyday use is sufficient to record
high-impact exercises and interpret them in terms of the loads on the body”, was examined
in the next step. The acceleration data of an IMU sensor was compared to the acceler-
ation data of a markerless motion capture system - dealing as input for musculoskeletal
simulations - during high-impact exercises to determine their kinematic data alignment.
The time series comparison showed significant deviations, with the motion capture sys-

tem providing more accurate data due to lower standard deviations and better theoretical

71



alignment. Maximum accelerations at impact were closer between systems, but the IMU
sensor recorded higher values, likely due to a higher sampling rate and attachment issues.
Therefore, the hypothesis cannot be confirmed with the approaches and methods used.
It might be possible that a connection can be established with more complex algorithms

or other physical or mathematical models. This requires further investigation.

To test the third hypothesis, "It is possible to draw conclusions about possible strains
on the bones purely from the acceleration data”, the high-impact exercises and the loads
on the femoral neck were first simulated using musculoskeletal models. A distinction was
made between the strains occurring due to compression and tension. The values were
calculated by simplifying the boundary conditions. They could then be compared with
the maximum acceleration values at the pelvis. A Pearson correlation did not provide
any clear results. However, it was possible to show that the loads of the exercises are
dependent on certain parameters. For example, body weight plays a decisive role in the
loads that occur in the femoral neck. Therefore, it seems likely that further parameters
are needed to derive kinetic parameters from acceleration data. These must first be de-

termined and tested in future work.

Even though many subjects have already taken part in these studies, the number of
subjects needs to be increased to conduct a more comprehensive analysis and use artificial
intelligence methods. Some of the data collected is lost due to faulty measurements by the
IMU sensor, clothing prone to errors when using the markerless optical motion capture
system, and problems when transferring the kinematic data to the musculoskeletal models.
It can be said that this study already has a high number of subjects in the field of
biomechanics. This is facilitated by the uncomplicated movement data collection using
the novel markerless motion capture system. Here, it is possible to measure the subjects
in their clothes, thus generating a setup that is as natural and close to everyday life as
possible despite laboratory conditions. It was clear from the first and second studies
that non-cyclical exercises are challenging to normalize. To be more precise, this means
that the subjects performed the jumping exercises in the studies in very different ways.
Although the exercises were explained and demonstrated before the subjects performed
them, there were apparent differences in how they were carried out. For example, the jump
exercises were performed at different speeds, the starting positions differed in some cases,
and the effort put into the jumps led to different jump heights. The exercise sequences
were attempted to be approximated using DTW and Butterworth filters. This can only
be done downstream and based on the entire data set, which minimizes the suitability
for everyday use and makes it impossible to consider the time series. One possibility
for obtaining unambiguous data in future applications would be creating explanatory

videos or precise training for the exercises. Recognizing specific exercises similar to a step
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counter is almost impossible when recording continuously using an IMU. The observation
of individual values provided a more tangible result. However, a difference between the
measurement systems can be seen. More literature is also needed regarding the best
sampling rate for different measurement systems for high-impact exercises. Riddick et al.
(2023) successfully developed an approach for estimating human spine orientation with
inertial measurement units (IMU) at a low sampling rate. However, the result cannot be
transferred to fast movements, and the measured impacts of the results require further
research. The exercises considered in the first study, SJ, CMJ, and DJ, were replaced by
a CMJ, box jump, and a run in the second study. The reason for this was the similarity of
the SJ and CMJ. In addition, all three exercises were followed by a landing on both legs
and were based on the studies by Vainionpéé (2007) and Vlachopoulos et al. (2018). The
box jump and run were chosen to test one-sided loads and more everyday situations, which
proved to be very positive in terms of the results for the prevention of osteoporosis. Several
insights can be gained from this work. On the one hand, accelerations acting on the pelvis
during high-impact exercises can be tracked very well at typical smart device positions,
such as the wrist or chest. In addition, it is possible to determine loads confirmed as
preventive against osteoporosis because they stimulate bone maintenance and formation
using musculoskeletal models. These simulations make it possible to explain the cause
behind the effects determined by in vivo measurements. The calculations have shown that,
in addition to the strains caused by compression in the inferior region of the femoral neck,
high-impact exercises, unlike everyday movements, also cause high strains in the superior
region due to tension. Finally, it should be mentioned that these high-impact exercises
are difficult to measure over time using IMUs. Individual value analyses of significant
points, such as the maximum accelerations, can be better recorded and determined in
this work. A derivation of the kinetic parameters determined in this work purely from the
acceleration data could not be confirmed. Nevertheless, relevant points and approaches

have emerged on which future research work can be built.
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Chapter 6
Conclusion

The risk of developing musculoskeletal diseases decreases with decreasing physical activity
and, consequently, with increasing age. However, regular high-impact exercise can help
maintain bone density and increase bone formation even at a young age. Often, a lack
of information on this topic or even an awareness of what a good amount of exercise is
leads to failure. Smart devices such as smartphones and smartwatches, which have seen a
massive increase in popularity in recent years, can make a positive contribution here in the
form of feedback systems. This work examines the steps necessary to create a preventive
feedback system and then evaluates them. Both measurable and previously only calculable
variables using musculoskeletal simulations were considered and examined in depth. Two
movement studies supported the work. These showed that precisely these smart device
positions are well suited to measuring the impacts in the form of accelerations on the body,
which can also be measured on the pelvis. In addition, the musculoskeletal simulations
offer the opportunity to better understand biological mechanisms. The results of the
second study suggest that the preventive effect of high-impact exercises is caused by the
pronounced stresses caused by tension in the superior region of the femoral neck, more so
than in everyday movements. Even though the combination of kinematic and kinetic data
presented some difficulties, it was shown that individual maximum accelerations are better
suited as measurement variables than entire time series. This study also demonstrated
the strength of the new markerless optical motion capture systems. These enable many
subjects to be tested with high accuracy, thus providing a broader cross-section of the
population. This work provides a sound basis for further research on the prevention of

osteoporosis and other age-related musculoskeletal diseases.
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Appendix A

Supplementary material to chapter 3

Listing B.1: Excerpts from the AMS code for calculating the cutting forces and moments
in the femoral neck

AnyRefNode FemurHeadNode =
{

sRel = 0.5 (. VastusLateralisSuperior2Node.sRel+.HipJointAnatomicalFrame.sRel);
AnyDrawRefFrame drws = {ScaleXYZ = {1,1,1}*0.3;RGB={1,1,0};};
ARel = RotMat(—2x.RotAngle+(5+pi/4),x);

b

AnyForceMomentMeasure2 FemurForceMomentHip = {

RefPoint = &Main. HumanModel . BodyModel . Right . Leg. Seg . Thigh . FemurHeadNode;
IncludeSegments = {&Main.HumanModel. BodyModel. Right . Leg. Seg. Thigh };

IncludeForces = {
&Main . HumanModel . BodyModel . Right . Leg . Mus. SoleusMedialis1 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. SoleusMedialis2 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. SoleusMedialis2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. SoleusMedialis3 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. SoleusLateralisl ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. SoleusLateralis2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. SoleusLateralis3 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GastrocnemiusLateralisl |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GastrocnemiusMedialis1 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. FlexorDigitorumLongus1 ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. FlexorDigitorumLongus2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. FlexorDigitorumLongus3 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. FlexorHallucisLongus1 ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. FlexorHallucisLongus?2 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. FlexorHallucisLongus3 ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. TibialisPosteriorLateralisl ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. TibialisPosteriorLateralis2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. TibialisPosteriorLateralis3 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. TibialisPosteriorMedialis1 |
&Main . HumanModel . BodyModel . Right . Leg.Mus. TibialisPosteriorMedialis2 |
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&Main . HumanModel . BodyModel . Right . Leg .Mus. TibialisPosteriorMedialis3 |
&Main . HumanModel . BodyModel . Right . Leg.Mus. TibialisAnteriorl ,

&Main . HumanModel . BodyModel . Right . Leg.Mus. TibialisAnterior2 ,

&Main . HumanModel . BodyModel . Right . Leg.Mus. TibialisAnterior3 ,

&Main . HumanModel . BodyModel . Right . Leg.Mus. PeroneusBrevis1 |

&Main . HumanModel . BodyModel . Right . Leg . Mus. PeroneusBrevis2 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. PeroneusBrevis3 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. PeroneusLongusl1 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. PeroneusLongus2 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. PeroneusLongus3 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. ExtensorDigitorumLongus1 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. ExtensorDigitorumLongus2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. ExtensorDigitorumLongus3 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. ExtensorHallucisLongus1 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. ExtensorHallucisLongus2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. ExtensorHallucisLongus3 |
&Main . HumanModel . BodyModel . Right . Leg.Mus. VastusLateralisInferiorl ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusLateralisInferior2 ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. VastusLateralisInferior3 ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. VastusLateralisInferior4 ,
&Main . HumanModel . BodyModel . Right . Leg. Mus. VastusLateralisInferior5b ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusLateralisInferior6 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusLateralisSuperiorl |,
&Main . HumanModel . BodyModel . Right . Leg.Mus. VastusLateralisSuperior?2 ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. VastusMedialisInferiorl |,
&Main . HumanModel . BodyModel . Right . Leg.Mus. VastusMedialisInferior2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusMedialisMid1 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusMedialisMid?2 |

&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusMedialisSuperiorl |
&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusMedialisSuperior?2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusMedialisSuperior3 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusMedialisSuperior4 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusIntermediusl1 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusIntermedius2

&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusIntermedius3 |

&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusIntermedius4 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusIntermediusb ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. VastusIntermedius6 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. RectusFemoris]1 |

&Main . HumanModel . BodyModel . Right . Leg . Mus. RectusFemoris2 |

&Main . HumanModel . BodyModel . Right . Leg . Mus. Semitendinosusl1 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. Semimembranosusl ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. Semimembranosus2 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. Semimembranosus3 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. BicepsFemorisCaputLonguml ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. BicepsFemorisCaputBrevel
&Main . HumanModel . BodyModel . Right . Leg . Mus. BicepsFemorisCaputBreve2 ,
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&Main . HumanModel . BodyModel . Right . Leg . Mus. BicepsFemorisCaputBreve3 ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. Sartorius]1 |,

&Main . HumanModel . BodyModel . Right . Leg.Mus. [liacusLateralisl |

&Main . HumanModel . BodyModel . Right . Leg.Mus. [liacusLateralis2 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. IliacusMid1 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. IliacusMid?2 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. IliacusMedialis1 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. [liacusMedialis2 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMinimusAnteriorl |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMinimusMid1 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMinimusPosteriorl ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusAnteriorl ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusAnterior2 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusAnterior3 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusAnterior4 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusAnterior5 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusAnterior6 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusPosteriorl ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusPosterior2 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusPosterior3 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusPosterior4 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusPosterior5 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMediusPosterior6 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusSuperiorl |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusSuperior2 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusSuperior3 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusSuperior4 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusSuperiorh |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusSuperior6 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusInferiorl |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusInferior2 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusInferior3 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusInferior4 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusInferior5 ,
&Main . HumanModel . BodyModel . Right . Leg . Mus. GluteusMaximusInferior6 ,
&Main . HumanModel . BodyModel . Right . Leg.Mus. TensorFasciaeLatael |
&Main . HumanModel . BodyModel . Right . Leg . Mus. TensorFasciaeLatae2 |
&Main . HumanModel . BodyModel . Right . Leg . Mus. Piriformis1 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. Gracilis1 |

&Main . HumanModel . BodyModel . Right . Leg . Mus. Gracilis2 |

&Main . HumanModel . BodyModel . Right . Leg . Mus. AdductorLongus]1 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. AdductorLongus?2 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. AdductorLongus3 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. AdductorLongus4 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. AdductorLongush ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. AdductorLongus6 ,

&Main . HumanModel . BodyModel . Right . Leg . Mus. AdductorMagnusDistall |
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IncludelnertiaForces = On;

IncludeGravity = On;

CutSystem = On;

CutSystemNormal = y
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PML5.TM,
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Jnt.Hip. Constraints . Reaction

Listing B.2: Python code for calculating occuring stress and strain in the femoral neck as

well as visualization

import time

start_time=time. time ()

import
import
import
import
import
import os
import
import
import
import
import

import

numpy as np
h5py

anypytools.hbpy_wrapper as hbpy2
mvnx

glob

matplotlib.pyplot
pandas as pd
detecta

math

seaborn as sns

matplotlib.colors

as plt

as 1mc

from pathlib import Path

from scipy.signal import

from pickle import dump,

load

find_peaks
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from scipy import stats

from numpy import log as In

anthro_data=pd.read_excel (r’Anthropometrische-Daten.xlsx )

for i in range(0,len(anthro_data)):

if anthro_data.iloc[i,0] = ’weiblich’:
anthro_data.iloc[1,0]="1"

else:
anthro_data.iloc[i,0]="m’

for i in range(0,len(anthro_data)):
if anthro_data.iloc[i,5] == ’links’:
anthro_data.iloc [i,5]="1left’
else:
anthro_data.iloc[i,5]="right’

anthro_data [ ’bmi’]=anthro_data[’weight’]/((anthro_data [ height’]/100) %x2)

anthro_data.index = [anthro_data[’ID’]]

subjects=list (anthro_data[’ID’])
subjects=list (map(str, subjects))

exercises = [’ecmj’, ’boxjump’, ’run’, ’'walk’,’stairs’]

exercises2 = [’cmj’, ’boxjump’, ’run’, ’'walk’, ’stairs_up’, ’stairs_down’]
timestep=0.01666666667

cat=["CUT’ ]

CAT LABELS={’CUT’: ’Free-Cut-Forces’}

CATDICT={’CUT’: [’Cut_Hip_.FX’,’Cut_Hip_.FY’,’Cut_-Hip_-FZ’,’Cut_Hip-MX’ ,’
Cut_Hip MY’ ,’ Cut_Hip_MZ’ , *Cut_Mid_FX ’, >Cut_Mid_FY ’ , > Cut_Mid_FZ’ ,’
Cut_Mid MX’ ,’Cut Mid MY’ , ’Cut_Mid_MZ’ ,’ Cut_Knee_ FX’ , ’Cut_Knee FY "’ ,’
Cut_Knee FZ’,’Cut_Knee MX’ ,’Cut_Knee MY’ , "Cut_Knee_ MZ ']}

CATDICT2={"CUT’: [’Cut_Hip.FX_Pos’,’Cut_Hip_.FY_Pos’,’Cut_Hip_FZ_Pos’,’
Cut_Hip_-MX_Pos’,’Cut_Hip_- MY _Pos’, ’Cut_Hip_-MZ_Pos’, ’ Cut_Mid_FX_Pos’,’
Cut_Mid_FY_Pos’, Cut_Mid_FZ_Pos’, ’Cut_Mid_MX_Pos’,’ Cut_Mid_MY _Pos "’ ,’
Cut_Mid_MZ Pos’,’ Cut_Knee FX_Pos’,’Cut_Knee FY_Pos’, Cut_Knee_ FZ_Pos’,’
Cut_Knee_ MX_Pos’, ’Cut_Knee_ MY _Pos’,’Cut_Knee_ MZ _Pos’,

"Cut_Hip_.FX_Neg’, Cut_Hip_FY_Neg’,’Cut_Hip_FZ_Neg’,’
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Cut_Hip-MX_Neg’,’Cut_Hip. MY _Neg’,’Cut_Hip_MZ_Neg’ .’
Cut_Mid_FX_Neg’, Cut_Mid_FY_Neg’,’ Cut_Mid_FZ_Neg’,’
Cut_Mid_-MX_Neg’ ,’Cut_-Mid-MY _Neg’,’Cut_Mid_MZ_Neg’ ,’
Cut_Knee FX_Neg’,’Cut_Knee FY_Neg’, Cut_Knee_ FZ_Neg’,’
Cut_-Knee_MX_Neg’,’Cut_Knee_ MY _Neg’,’Cut_Knee_MZ_Neg’]}

CAT_YAXISLABELS={’CUT’: ’Free-Cut-Forces/Moments- [«BW] ’}

PLOT LABELS={’Cut_Hip_.FX ’: ’Force -Femur - Neck -X’ ,
"Cut_Hip_FY ’: ’Force-Femur-Neck-Y’,
"Cut_Hip_FZ’: ’Force-Femur-Neck-Z’,
"Cut_Hip-MX "’ : ’Moment - Femur - Neck -X’ |

"Cut_Hip-MY ’: ’Moment - Femur - Neck-Y "’ |
"Cut_Hip-MZ’: Moment - Femur - Neck-Z’ ,}

with open(r’Files/Traillist_delete.txt’) as f:

lines = f.readlines ()

with open(’ALLDATA.pkl’, ’rb’) as f:
ANYBODY = load (f)

good_trials = []

for i in range(0,len(lines)):

good_trials.append ([lines [i][0:6],lines[i][7:—3],lines [i][—2:—1]])

def stress_neck_combined (N,Mx,Mz,z,x):
D=35
d=30
A=math. pi*((D/2)**2)—math.pi*((d/2)*x2)

x=0.5%x

z=0.5%x
I=(math.pi *((Dx*4)—(d*x4)))/(64)
stress=N/A+((Mx) /1) xz—((Mz) /1) xx

return stress

def stress_neck_isolated (N,M,D,d):
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def

STRESS=pd . DataFrame (columns =[’exercise’,’subject’, ’trial’,
Moment’, ’value’])
for EXERCISE in exercises2:
if EXERCISE = ’run’ or EXERCISE = ’walk ’:
trials=["1",72",73","4"]
else:

A=math. pi*((D/2)**2)—math.pi*((d/2)*x2)
x=0.5+D

I=(math.pi *((Dxx4)—(d*x4)))/(64)
stress=N/A+((M) /1) x*x

return stress

strain(stress):
E=19000
epsilon = (stress/E)%1000000

return epsilon

trials=["1",72",73"]

for SUBJECT in subjects:

for TRIAL in trials:
try:

stress_neck_MX _pos=]

stress_.neck_MX _neg=

]
(]
stress_neck_MZ_pos=][]
(]

stress_neck_MZ _neg=

) )

"direction ’,

for i in range(0, len(ANYBODY[SUBJECT|[EXERCISE][TRIAL]. loc

[ 7t7])):

temp_neck_-MX_neg=stress_neck_isolated (ANYBODY[SUBJECT] |
EXERCISE] [ TRIAL] . loc [i , ' Cut_Hip_Rot_FY '] ,ANYBODY|
SUBJECT] | EXERCISE | [ TRIAL] . loc [ i, ’Cut_Hip_Rot_MX’
1%1000, —35,30)

stress_neck_MX _neg.append (temp_neck_-MX_neg)

temp_neck_MX_pos=stress_neck_isolated (ANYBODY[SUBJECT] |
EXERCISE] [TRIAL] . loc [i , ’Cut_Hip_Rot_FY '] ,ANYBODY|
SUBJECT ] [EXERCISE] [ TRIAL] . loc [i , * Cut_Hip_Rot_MX’
1%1000,35,30)
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stress_neck_MX _pos.append (temp_neck_ MX _pos)

temp_neck_MZ_pos=stress_neck_isolated (ANYBODY[SUBJECT] |
EXERCISE | [TRIAL]. loc [i, 'Cut_Hip_-Rot_FY ’] ,ANYBODY |
SUBJECT | [EXERCISE | [TRIAL]. loc [i, ’Cut_Hip-Rot_MZ’
1%1000,35,30)

stress_neck_MZ _pos.append (temp_neck_MZ_pos)

temp_neck_-MZ_neg=stress_neck_isolated (ANYBODY[SUBJECT] |
EXERCISE] [ TRIAL]. loc [i , ’ Cut_Hip_Rot_FY ’] ,ANYBODY|
SUBJECT ] [EXERCISE] [ TRIAL] . loc [i , *Cut_Hip_Rot_MZ’
1%1000, —35,30)

stress_neck_MZ _neg.append (temp_neck_MZ neg)

stress_neck_MX_pos = np.array (stress_neck_MX_pos)
stress_neck_MX_neg = np.array (stress_.neck_-MX_neg)
stress_.neck_MZ_pos = np.array (stress_.neck_-MZ_pos)

( )

stress_.neck_MZ_neg = np.array(stress_.neck_MZ_neg

max_MX_pos = np.argmax(abs(stress_neck_MX _pos))
max_ MX neg = np.argmax(abs(stress_neck_ MX_neg))
max_-MZ_pos = np.argmax (abs(stress_.neck_-MZ_pos))
max-MZ_neg = np.argmax (abs(stress_.neck_-MZ_neg))

temp=pd. Series ({ "exercise ":EXERCISE, ’subject’: SUBJECT, ’
trial’: TRIAL, ’direction’: 'Pos’, ’Moment’: ’'Mx’ .’
value ’: stress_neck_-MX _pos[max_MX_pos]})

STRESS=pd . concat ([STRESS, temp. to_frame () .T], ignore_index=
True)

temp=pd. Series ({ "exercise ":EXERCISE, ’subject’: SUBJECT, ’
trial’: TRIAL, ’direction’: ’'Neg’, ’Moment’: ’'Mx’ .’
value’: stress_neck_-MX_neg|[max_-MX_pos]})

STRESS=pd . concat ([STRESS, temp. to_frame () .T], ignore_index=
True)

temp=pd. Series ({ "exercise ":EXERCISE, ’subject’: SUBJECT, ’
trial’: TRIAL, ’direction’: 'Pos’, ’Moment’: "Mz’ .’

value’: stress_neck_MZ_pos|[max_-MZ negl})
STRESS=pd . concat ([STRESS, temp. to_frame () .T], ignore_index=
True)

temp=pd. Series ({ "exercise " :EXERCISE, ’subject’: SUBJECT, ’
trial’: TRIAL, ’direction’: ’'Neg’, ’Moment’: "Mz’ .’
value’: stress_neck_MZ neg|[max_ MZ negl})

STRESS=pd . concat ([STRESS, temp. to_frame () .T], ignore_index=
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True)

except:
pass

STRESS POLAR=pd . DataFrame (columns =[’exercise’,’subject’, ’trial’, ~’
direction’,’stress’,’strain’, 'mx’, 'mz’, ’angle’])
sns.color_palette(’tabl0’, 10)

palette_tabl0 =

for EXERCISE in exercises?2:
if EXERCISE = ’run’ or EXERCISE =— ’walk’:

trials=["1","2","3","4"]
else:
trials=["1","2","3"]
for SUBJECT in subjects:
for TRIAL in trials:
try:
temp_neck_compression =[]
for i in range(0, len (ANYBODY[SUBJECT|[EXERCISE][TRIAL]. loc
[, ])):
temp_neck_compression .append(stress_neck_combined (
ANYBODY [SUBJECT | [ EXERCISE | [TRIAL] . loc [i , ’

Cut_Hip_Rot_FY ’] ,ANYBODY[SUBJECT | [EXERCISE | [ TRIAL] .
loc [i,’ Cut_Hip_Rot_MX ’]*1000 ,ANYBODY [SUBJECT] [

EXERCISE ] [ TRIAL] . loc [i , *Cut_Hip_Rot_MZ’
]%1000, —35,35))

temp_neck_compression=np.array (temp_neck_compression)
np.argmin (temp_neck_compression)

max_compression_index

angle_compression=math. degrees (math. atan2 (abs (ANYBODY |

SUBJECT | [EXERCISE | [TRIAL]. loc [ max_compression_index ,’
Cut_Hip_Rot_MX ’]) ,abs (ANYBODY [SUBJECT | [ EXERCISE | [ TRIAL] .

loc [max_compression_index , *Cut_Hip_-Rot-MZ’])))

i

"subject ' :SUBJECT,

temp=pd. Series ({ "exercise ' :EXERCISE,
trial ’:TRIAL, ’direction’:’compression’, T
temp_neck_compression [max_compression_index]

strain (abs(temp_neck_compression [max_compression_index])

’stress
’strain’
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), ’'mx’:ANYBODY[SUBJECT | [EXERCISE|[TRIAL]. loc |
max_compression_index , "Cut_Hip_Rot MX’|*1000, ’'mz’:
ANYBODY [SUBJECT | [EXERCISE | [TRIAL] . loc |
max_compression_index , ’Cut_Hip_Rot_-MZ ’]*1000, ’angle’:
angle_compression })

STRESS POLAR=pd. concat ([STRESS_POLAR, temp. to_frame () .T],

ignore_index=True)

temp_neck_tension =]

for i in range(0, len(ANYBODY[SUBJECT|[EXERCISE][TRIAL]. loc
)
temp_neck_tension .append (stress_neck_combined (ANYBODY]|
SUBJECT | [EXERCISE | [TRIAL]. loc [i, ’Cut_Hip_-Rot_FY ],
ANYBODY[SUBJECT | [EXERCISE | [TRIAL]. loc [i,’
Cut_Hip_Rot_MX ’]%1000 ,ANYBODY [SUBJECT | [EXERCISE | |
TRIAL]. loc[i, ’Cut_-Hip-Rot-MZ’]%x1000,35,—35))

temp_neck_tension=np.array(temp_neck_tension)

max_tension_index = np.argmax(temp_neck_tension)

angle_tension=math. degrees (math.atan2 (abs (ANYBODY[SUBJECT] |
EXERCISE | [TRIAL]. loc [ max_tension_index , *Cut_Hip_Rot_MX’
]) ,abs (ANYBODY[SUBJECT | [EXERCISE | [ TRIAL]. loc |
max_tension_index , "Cut_Hip_Rot_-MZ’])))

temp=pd. Series ({ "exercise ":EXERCISE, ’subject’:SUBJECT, ’
trial >:TRIAL, ’direction’:’tension’, ’stress’
temp_neck_tension [max_tension_index], ’strain
abs(temp_neck_tension [max_tension_index]) ), 'mx’ :ANYBODY]|

SUBJECT | [EXERCISE | [TRIAL]. loc [max_tension_index ,’
Cut_Hip_-Rot_MX’]*1000, ’mz’:ANYBODY[SUBJECT | [EXERCISE] |

TRIAL]. loc [max_tension_index , ’Cut_Hip_Rot_-MZ’]*1000, °’

)

cstrain (

angle’:angle_tension })
STRESS_POLAR=pd . concat ([STRESS_POLAR, temp. to_frame () .T],

ignore_index=True)

except:
pass
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X OFFSET = 0.07
def add_scale (ax):
rect = ax.get_position ()
rect = (rect.xmin—X_OFFSET, rect.ymintrect.height /2,
rect .width, rect.height/2)
scale_ax = ax.figure.add_axes(rect)
for loc in [’right’, ’top’, ’bottom’]:
scale_ax .spines[loc].set_visible (False)
scale_ax . tick_params (bottom=False, labelbottom=False)
scale_ax .patch.set_visible (False)
scale_ax .spines[’left ’].set_bounds (xax.get_ylim ())
scale_ax.set_yticks (ax.get_yticks())

scale_ax.set_ylim (ax.get_rorigin (), ax.get_rmax())

POLARPLOT=pd . DataFrame (columns =[’exercise’, ’direction’,’stress’,’strain’,
"angle’])

direction=[’compression’, ’tension’]

plot_color={"cmj’: palette_tab10[0], ’boxjump’:palette_tabl0[1], ’run’:

palette_tab10[2], ’walk’:palette_tabl0[3], ’stairs_up’:palette_tabl0[4],
"stairs_down ’: palette_tabl10[5]}

for EXERCISE in exercises?2:
STRESS_ POLAR_EXERCISES=STRESS POLAR [STRESS POLAR| ’exercise ']|==EXERCISE]
for DIR in direction:

STRESS_POLAR_EXERCISES_DIR=STRESS_POLAR_EXERCISES |
STRESS_POLAR EXERCISES | ’ direction ’]==DIR]

temp_stress=np. array (STRESS_.POLAR_EXERCISES DIR|[ ’stress '|)
if len(temp_stress)%2==0:
index = list (temp_stress).index (np.median(temp_stress[0:—1]))

else:

index = list (temp_stress).index (np.median(temp_stress))

STRESS_POLAR_EXERCISES DIR [ 'strain ’] = STRESS_POLAR_EXERCISES DIR [’
strain’].astype(’'float64 )

medians = STRESS POLAR _EXERCISES DIR. groupby ( ’exercise’)[’strain’].
median ()

ql = STRESS_POLAR_EXERCISES DIR. groupby (’exercise’)[’strain’].
quantile (0.25)

q3 = STRESS_POLAR_EXERCISES DIR. groupby (’exercise’)[’strain’].
quantile (0.75)

STRESS_POLAR_EXERCISES DIR [ "angle '] = STRESS_.POLAR_EXERCISES DIR [’
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angle’].astype (' float64 )

medians = STRESS_ POLAR_EXERCISES DIR. groupby ( "exercise ’) [ ’angle’].
median ()

ql = STRESS_POLAR_EXERCISES DIR. groupby (’exercise’) [ angle’].
quantile (0.25)

q3 = STRESS_POLAR_EXERCISES DIR. groupby (’exercise’) [ angle’].
quantile (0.75)

mean_angle=np.mean (np . array (STRESS_ POLAR_EXERCISES DIR [ "angle’]))

temp_3=pd. Series ({ exercise :EXERCISE, ’direction’:DIR, ’stress’:np.
array (STRESS_POLAR EXERCISES DIR|[ 'stress ’']) [index ], ’strain ’:np.
array (STRESS_POLAR_EXERCISES DIR[ ’strain ’]) [index ], ’angle’ :

mean_angle })

POLARPLOT=pd . concat ([POLARPLOT, temp_3. to_frame () .T], ignore_index=
True)

for EXERCISE in exercises?2:
POLARPLOT _EXERCISE=POLARPLOT [POLARPLOT | ’ exercise '|==EXERCISE]

POLARPLOT_EXERCISE DIR_TENSION=POLARPLOT _EXERCISE [ POLARPLOT EXERCISE[ ’
direction ’]=="tension |

fig , ax = plt.subplots(subplot_kw={’projection ’:

ax.set_rmax (4000)

"polar’})

for degree in [0, 90, 180, 270]:
rad = np.deg2rad(degree)
ax.plot ([rad,rad], [0,4000], color="black’, linewidth=2)
plt.grid (linewidth=0.3)
plt.rc(’text’, usetex=True)
plt.rc(’font’, family=’"serif’)
add_scale (ax)
# ax.set_title (f {EXERCISE} ’)

arrow_length = POLARPLOT_EXERCISE DIR.TENSION| ’strain ’]
arrow_angle = POLARPLOT EXERCISE DIR_ TENSION| 'angle’]/180.xnp. pi
arrow_tip = (arrow_angle, arrow_length)

A

ax.annotate(’’, xy=arrow_tip, xytext=(0, 0),arrowprops=dict(facecolor=

plot_color [EXERCISE]) )#, shrink=0.05

POLARPLOT _EXERCISE DIR_.COMPRESSION=POLARPLOT _EXERCISE |
POLARPLOT EXERCISE|[ ’ direction ’]=="compression ’ |
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ax.set_yticklabels ([])

arrow_length = POLARPLOT_EXERCISE_DIR_.COMPRESSION| ’strain ’]
arrow_angle = (POLARPLOT_EXERCISEDIR.TENSION| ’angle ’|+180) /180.xnp. pi
arrow_tip = (arrow_angle, arrow_length)

ax.annotate (’’, xy=arrow_tip, xytext=(0, 0),arrowprops=dict(facecolor=
plot_color [EXERCISE]) )#, shrink=0.05
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Appendix B
Supplementary material to chapter 4
Scatter plots for the various high-impact exercises, divided into the strains caused by

tension and compression. The different colours show different parameters that were taken

into account in the evaluation.
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