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1. SCIENTIFIC BACKGROUND AND OBJECTIVES 

1.1 Scientific Background 

The popularity of long-distance running as an easily accessible and promoted sport has increased 

within the last four decades. However, the incidence of musculoskeletal injuries caused by running 

has also increased rapidly, especially in the lower extremities of amateur runner. It should, however, 

be noted that the etiology of running fatigue-induced injuries is multifactorial and complex. Fatigue-

induced changes in the symmetry of the lower limbs may be one of the major causes of unilateral 

limb overloading. 

The first research question of this thesis: Fatigue gait risk is associated with shifts in the 

distribution of bilateral plantar pressure. Therefore, human activity recognition (HAR) methods 

based on wearable sensors and deep learning algorithms have been widely developed in the last 

decade. Despite significant strides in gait and biomechanics analysis, research into automated 

fatigue gait recognition with data-driven models remains insufficient. Force plates or insoles with 

force transducers are easy to use relative to other biomechanical data collection methods, saving 

time in experimental setup data collection. Therefore, this study intends to use a deep learning 

algorithm based on bilateral plantar pressure data for the early identification of fatigue gait. 

The first objective of this thesis: Detecting fatigue at the early stages of a run could aid training 

programs in making adjustments, thereby reducing the heightened risk of injuries from overuse. The 

study aimed to investigate the effects of running fatigue on plantar force distribution in the dominant 

and nondominant feet of amateur runners. The Convolutional Long Short-Term Memory Network 

(ConvLSTM) model will be used in this study on the ground that it transforms the structure of 

recurrent neural networks into a convolutional structure, thereby preserving the spatial and temporal 

information of plantar pressure. 

The second research question of this thesis: Although many studies have investigated the acute 

effects of long-distance running on gait symmetry, they have mainly focused on exploring pre- and 

post-fatigue comparisons. One gap is the lack of understanding of how symmetry changes during 

various stages of long-distance running. In addition, researchers have utilized various techniques 

from chaos theory and information theory to enhance their understanding of the intricacies of gait 

behavior. Although nonlinear evaluation is important in the quantification of gait stability, there is 

a lack of research on gait asymmetry. 

The second objective of this thesis: This part focuses on understanding the variations in gait 

symmetry during a prolonged running activity. Specifically, the question seeks to unravel how the 

dynamic stability of gait symmetry, as quantified by the Largest Lyapunov exponent (LyE), alters 

across different stages of a 10-kilometer run among amateur male runners. The results of present 

study could provide a towards improved understanding of the symmetry of long-distance running. 
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The third research question of this thesis: Understanding the internal load characteristics of the 

knee joint is essential for investigating unilateral knee injuries associated with running. previous 

studies on fatigue and differences in load between limbs haves not precisely addressed the 

distribution and extent of the load on the knee joint's internal tissues, potentially missing key insights 

into the causes of unilateral limb injuries. 

The third objective of this thesis: The aim of this study is to determine whether there are 

differences in the location and magnitude of von Mises stress in the internal structures of both knee 

joints during the stance phase of gait, and to investigate the effects of running at the submaximal 

speed for 10 kilometers on these internal structures. The findings enhance our understanding of the 

impact of running-induced fatigue on bilateral knee joint loading. It provides a detailed analysis of 

factors leading to unilateral knee overload during extended running. These insights are essential in 

formulating targeted strategies to reduce injury risks. 

In summary, this study investigates the biomechanical implications of long-distance running, 

focusing on the potential relationship between running-induced fatigue and the risk of 

musculoskeletal injury in amateur runners. It delves into three key areas: using deep learning 

algorithms to detect fatigue gait through changes in bilateral plantar pressures, analyzing nonlinear 

changes in gait symmetry during long-distance running, and exploring internal knee loading 

characteristics to understand unilateral knee injury mechanisms. This study aims to provide new 

insights into the prevention and management of running-related injuries by comprehensively 

analyzing gait dynamics and joint loading at different stages of long-distance running. 
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2. Thesis points 

  1st Thesis point:  

Based on experimental data, I divided the left and right plantar into 22 anatomic regions, where I 

have quantitatively allocated those time-intervals (contact durations) which can inflict overload on 

the feet. These findings, to my knowledge, have not yet published before. Furthermore, these results 

offer empirical data for evaluating risk factors associated with overuse injuries and assist in the early 

detection of fatigued gait. 

In addition, I created an augmented ConvLSTM model to recognize fatigue on running gait, from 

the perspective of deep learning, by the use of time-series planter pressure data. This data was based 

on high number of samples (thirty amateur runners). With this model, compared to the traditional 

CNN model, fatigue can be detected with higher accuracy (7%) and specificity (17%) as it is seen 

in the Table. 

 

 

 

Model Accuracy 
Percentage  

difference 
Sensitivity 

Percentage  

difference 
Specificity 

Percentage  

difference 

CNN 0.800 

7% 

0.874 

0% 

0.718 

17% aug. 

ConvLSTM 
0.867 0.874 0.859 
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2nd Thesis point: 

I described the dynamic stability behaviour of nine major biomechanical parameters, namely 

abduction-adduction, flexion-extension and internal-external rotational angle of the hip-, knee-, and 

ankle joint by means of the Largest Lyapunov exponent (LLE) as a function of running distance.  

 
Based on my experiments (carried out on 17 male amateur runners) and calculations I could 

differentiate three groups for the biomechanical parameters such as stable, continuously improving 

and fluctuating and I could drew general conclusions. All angles were transformed into symmetry 

functions (SF). 

 Ankle Knee Hip Dynamic stability 

Stable 

parameters 

ad/abduction, 

flexion-extension  

flexion-

extension  
- 

The stability of these 

parameters remain 

unaffected in the function 

of running distance. 

Continuously 

improving 

parameters 

internal-

external rotation  

internal-

external rotation  

flexion-

extension  

The stability of these 

parameters improve in 

the function of running 

distance. 
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Fluctuating 

parameters 
- ad/abduction 

ad/abduction, 

internal-external 

rotation 

The stability of these 

parameters is decreased 

in the first part of the 

running distance. 

Approximately at the half 

of the distance a sudden 

peak can be observed, 

which is followed by a 

continuous improvement 

in stability.  
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3rd Thesis point: 

I created a high accurate 3D Knee FE model. The joint reaction forces and joint reaction moments 

calculated from the musculoskeletal model simulation were used as boundary conditions to 

investigate the distribution and magnitude of loads on the meniscus, articular cartilage, and 

ligaments of the bilateral knee joints before and after a 10-kilometer run at this maximum intensity. 

I found similar load distribution in both knee joints regardless of the state. The left ACL was 17.07 

MPa higher than the right side, and it increased by 3.15 MPa after fatigue. In post-fatigue states, it 

surpasses the right side by 11.28 MPa. 

 

I propose a more comprehensive approach to load analysis by dividing the gait support period into 

five typical phases based on vGRF for comparison of organizational loads at the maximum moment. 

The results showed that the load on the meniscus and tibial cartilage were greater on the non-

dominant side and greater in the pre-fatigue state. The load on the ACL, PCL, and LCL of non-

dominant limb were increased after fatigue. However, they were decreased in the dominant side. 
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