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1. Summary in Hungarian Language

A futas népszerlisége és a magas sériilési arany miatt ez a tanulmany a hosszutavfutas biomechanikai
valtozasait, valamint a futési tapasztalat, a sebesség €s a nem szerepét vizsgalta. Biomechanikai modellezés
¢s OpenSim-alapt szimulacié segitségével elemeztiik a kezdd és tapasztalt futok izomerdit és térdiziileti
reakcioerdit. Az eredmények azt mutattdk, hogy a kezdd futdk nagyobb térdiziileti terhelést és izomerdket
produkaltak a tdmaszfazis jelentds részében. Mivel a megndvekedett iziileti terhelés 0sszefiiggésbe hozhat6 a
futassal kapcsolatos sériilések (RRI-k) magasabb kockéazatdval, ezek az eredmények arra utalnak, hogy a
kezdd futdk sériilésveszeélye nagyobb lehet. Ugyanakkor tovabbi kutatasok sziikségesek annak tisztdzasara,
hogy ezek a mechanikai eltérések milyen mértékben befolyadsoljak a teljesitményt és a sériilléskockazatot.
Jelenleg nem allnak rendelkezésre pontos kiiszobértékek az izomerdk vagy az iziileti reakciderdk tekintetében,
amelyek megbizhatoan eldre jeleznék az RRI-ket. Hosszu tava vizsgalatokra van sziikség annak feltarasara,
hogy ezek a valtozok alkalmasak-e a sériilésmegeldzési stratégidk fejlesztésére, kiillonosen kezdd futdk

esetében.

A tanulmany madsik célja az volt, hogy egy 5 km-es futds sordn hagyomanyos diszkrét valtozok és
fokomponens-analizis (PCA) segitségével 0sszehasonlitsa a kiillonbozé tapasztalati futok futdsmechanikajat.
A PCA lehetévé tette, hogy a kutatds finomabb biomechanikai mintadzatokat is azonositson, amelyek a
sériilésmechanizmusokkal allhatnak sszefliggésben. A kezdd futdk nagyobb valtozékonysdgot mutattak az
iziileti szogek és nyomatékok terén, ami nagyobb iziileti terhelést és ezaltal nagyobb sériiléskockazatot is
jelenthet. Eredményeink alatdmasztjak, hogy az edzettségi szint jelentds hatdssal van a mozgasmintazatokra,
¢s hangstlyozzék a fejlett biomechanikai moédszerek, példaul a PCA alkalmazasanak fontossagat a futas finom

mechanikai kiilonbségeinek feltarasaban.

Ezenkiviil vizsgaltuk a futasi sebesség ndvekedésének (10—16 km/h) hatasat a foldre hatd reakciderdkre
(GRF) feérfi és noi futok esetében. Az eredmények szerint mindkét nemnél a vertikalis €s eliils6-hats6 GRF-
ek novekedtek a sebesség emelkedésével, kiilondsen a timaszfazis korai és késéi szakaszaiban. Erdekes
megfigyelés, hogy a n6i futok minden sebességnél nagyobb hajto- és vertikalis erdt fejtettek ki a timaszfazis

végén, mint a férfiak. Ez arra utalhat, hogy a ndi futok nagyobb mechanikai eréfeszitést tesznek ugyanazon



futasi sebesség eléréséért, valdsziniileg izomerd- vagy futdsmechanikai kiilonbségek miatt. Az ilyen
nemspecifikus biomechanikai jellemzék megértése kulcsfontossagli a teljesitmény optimalizaldsa és a
sériilések megeldzése szempontjabol. A jovObeni kutatdsoknak érdemes tovabb vizsgalniuk, hogy a nemek
kozti GRF-kiilonbségek milyen mértékben jarulnak hozza az RRI-k kialakuldsdhoz, és hogyan lehet ezek

alapjan személyre szabott megeldzési stratégiakat kidolgozni mind férfi, mind ndi1 futdk szdmara.

2. Antecedents of the Research

Running is recognized as one of the most prevalent forms of physical activity worldwide, with a significant
increase in participation over the past few decades. Due to its accessibility, minimal cost, and ease of
implementation, running is frequently adopted by individuals seeking to improve health outcomes, such as

weight management and enhanced physical fitness [1,2].

Studies have demonstrated that running not only enhances physical function but also effectively promotes
mental well-being of runners [3]. Despite the positive health impacts of running, the sharp increase in
participation has led to a corresponding rise in running-related injuries (RRIs) [4,5]. During long-distance
running, runners are subjected to vertical ground reaction force (GRF) equivalent to two to three times their
body weight (BW) [6]. As a result, they repeatedly experience the impact of vertical GRF. Reports on RRIs
indicate that the incidence rate of such injuries ranges from 30% to 79% [5,7]. A majority of these RRIs (50%-
75%) are attributed to overuse of the knee joint and areas below it, with the knee and ankle being the most

commonly affected regions [8].

The factors influencing RRIs are multifaceted, encompassing both intrinsic and extrinsic factors. Intrinsic
factors include biomechanical and morphological differences among runners, as well as age, gender, medical
history, and body mass index (BMI). Extrinsic factors involve training experience, physical fitness, type of
running shoes, and other athletic equipment [9-13]. Despite significant efforts by clinicians and researchers to
reduce the incidence of RRIs, alongside continuous advancements and innovations in running gear such as
shoes, the injury rate has not declined over the past 40 years [4,8,14]. Research indicates that novice runners

with no prior running experience are at higher risk of sustaining RRIs [9,15]. Therefore, it is particularly



important for novice runners to focus on injury prevention during running, as this can enhance their long-term

participation and contribute to the promotion of public health.

Sex-specific anatomical variations are widely recognized to affect lower extremity kinematics during
running, particularly in parameters such as hip adduction, hip internal rotation, and knee abduction [16,17].
Female runners typically exhibit a greater range of motion in both the frontal and transverse planes when
compared to male runners. These differences are largely attributed to the distinctive morphology of female
runners, including a higher hip-width to femoral length ratio, which may play a role in the differential risk of
RRIs. Abnormal movement mechanics, often cited as a contributing factor to injury, also differs between sexes.
Female runners, in contrast to males, show increased hip internal rotation and adduction, along with greater
peak knee abduction, all of which may contribute to a heightened susceptibility to injury. Biomechanical
differences in the lower limbs between male and female runners can impact running economy, affecting energy
efficiency and performance [18]. A comprehensive understanding of the kinetic and kinematic differences
between male and female runners may provide insights into sex-specific injury rates and patterns. Considering

these biomechanical variations can enhance the effectiveness of injury prevention strategies.

As running speed increases, the magnitude of forces acting on the body also rises. Studies have documented
changes in GRFs, joint moments, muscle activity, leg stiffness, and body segment motions at varying running
speeds [19]. Understanding the biomechanical behavior of the lower limbs across different speeds is critical
for advancing knowledge of human performance and identifying factors contributing to injury. Higher running
speeds amplify the forces transmitted through the lower extremities. At slower speeds, stride length and
contact time decrease while step frequency increases, potentially allowing more time for force dissipation
upon ground impact [20]. In controlled overground conditions, higher speeds result in shorter contact times
and greater peak forces [21]. Consequently, reducing running speed may serve as an effective strategy to lower
biomechanical load. The positive correlation between ground reaction force and running speed is well
established in the literature [22,23]. Based on the above findings, this dissertation further aims to explore
strategies to reduce running injury rates and prevent lower limb injuries during long-distance running, thereby

providing meaningful guidance for the practice of running and the prevention of RRIs.



3. Objectives

The first research objective: This study aims to develop musculoskeletal modeling and simulation
techniques to compare muscle forces and knee reaction force between novice and experienced runners. Novice
runners are defined as individuals who run between 2 - 10 km per week and do not participate in any formal
running competitions or training programs. In contrast, experienced runners consistently run at least 30 km
per week and have a minimum of three years of running experience. Although increased running experience
is associated with a reduced risk of RRIs, the underlying biomechanical mechanisms remain unclear. Since
recent advancements in musculoskeletal modeling and power computing, researchers have been allowed to
develop motion simulations to value muscle forces, and then joint forces. Muscles reduce the bending stress
on bones and dampen the peak dynamic loads from unprotected impulsive loads that can cause harm to
musculoskeletal tissues. The knee muscle groups were the important contributors during running, due to the
large amount of work those muscles generate. Information on this is especially pertinent to the fields of injury
prevention and running performance. The objective of this research is to investigate the biomechanical
differences between runners with varying levels of experience to enhance understanding of the factors that

may contribute to reduced injury risk among runners.

The second research objective: To quantitatively explore the underlying mechanisms contributing to the
development of RRIs during long-distance running, this study focuses on examining biomechanical changes
in the lower extremities. Specifically, we aim to investigate alterations in joint angles and moments over the
course of a 5 km run in two distinct groups of runners: experienced and novice. Through a detailed analysis
of these biomechanical variations, we seek to identify key risk factors that may increase the likelihood of
injury. By focusing on the differences in joint loading patterns and kinematic behaviors between the two
groups, this study will offer critical insights into the biomechanical triggers that lead to RRIs. Moreover, the
findings will contribute to the development of evidence-based guidelines for safer, more effective long-
distance practices. These guidelines will not only assist in reducing injury risks but also support long-term
performance enhancement and the overall health of runners. Ultimately, the practical recommendations
derived from this research will be applicable to both novice and seasoned runners, promoting injury prevention

and facilitating healthier, sustained participation in running activities.
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The third research objective: During running training sessions, speed is frequently adjusted as a key
indicator of the task's physical intensity. While many studies have investigated the biomechanical effects of
varying running speeds, the majority have focused on only one gender, leaving the gender-specific
biomechanical responses to speed largely unexplored. The current study seeks to fill this gap by examining
the differences in gait patterns between male and female runners across seven discrete running speeds: 10, 11,
12, 13, 14, 15, and 16 km/h. Specifically, the study will explore the relationship between GRFs and running
speed in both genders. Understanding GRF variations across different speeds is crucial for identifying
biomechanical factors that may contribute to RRIs. Despite the importance of this relationship, current
research provides insufficient evidence regarding the confounding effects of running speed and gender on
GRFs. Key questions remain unanswered, including whether males and females adapt differently to changes
in running speed, how speed influences GRFs during overground running, and whether GRF parameters can
reliably predict changes in running speed. Addressing these questions could lead to more effective injury
prevention strategies and a deeper understanding of the biomechanical adaptations to varying speeds in

runners.

4. Research Methods and Challenges

Methods: 30 healthy male runners (15 experienced, 15 novice) were recruited. Novice runners ran 2 - 10
km/week with no competition history but had regular activity (Tegner =5); experienced runners ran =30
km/week for over 3 years. All participants used heel-strike patterns, preferred their right leg, had treadmill
experience, and no lower limb injuries in the prior 6 months. Another group of 48 recreational runners (30
male, 18 female) also participated. All ran =20 km/week, used rearfoot strike, and met similar injury and
experience criteria. Ethical approval was granted by Ningbo University (RAGH20210627), and all
participants signed informed consent. Experiments were conducted in the Biomechanics Lab of the Research

Academy of Grand Health.

Participants completed a personal form and underwent anthropometric measurements. Standardized gear
was provided, followed by a 10-minute treadmill warm-up at 8 km/h. Reflective markers were placed per

OpenSim 2392 model requirements (23 DOF, 92 MTUs), and a static trial was recorded in anatomical position.



In Section 1, biomechanical data (kinematics, kinetics, EMG) were collected before and after a 5 km
treadmill run at self-selected speed (9—12 km/h). Each participant completed three valid trials per condition.
EMG sensors monitored six lower limb muscles (per SENIAM guidelines). Successful trials required natural
gait, full right foot contact on the force plate, steady speed (2.77-3.33 m/s), and intact markers. Post-run data
were collected within 2 minutes of run completion. In Section 2, runners performed tests at seven speeds (10—
16 km/h) on a 20 m runway, completing three valid trials per speed (£2%). Timing gates confirmed velocity.

Adequate rest was ensured to prevent fatigue, and participants were monitored throughout.

Motion capture data were processed using Vicon Nexus 1.8.5 to label markers and extract stance phases.
C3D files were then imported into OpenSim 4.2 and Visual 3D 6.0 for musculoskeletal simulation and
kinematic/kinetic analysis. EMG data were filtered (10 - 500 Hz band-pass, full-wave rectified), normalized,
and compared with OpenSim-predicted muscle activations to validate simulation accuracy. Muscle forces and
joint loads were estimated using OpenSim 4.3 with an enhanced 2392 model (23 DOF, 92 MTUs).
Anthropometric scaling was based on static trials and body mass. Computed Muscle Control (CMC) was used
to generate muscle-driven simulations, and joint forces (anterior-posterior, medial-lateral, and compressive)
were analyzed. Visual 3D calculated joint angles and moments (via inverse dynamics). All biomechanical data

were time-normalized to 101 points per stance phase using MATLAB.

Kinematic and kinetic variables included joint angles, ROMs, joint moments, GRFs, and knee reaction
forces (normalized to body weight or mass). Muscle parameters included peak forces and force curves of
major lower-limb muscles. Key GRF variables (e.g., VALR, impulses, peak forces) were selected based on

prior studies. PCA was applied to reduce dimensionality and identify biomechanical patterns.

In Section 1, independent t-tests and two-way repeated-measures ANOVA were used to compare groups
and conditions. SPM1d tested waveform differences; Pearson correlations examined links between peak
muscle and knee forces. In Section 2, Shapiro—Wilk tests assessed normality; Pearson correlations and
stepwise regressions analyzed the relationship between GRFs and running speed. SPM and repeated-measures
ANOVA were used to test speed and gender effects on GRF waveforms. All stats were conducted using SPSS
25.0.



Challenges: This study faced several challenges during both experimental execution and data processing,
particularly concerning the sensitivity of running tests to uncontrolled variables. Running, as a highly dynamic
and repetitive activity, requires a stable testing environment and consistent subject performance. Despite
standardized warm-up and familiarization procedures, factors such as psychological tension, fatigue, and
subtle gait adjustments could still influence critical outcomes like force plate contact, muscle activation, and
joint kinematics. Moreover, ensuring that the right foot fully contacted the force plate at the correct speed
range demanded precise laboratory setup and equipment synchronization. Any deviation—such as a missed
foot strike or dislodged marker—necessitated a trial repeat, reducing efficiency and potentially affecting data

consistency.

On the analytical side, musculoskeletal modeling and the integration of large-scale kinematic, kinetic, and
EMG datasets presented significant complexity. OpenSim simulations are highly sensitive to model scaling,
marker placement accuracy, and motion tracking quality. Even minor errors in these processes can lead to
systematic deviations in estimated muscle forces or joint reaction forces. To validate model outputs, simulated
muscle activations were compared against EMG measurements, a step that hinges on accurate electrode
placement and meticulous signal filtering and normalization. With such a high-dimensional, interdependent
data structure, any inaccuracies in preprocessing, noise removal, or normalization can obscure true

biomechanical differences and potentially lead to misleading interpretations.

5. New Stientific Results

Ist Thesis point: Based on my experiments, the lower limb muscle forces and knee joint loading of runners
were estimated by musculoskeletal modeling based on OpenSim (Figure 1). The results showed that novice
runners had significantly bigger knee loading and muscle forces than the experienced group in most of the
stance phases. Given that excessive and repetitive knee joint loading is strongly associated with the
development of RRIs, particularly patellofemoral pain and tibial stress injuries, the increased muscle force
may contribute to elevated compressive and shear forces at the knee joint. Therefore, we propose that the
observed biomechanical pattern in novice runners—characterized by increased muscle force and resultant

knee joint loading—may underlie their potentially higher susceptibility to RRIs. This highlights a possible



mechanistic pathway connecting neuromuscular control deficits with increased joint stress in early running

adaptations.
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Figure 1 Muscle force differences between the novice and experienced runners

[Related publications: Kang, Z., Jiang, X. (2024). The effect of running experience on muscle forces and

knee joint reaction forces during running. International Journal of Biomedical Engineering and Technology.]

2nd Thesis point: Based on my experiments (biomechanical data were collected from 15 novice and 15
experienced runners), which I used both PCA with single-component reconstruction and a two-way repeated-
measures ANOVA was conducted to explore the effects of runner and a 5 km run (Figure 2). I found that
novice runners exhibited greater changes in joint angles and joint moments than experienced runners
regardless of the prolonged running session, and those patterns may relate to lower limb injuries. I also found
that the reduced ankle plantarflexion moment may be due to the decrease in energy absorption caused by
sustained running, and the decreased knee extension moment during the middle stance and later stance may
indicate that runners have weak extensor muscles after a 5 km run. The results of this study suggest that the

PCA approach can provide unique insight into running biomechanics and injury mechanisms. The findings
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from the study could potentially guide training program developments and injury prevention protocols for

runners with different running experiences.
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Figure 2 The overview of running biomechanical study on runners

[Related publications: Jiang, X., Xu, D., Fang, Y., Biro, 1., Baker, J. S., Gu, Y. (2023). PCA of Running

Biomechanics after 5 km between Novice and Experienced Runners. Bioengineering, 10(7), 876.]

3rd Thesis point: Based on my experiments, I investigated the gait pattern differences between males and
females while running at different speeds and verified the relationship between GRFs and running speed
among both males and females (Figure 3). GRF data were collected from thirty male runners and eighteen
female runners while running at seven discrete speeds: 10, 11, 12, 13, 14, 15 and 16 km/h. The ANOVA
results showed that running speed had a significant effect (p < 0.05) on GRFs, propulsive and vertical forces
increased with increasing speed. An independent t-test also showed significant differences (p < 0.05) in
vertical and anterior-posterior GRFs at all running speeds, specifically, female runners demonstrated higher
propulsive and vertical forces than males during the late stance phase of running. Pearson correlation and
stepwise multiple linear regression showed significant correlations between running speed and the GRF

variables. These findings suggest that female runners require more effort to keep the same speed as male
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runners. This study may provide valuable insights into the underlying biomechanical factors of the movement

patterns at GRFs during running.
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Figure 3 GRF changes between female and male runners across 7 running speeds

[Related publications: 1. Jiang, X., Biro, 1., Sarosi, J., Fang, Y., Gu, Y. (2024). Comparison of ground
reaction forces as running speed increases between male and female runners. Frontiers in Bioengineering

and Biotechnology, 12, 1378284.]

6. Possibility to utilize the Results

The findings of this study offer valuable insights that can be practically applied in multiple domains. For
coaches and runners, the observed biomechanical differences between novice and experienced individuals
provide a scientific basis for tailoring training programs. By identifying specific phases of running where joint
loading and muscle forces are elevated, targeted interventions can be designed to improve movement
efficiency and reduce the risk of running-related injuries (RRIs). Furthermore, the validated musculoskeletal
modeling framework offers a potential tool for individualized biomechanical assessment, enabling early
detection of injury-prone patterns. From an industry perspective, the results can inform footwear designers in

developing running shoes that better accommodate the biomechanical needs of different runner profiles. For
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example, cushioning systems or structural reinforcements could be optimized based on peak forces and joint

mechanics observed during long-distance running. Ultimately, these applications contribute to enhancing

performance, promoting safe training practices, and supporting injury prevention strategies in both

recreational and competitive running.
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