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TITTLE: Dancers’ Landing Strategies – Experimental and Computational Approaches 
 

ABSTRACT 
Jump-landing activities are an essential part of dance training technique, and have 

aesthetic and technic constrains. Previous research reported that dancers display an 

extended landing posture at initial ground contact, which has been considered a 

deleterious pattern. However, this population shows higher joint excursions of the lower 

extremity allowing to appropriately dissipate the impact forces. Additionally, 

computational modeling and simulation (e.g., OpenSim) has had limited applications in 

dance science. This PhD thesis main purpose was to determine lower extremity 

biomechanical patterns in professional dancers during single-leg landings in lateral, 

diagonal and forward directions and compare to non-dancers. Five studies were 

conducted employing experimental and computational modeling approaches: 1) a more 

broad study that exhibited extensive kinematics and kinetic differences between 

professional dancers and non-dancers in multidirectional jump-landings; 2) a study that 

explored the different foot modeling and highlighted lower ankle magnitudes in the multi-

segmented foot model than the single rigid foot model; 3) an investigation that revealed 

higher kinematic magnitudes in professional dancers foot-ankle complex, providing 

additional data related to foot kinematics (e.g., forefoot-hindfoot); 4) an experiment that 

ensured that knee and ankle sagittal plane kinematics were less sensitive to the 

kinematic model chosen than hip joint, when comparing OpenSim and Visual 3D 

methods; 5) a modeling approach that sought to determine the impact of different 

processing phases while developing a kinematic model on the sagittal lower extremity 

kinematics. Overall, the findings of this PhD provided scientific data for dance science, 

supporting that some characteristics of professional dancers landing patterns may be 

appropriate for energy dissipation and therefore may contribute to the shock absorption 

mechanism in jump-landings. Moreover, it is important to recognize that OpenSim is a 

multistep process, and each stage is interdependent with potential interlinked effects, 

where the user responsibility is to ensure that the model represents the experimental 

data and the simulation is reliable. Further research is needed to decrease such 

subjectivity in the modeling approach. Additional investigation is also required to continue 

exploring jump-landings to support risk management and development of effective 

intervention and prevention programs. 

 

KEYWORDS: Biomechanics; Dance Science; Single-leg landing; Multi-segmented foot 

model; OpenSim. 
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TÍTULO: Análise Biomecânica do Landing em Bailarinos Profissionais. 
 

RESUMO 
As actividades de jump-landing são parte essencial no treino dos bailarinos. Estes 

apresentam uma postura mais em extensão no instante do contacto inicial com o solo, 

após um salto. Este padrão é associado a uma menor eficiência na dissipação das 

forças de impacto. Contudo, os bailarinos apresentam grandes amplitudes de 

movimento nas articulações do membro inferior, o que poderá permitir uma absorção 

das forças de impacto mais eficaz. Por outro lado, investigação na área da dança tem 

explorado pouco os modelos e simulações computacionais (ex. OpenSim). Esta tese de 

Doutoramento teve como principal objectivo investigar o padrão biomecânico do 

membro inferior dos bailarinos profissionais, nas actividades de jump-landing em várias 

direcções, em apoio unipodal. Ao longo deste projecto de investigação, cinco estudos 

foram realizados utilizando dois métodos, experimental e computacional: 1) estudo mais 

abrangente que evidenciou as diferenças cinemáticas e cinéticas entre bailarinos 

profissionais e não-bailarinos, durante jump-landings multidirecionais; 2) estudo que 

explorou o modeling do pé e tornozelo, revelando que o modelo (segmento rígido vs. 

multissegmentado) afecta a análise cinemática do tornozelo (menores valores no 

modelo multissegmentado); 3) estudo que corroborou que os bailarinos profissionais 

apresentam maiores amplitudes articulares no complexo articular pé-tornozelo 

comparado aos não-bailarinos, o que contribuiu para o conhecimento mais real sobre a 

cinemática e participação dos vários segmentos do pé (ex.: retro-pé, médio-pé); 4) 

estudo onde se verificou que os ângulos articulares da anca, no plano sagital, são mais 

sensíveis ao modelo cinemático escolhido quando se utilizam dois software diferentes 

(OpenSim e Visual 3D); 5) estudo que demonstrou como os ângulos articulares do 

membro inferior são afectados em diferentes fases de processamento, aquando do 

desenvolvimento de um modelo cinemático. Os resultados deste projecto de 

Doutoramento providenciaram informação relevante para a dance science, enfatizando 

que o padrão de landing dos bailarinos profissionais pode trazer vantagens para a 

dissipação de energia e consequentemente poderá contribuir para um mecanismo de 

absorção do impacto mais eficiente. No OpenSim, o investigador é responsável por 

assegurar que o modelo representa os dados recolhidos. Estudos são necessários para 

minimizar a subjetividade inerente ao processo de desenvolvimento de modelos e 

simulações computacionais. Este software apresenta potencial para se investigar 

actividades de jump-landing e assim poder contribuir para melhorar a gestão de risco e 

fundamentar programas de intervenção e prevenção de lesões.  
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PALAVRAS-CHAVE: Biomecânica; Dance Science; Landing em apoio unipodal; 

Modelo do pé multissegmentado; OpenSim.  

 

  



Dancers’ Landing Strategies 

vii 
FMH | UL 

TABLE OF CONTENTS 

 

 
CHAPTER I .................................................................................................................. 1 

1. Introduction ......................................................................................................... 1 

Rationale, Research Questions, and Hypotheses ............................................. 3 

Thesis Structure .................................................................................................. 8 

Chapter II ..................................................................................................................... 9 

2. Literature Review ................................................................................................ 9 

2.1 Dance .............................................................................................................. 9 

2.1.1 Dancers’ injury epidemiology of the lower extremity .................................. 9 

2.1.2 Modifiable risk factors related to the lower extremity................................ 10 

2.1.3 Dancers training technique ...................................................................... 11 

2.2 Jump-landing biomechanics ....................................................................... 12 

2.2.1 Jump-landing patterns in dancers ....................................................... 15 

2.2.2 Different types of jump-landings .......................................................... 17 

2.2.2.1 Drop landing and drop jump tasks ..................................................... 17 

2.2.2.2 Single- and double-leg landings ........................................................ 18 

2.2.2.3 Jump-landing directions .................................................................... 19 

2.3 Foot-ankle complex ..................................................................................... 21 

2.3.1 Foot-ankle complex in dancers ............................................................ 22 

2.3.2 Multi- vs single-segmented foot models .............................................. 23 

2.4 Computational modeling and simulation ................................................... 25 

2.4.1 OpenSim: a computational modeling and simulation approach ........ 26 

2.4.2 Challenges presented in computational modeling and simulation ... 27 

CHAPTER III .............................................................................................................. 29 

3. Professional Dancers Distinct Biomechanical Pattern during Multidirectional 
Landings ................................................................................................................ 29 

Abstract ............................................................................................................... 30 

Introduction .......................................................................................................... 30 

Methods ............................................................................................................... 32 

Results ................................................................................................................ 36 

Discussion ........................................................................................................... 39 

Conclusions ......................................................................................................... 43 

Acknowledgements .............................................................................................. 44 



Dancers’ Landing Strategies 

viii 
FMH | UL 

References ......................................................................................................... 44 

CHAPTER IV .............................................................................................................. 47 

4. Foot Modeling Affects Ankle Sagittal Plane Kinematics during Jump-landing
 ................................................................................................................................ 47 

Abstract ............................................................................................................... 48 

Introduction .......................................................................................................... 49 

Methods ............................................................................................................... 50 

Results ................................................................................................................ 52 

Discussion ........................................................................................................... 53 

Acknowledgments................................................................................................ 54 

References .......................................................................................................... 55 

CHAPTER V ............................................................................................................... 57 

5. Oxford Foot Model Kinematics in Landings: a Comparison between 
Professional Dancers and Non-dancers .............................................................. 57 

Abstract ............................................................................................................... 58 

Introduction .......................................................................................................... 59 

Methods ............................................................................................................... 60 

Results ................................................................................................................ 63 

Conclusion ........................................................................................................... 67 

References .......................................................................................................... 68 

CHAPTER VI .............................................................................................................. 71 

6. Effect of Two Different Pose Estimation Approaches on Lower Extremity 
Biomechanics in Professional Dancers ............................................................... 71 

Abstract ............................................................................................................... 72 

Introduction .......................................................................................................... 72 

Methods ............................................................................................................... 74 

Discussion ........................................................................................................... 78 

Conclusions ......................................................................................................... 80 

Acknowledgements .............................................................................................. 80 

References .......................................................................................................... 80 

CHAPTER VII ............................................................................................................. 82 

7. The Impact of Marker Adjustment in Musculoskeletal Modeling on Kinematic 
Parameters ............................................................................................................ 82 

Abstract ............................................................................................................... 83 

Introduction .......................................................................................................... 83 

Methods ............................................................................................................... 85 



Dancers’ Landing Strategies 

ix 
FMH | UL 

Results ................................................................................................................ 87 

Discussion ........................................................................................................... 89 

Acknowledgements .............................................................................................. 91 

References .......................................................................................................... 91 

CHAPTER VIII ............................................................................................................ 93 

8. General Discussion ........................................................................................... 93 

8.1 Main findings................................................................................................ 93 

8.2 Limitations ................................................................................................... 99 

8.3 Recommendations for future research .................................................... 100 

8.4 Practical Implications ................................................................................ 102 

CHAPTER IX ............................................................................................................ 104 

9. Conclusions ..................................................................................................... 104 

CHAPTER X ............................................................................................................. 105 

10. References ..................................................................................................... 105 

 

  



Dancers’ Landing Strategies 

x 
FMH | UL 

LIST OF FIGURES 
 

 

Figure 1. Sagittal view of the stance phase of a jump-landing: (A) initial contact; (B) 
Peak knee flexion; (C) and toe off events; (A) to (B) represents the landing phase, and 
(B) to (C) represents the take-off phase. ..................................................................... 13 

Figure 2. Example of an anterior (left) and sagittal (right) views of the extensive trunk 
flexion strategy during double-leg drop landing task (65). ........................................... 14 

Figure 3. Depiction of a dancer in a demi-plié position (posterior view): ankle 
dorsiflexion, knee flexion, and external rotation of the lower extremities (en dehors), 
with the patella aligned with the second metatarsal. ................................................... 16 

Figure 4. Demonstration of the starting position of a double-leg drop landing task (18).
 ................................................................................................................................... 18 

Figure 5. Representation of the three directions (A) lateral, (B) diagonal, (C) forward of 
the jump-landings performed in the studies of this PhD thesis. ................................... 20 

Figure 6. Depiction of the single-leg jump-landing in the lateral direction, followed by a 
vertical jump-landing; marker set on the trunk and left dominant lower extremity. The 
highlighted image represents the landing phase analyzed in the studies of this PhD 
research...................................................................................................................... 20 

Figure 7. Representation of the three-segment foot of the Oxford Foot Model. 
Segments: TB = Tibia; HF = Hindfoot; FF = Forefoot; HX = Hallux (86). ..................... 24 

Figure 8. Anterior view of the foot and ankle markers placement according to the 
Oxford Foot Model. ..................................................................................................... 25 

Figure 9. Illustration of the sagittal view experimental (blue) and virtual (pink) markers, 
after running OpenSim inverse kinematics. ................................................................. 28 



Dancers’ Landing Strategies 

xi 
FMH | UL 

Figure 10. Representation of the jump-landing directions: (A) lateral (LJ); (B) diagonal 
(DJ); (C) forward (FJ). Distance between starting point and center of force place for 
each jump was 70cm. ................................................................................................. 34 

Figure 11. Visual illustration of the task (e.g., lateral direction): single-leg jump-landing, 
followed by vertical jump. ............................................................................................ 34 

Figure 12. Comparisons of mean (SD) of hip, knee and ankle sagittal and frontal plane 
angles observed between professional dancers and non-dancers. Left column 
illustrates aggregated sagittal plane data, and the right column depicts ensemble 
frontal plane data. ....................................................................................................... 36 

Figure 13. Comparisons of mean (SD) of hip, knee and ankle sagittal and frontal plane 
angles observed among multidirectional jumps. Left column illustrates aggregated 
sagittal plane data, whereas the right column depicts ensemble frontal plane data. .... 38 

Figure 14. Sagittal plane of the single- (ankle) and multi-segmented (hindfoot-tibia) foot 
models kinematics (angles in degrees), during forward and lateral jump-landing 
directions, from initial contact to toe off (stance phase). .............................................. 52 

Figure 15. Professional dancers and non-dancers hindfoot-tibia and forefoot-hindfoot 
angles (in degrees), in the sagittal plane, from initial contact to toe off (stance phase).
 ................................................................................................................................... 64 

Figure 16. Professional dancers and non-dancers hindfoot-tibia and forefoot-hindfoot 
excursions (angles in degrees) in the sagittal plane. ................................................... 64 

Figure 17. Example of a professional dancer single-leg forward jump-landing at initial 
contact (A & D); peak knee flexion (B & E); toe off phases (C & F) in Visual 3D (A, B, & 
C) and OpenSim (D, E, & F). ...................................................................................... 76 

Figure 18. Offset (mean and standard deviation) of 6 professional dancers’ lower 
extremity joint angles (º) in the sagittal plane during a single-leg forward jump-landing.
 ................................................................................................................................... 77 

Figure 20. Example of 1 participant markers errors (m) during forward jump-landing 
stance phase, in the three processing phases: i) before markers adjustment, ii) after 



Dancers’ Landing Strategies 

xii 
FMH | UL 

single max marker adjusted, iii) after all markers with max errors adjusted. Markers: m8 
= right acromion, m2 = left acromion, m6 = left scapula, m1 = C7. .............................. 88 

Figure 21. Example of 1 participant lower extremity sagittal joint angles (in degrees) 
differences during forward jump-landing stance phase, in the three processing phases: 
i) before markers adjustment (solid green line), ii) after single max marker adjusted 
(dashed black line), iii) after all markers with max errors adjusted (dashed red line). .. 89 

Figure 22. Representation of the sagittal plane dominant lower extremity of a 
professional dancer (left), and a non-dancer (right) at initial contact during a forward 
single-leg jump-landing. .............................................................................................. 95 

 

  



Dancers’ Landing Strategies 

xiii 
FMH | UL 

LIST OF TABLES 
 
 

Table 1. Descriptive table (mean ± standard deviation) of the kinematic (angles in 
degrees) and kinetics (joint moments in Nm/Kgm) variables at IC, PvGRF and PKF. . 37 

Table 2. Descriptive table (mean ± standard deviation) of the multi- (hindfoot-tibia) and 
single-segmented (ankle) foot models kinematics (angles in degrees) at IC, PvGRF 
and PKF, in forward and lateral directions. .................................................................. 52 

Table 3. Descriptive table (mean ± SD) of the multi-segmented foot model (HFTBA: 
hindfoot-tibia; FFHFA: forefoot-hindfoot; HXFFA: hallux-forefoot) kinematics (angles in 
degrees), during lateral and forward directions, at IC, PvGRF and PKF. ..................... 63 

 

 
  



Dancers’ Landing Strategies 

xiv 
FMH | UL 

LIST OF ABBREVIATIONS 
 
 
DJ 

DOF 

FJ 

IC 

LE 

LJ 

Max 

PKF 

PvGRF 

RMS 

SD 

Diagonal Jump-landing 

Degrees of Freedom 

Forward Jump-landing 

Initial Contact 

Lower Extremity 

Lateral Jump-landing 

Maximum 

Peak Knee Flexion 

Peak vertical Ground Reaction Force 

Root Mean Square 

Standard Deviation 

 
 



Dancers’ Landing Strategies 

1 
FMH | UL 

CHAPTER I 

 
1. Introduction 

 

Dance movements result from a set of coordinated biomechanical degrees of freedom, 

ruled by technical and aesthetic requirements (1). The development of dance aptitudes 

requests continuous and progressive work, beginning at an early age and undertaken over 

years (2, 3). Professional dancers represent the elite that achieve the higher levels of the 

profession (2). In dance, as in other athletic activities, the injury rates have been a hot topic, 

resulting in several studies. In these two populations, the lower extremity has an 

expressively higher number of musculoskeletal injuries compared to other anatomical 

structures (4-10). Interestingly, it has been reported that acute lower extremity injury rate is 

lower in dancers, compared to other athletic populations (4-6, 10). Furthermore, dancers 

are frequently exposed to jump-landings that are usually performed with horizontal 

displacement of the body with single- or double-leg support, in many directions, as part of 

their training technique to use a wide range of the stage or classroom. Jump-landing 

proficiency is thereby a request for dancers to progress in the professional career (11). They 

are not only exposed to the strenuous physical demands placed on their bodies, but also to 

the consequences of repetitive jump-landing performances, constrained by technical and 

aesthetic requirements (12, 13). 

 

Several studies have examined jump-landings, predominantly using drop landing tasks, to 

propose strategies to target biomechanical modifiable risk factors (13-21). Extended landing 

posture is, for instance, one of the examples. It has been associated with less ability of the 

lower extremity to mitigate the landings forces, and consequently produces a higher peak 

vertical ground reaction force (PvGRF) (17, 18, 22). Despite many studies proposing injury 

prevention programs, the injury rates remain steady across populations and years (7-9, 23), 

which undoubtedly is a key-problem in athletic activities. Based on previous research, 

dancers display an extended landing posture at initial contact (IC) of the landing phase (13, 

15, 24). Yet, most likely this should not be seen as a deleterious factor, since dancers are 

encouraged to use more lower extremity joint excursions (15), particularly of the knee and 

foot-ankle joints, with longer landing phase that may suggest impact forces been absorbed 

over a longer period of time. Injury risk factors still need a thorough biomechanical 
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investigation to develop and implement effective intervention and injury prevention 

programs. 

 

Motion analysis in dancers and the effect of dance training on dancers’ body is evolving. 

Still, few research has been examining dancers jump-landings in multiple directions with a 

single-leg support. The landing phase of a jump-landing is a demanding task that involves 

rapid deceleration to “brake” the movement, and where considerable amount of forces are 

acting on the lower extremity. This becomes more challenging when the base of support is 

just one limb (25, 26), and the motion is taken in different directions (27), which have a great 

effect on the biomechanical profiles. Also, research incorporating a multi-segmented foot 

model during landing is required to better understand the intricate structure of the foot and 

ankle joints, particularly due to its influence on other lower extremity joints during landing 

(19, 21, 28).  

 

Additionally, computational modeling and simulation (e.g., OpenSim) is an impressive tool 

to study variables difficult to obtain experimentally (e.g., muscle and joint contact forces) 

(29-32). It is a field that has not been yet sufficiently explored in dance science, and can be 

valuable to further study the mechanisms underlying dance movement, particularly lower 

extremity joint functions during jump-landings. However, despite the considerable value to 

gain insights into human movement using OpenSim, it is a complex and multistep process 

(31, 33). The implementation of this approach not only involves a subjective process, but 

also is dependent on users’ skills and experience (34, 35). During that process, manual 

adjustments of the markers are needed to achieve effective marker set optimization. 

Therefore, the development of a musculoskeletal model can produce errors that can 

propagate through the workflow, affecting interpretation of the outputs (34, 36).  

 

Hence, in this PhD research, an experimental and computational modeling and simulation 

approaches were conducted. The purpose was to investigate whether professional dancers 

landing pattern would possibly exhibited alternative strategies to implement in future 

intervention and injury prevention programs. The leading focus of this PhD research 

involved the study of the lower extremity biomechanical patterns of professional dancers 

and non-dancers, while performing multidirectional single-leg landings. For that, 3D motion 

analysis, force plate, and computational modeling and simulation were used. Accordingly, 

this PhD research sought to contribute not only to dance science, but also to provide further 

evidence-based information regarding jump-landing performances, that might be beneficial 

for sports sciences to potentially contribute to decrease the risk of injury rate in jump-

landings.  
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Rationale, Research Questions, and Hypotheses 

The main purpose of this PhD thesis was to investigate professional dancers’ lower 

extremity biomechanical patterns during single-leg multidirectional jump-landings. To 

accomplish this aim, a scientific research process was conducted employing a single-

session descriptive group comparison design. Each study had its specific research question 

and respective hypothesis based on a scientific rationale. This is presented through the five 

scientific papers that have been published, accepted or are currently under review to 

international peer-reviewed journals. Paper 5 (Chapter VII) is still in preparation to be 

submitted in a near future. 

 

• Paper 1 

Title: Professional Dancers Distinct Biomechanical Pattern during Multidirectional 

Landings.  
Status: Published. 

Rationale: It is well reported that dancers have a significantly high overuse injury rate, 

mainly on the lower extremity. Conversely, the lower extremity acute injury rate is 

considerably lower in dancers when compared to other athletic populations. Previous 

research has proposed optimal jump-landing biomechanical patterns to attenuate the 

deleterious factors during landing (e.g. high impact forces). It is also established that injury 

prevention programs have targeted modifiable risk factors to decrease injury rates in jump-

landing activities. Still, overall lower extremity injury rates in many athletic populations have 

remained steady over the past decade. Dance, as other athletic activities, is characterized 

by a significant volume of jump-landing tasks. Thus, dancers are exposed to jump-landing 

training technique since young age, with required aesthetic and technique constraints. Due 

to insufficient scientific evidence related to dancers single-leg multidirectional landings, this 

study presented the findings of the lower extremity biomechanical landing patterns in 

professional dancers and respective comparison to non-dancers’. Additionally, this study 

can provide further understanding of the importance of the jump-landing directions to 

implement in prevention and intervention programs.  

 

Research question: Are there differences in the lower extremity biomechanical parameters 

between professional dancers and non-dancers during single-leg multidirectional jump-

landings? 
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Hypothesis: 
i) Professional dancers would demonstrate a more extended landing posture (lower 

hip and knee flexion, and higher plantarflexion), higher ankle excursion, and PvGRF 

during single-leg jump-landings in multidirectional jump-landing activities, compared 

to non-dancers. 

ii) Lateral jump-landing direction would have higher knee and lower hip flexion angles 

than the other two directions (forward and diagonal). 

 

 

• Paper 2  

Title: Foot Modeling Affects Ankle Sagittal Plane Kinematics during Jump-landing. 

Status: Published. 

Rationale: Based on the findings of paper 1, a natural progression was to focus on the foot-

ankle complex. It is a noteworthy anatomical structure that initially attenuate the impact 

forces and is of utmost importance in dancers. It is a key-element in jump-landing activities 

and also has influence on the other joints of the lower extremity. Considerable 

biomechanical studies have employed the single-segmented foot to analyze this intricate 

structure. However, differences in the ankle kinematics have been reported when using the 

multi- or the single-segmented foot models, which may lead to inaccuracies on ankle joint 

kinematics. Furthermore, the single foot model does not consider the other foot joints. Still, 

there are limited studies investigating ankle kinematics between multi- and single-

segmented foot models during single-leg multidirectional jump-landings. Thus, this study 

compared ankle kinematics between the two foot models (multi-segmented and single-

segmented) in jump-landing tasks. 

 

Research question: Are there differences in ankle joint kinematics computed by a multi-

segmented foot model (Oxford Foot Model) and a single-segmented foot model 

(conventional ankle) in multidirectional single-leg landings? 

 

Hypothesis: 
The hindfoot-tibia angles and excursion magnitudes would be lower in the multi-segmented 

foot model compared to the ankle of the single-segmented foot model. 
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• Paper 3  

Title: Oxford Foot Model Kinematics in Landings: a Comparison between Professional 

Dancers and Non-dancers.  

Status: Under second revisions. 

Rationale: When quantifying the ankle kinematics, in paper 2, differences were found 

between the multi- and single-segmented foot models. The foot-ankle complex has a 

remarkable importance in jump-landing tasks; it allows to initially mitigate the landing forces, 

to support the body, and has an influence on the other lower extremity joints. Dancers not 

only often perform jump-landings, but also commonly rely on this anatomical structure while 

dancing. Most biomechanical studies in dancers jump-landings have been using the single 

foot model. However, the foot-ankle complex is an intricate and frequently required structure 

in dance; and limited research exists regarding dancers multi-segmented foot model during 

single-leg jump-landings. Hence, this study took into consideration the different foot 

segments (hindfoot, forefoot, hallux), using the Oxford Foot Model, and compared dancers’ 

and non-dancers’ kinematics of the foot-ankle complex. 

 

Research question: Are there differences in the multi-segmented foot (Oxford Foot Model) 

kinematics between professional dancers and non-dancers, during lateral and forward 

single-leg landings? 

 

Hypothesis: 
Professional dancers would have higher plantarflexion and eversion angles and excursions 

in the foot and ankle joints, using the multi-segmented foot model, than non-dancers. 

 

 

• Paper 4  

Title: Effect of Two Different Pose Estimation Approaches on Lower Extremity 

Biomechanics in Professional Dancers. 

Status: Accepted for publication. 

Rationale – Musculoskeletal modeling and simulation of dynamic activities permit the 

analysis and estimation of athletic performance. Different modeling approaches have been 

used to explore lower extremity biomechanics in jump-landing tasks. While computational 

modeling has been employed in many fields, it is significantly lacking in the dance science 

field. Visual 3D and OpenSim are commonly used software in biomechanical studies. The 



Dancers’ Landing Strategies 

6 
FMH | UL 

main difference between these two approaches is the algorithm used to estimate the 

position and orientation of musculoskeletal models. Visual 3D uses segment optimization, 

whereas OpenSim uses global optimization. For both approaches, pros and cons have been 

reported in the literature. During the earlier phases of the PhD work, Visual 3D was the 

software chosen to compute joint angles, and moments. However, to further explore and 

apply computational modeling into this project, OpenSim software was also selected with 

the purpose to conduct inverse kinematics, inverse dynamics, muscle analysis, and to 

compute lower extremity joint loads. The differences in these two approaches’ algorithms 

merit further investigation. Thus, this preliminary study was pertinent to understand whether 

the different approaches were providing similar outputs of the studied variables, using the 

same data set of a single-leg forward jump-landing. This comparison is considerably 

important for the next steps, after the PhD, concerning muscle analyses and joint reaction 

forces estimations on the lower extremity joints.  

 

Research question – Do different pose estimation approaches (Visual 3D and OpenSim) 

have an effect on the hip, knee, ankle joint angles and moments in professional dancers, 

during a single-leg forward jump-landing? 

 

 

• Paper 5  

Title: The Impact of Marker Adjustment in Musculoskeletal Modeling on Kinematic 

Parameters. 

Status: In preparation to be submitted. 

Rationale – The accuracy level of a musculoskeletal model depends on the application and 

not only on the model itself. During the process of biomechanical studies to create a 

musculoskeletal model, errors in early stages of the model development, such as marker 

errors, can propagate and affect the results leading to biomechanical inaccuracies. 

Currently, in computational modeling using OpenSim software, it is essential to compute a 

musculoskeletal model. However, it is a subjective process that relies on the user skills and 

experience. In inverse kinematics, for effective marker set optimization it is essential to 

identify, examine and adjust all markers with max error above the recommended threshold. 

This is important to ensure that the model is adequately representing the musculoskeletal 

system that is simulating. Understanding the importance of this step is critical, since a lack 

of emphasis has been given on the sensitivity of the models and dependency on user skills, 

which may influence the final biomechanical outputs. 
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Research question – Are there differences in the sagittal lower extremity joint angles in 

three difference processing phases of developing a musculoskeletal model i) before 

markers adjustment, ii) after single max marker error adjustment, and iii) after all makers 

with max errors adjusted? 
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Thesis Structure 

The PhD thesis structure is organized in X chapters, assembling information needed to 

understand the conducted research: 

 

● Chapter I –  Introduction: introduces the main research topics of the PhD thesis, 

including the significance of the conducted research. It also displays the rationale 

behind all the research done, as well as, the research questions, and hypotheses 

for each study; 

● Chapter II – Literature Review: summarizes the state of the art of the main 

research topics of the PhD thesis. It contributes to address different and 

fundamental topics concerning research in multidirectional single-leg jump-landings, 

such as dance, jump-landing biomechanics, foot-ankle complex and computational 

modeling and simulation. 

● Chapter III to VII – Research Studies: presents the five scientific studies written 

during the PhD process. Each of them was organized following the structure of a 

scientific paper format: Introduction, Methods, Results, Discussion, Conclusions, 

and References; and each one was reformatted for consistency with the thesis. The 

original paper already published can be seen in Appendix. 

● Chapters VIII to IX – General Discussion and Conclusions: provides the main 

findings of chapters III to VII, and the overall conclusion of this PhD thesis. 

Additionally, based on the main findings it also includes limitations, 

recommendations for future research, and practical implications. 

● Chapter X – List of References: enumerates the used references in the chapters 

Introduction, Literature Review, General Discussion, and Conclusions. This chapter 

does not include the references of each study, since they are already included in 

their own chapter. 
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Chapter II 
 

2. Literature Review 
 

2.1 Dance 

Dance is a demanding and elaborate form of body movement that requires development 

and proficiency of specific skills over manifold years. Due to the physical and aesthetic 

demands during dancers’ careers, they acquire and develop singular movement patterns of 

the musculoskeletal system. This is also a result of the unique anatomical positions often 

performed, particularly noticeable in the lower extremities, leading dancers to a distinctive 

biomechanical pattern. Since a young age, they are exposed to high physical demands 

placed on their bodies while performing dance technique (5, 11, 13, 37). This daily 

occurrence can lead to a high risk of musculoskeletal injuries (4, 5, 38) that can have 

considerable repercussions throughout their lifespan. On the other hand, dancers combine 

technique with body alignment and postural control while dancing, increasing awareness of 

their body position and orientation compared to other athletic populations. 

 

In an effort to better understand the underlying movement performance, numerous 

biomechanical studies have been conducted in athletes (7-9, 14, 17-20, 22, 23, 26, 27, 39-

53). Though, in dance science, there is still a lack of biomechanical research. Due to the 

distinctive and singular technique, undertaken through many years of intensive training, 

more extensive studies are needed. Furthermore, it is well-established the importance of 

studying movement biomechanics to determine and assess injury risk factors. This can 

eventually contribute to determine strategies that may be implemented in intervention and 

injury prevention programs (54). 

 

2.1.1 Dancers’ injury epidemiology of the lower extremity 

Dancers have a high injury rate with more than 60% of all injuries occurring to the lower 

extremity (4-6); which is similar to other athletic populations (7-10). In dance, the most 

common anatomical locations of injuries in the lower extremity are: the knee (7% to 15%) 

(4-6), lower leg (9% to 18%) (4, 5), ankle (14% to 33%) (4-6), and foot (9% to 20%) (4-6). 

Dancers’ injuries are commonly linked to stress-related factors, involving tendons, 

ligaments and/or muscles (4). These injuries are frequently attributed to overtraining, 
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repetitive dance movements and the demanding extreme ranges of motion. Consequently, 

high physical demands are placed on the lower extremity with excessive microtrauma in the 

anatomical structures (5, 38). Accordingly, 66% to 72% of the injuries in dancers are 

classified as overuse (4-6), resulting from cumulative microtrauma or repetitive use and 

stress (10, 55). Those injuries in dancers have a greater incidence and severity than 

traumatic injuries (5). Subsequently, the remaining 28% to 34% of the injuries have been 

reported as acute (4-6), which is about 2.5 times lower compared to other athletic 

populations – i.e., approximately 70% of the injuries are acute in nature (10).  

 

Acute and overuse injuries often limit unrestricted athletic practice (23). The injuries can 

lead to short and long-term health consequences, affecting performance and quality of life 

with potential for extended disability (54) in dancers and athletes’ lifespan. Due to their 

technique, dancers are exposed to similar overuse injuries as other athletic activities (56), 

such as tendinopathies or stress fractures (4, 55). Nonetheless, dancers have unique 

dance-related injuries (56), such as foot strain (5) or snapping hip (4). Additionally, there 

are movement patterns commonly seen in dancers’ technique that are not observed in other 

athletic populations. Few examples are the knee flexion immediately before and after a jump 

(known as demi-plié) or rolling the feet in landing phase (12, 13, 57). Interestingly, these 

dance features have been associated to biomechanical improvements in jump-landing 

tasks, to reduce the risk of injuries. These dance-related characteristics will be further 

analyzed in Chapter II – section 2.2.1.  

 

2.1.2 Modifiable risk factors related to the lower extremity  

Lower extremity musculoskeletal injuries have a multifactorial etiology (58). Injury risk 

factors must be clearly established, so prevention and intervention programs can be 

devised to adequately and successfully target them (58). The risk factors interact in multiple 

ways. The modifiable risk factors can be subject to intervention by physical training or 

behavioral approaches (54). Due to an extensive high injury rate in the lower extremity, a 

particular emphasis should be given on this anatomical region concerning prevention and 

intervention programs (7). Deficits in muscle strength and/or muscle imbalance (54, 59), 

altered neuromuscular control (22, 42, 59, 60), extended landing posture (17, 18), 

decreased ankle excursion in landings (51, 61, 62), and poor technique (38, 58, 63) are 

some of the well-established modifiable risk factors commonly associated to lower extremity 

injuries. It is noticeable that in the past decades, considerable research has been conducted 

to identify those factors, particularly during jump-landing activities (13, 15-19, 22, 26, 27, 



Dancers’ Landing Strategies 

11 
FMH | UL 

39, 41, 42, 48, 64). Still, tracking and managing risk factors in biomechanics research 

remains a challenge. Injury prevention programs in athletic populations have been shown 

to be effective in changing some of the proposed modifiable risk factors and decreasing 

injury rates in the specific study sample (49, 50, 65). Nevertheless, despite extensive 

research and development of prevention programs, lower extremity injury rates have 

remained steady across multiple populations and years (7-9, 23). Additionally, the 

implementation, adoption, and maintenance of these programs in real life remain a 

challenge. Injury prevention programs should involve wider, appropriate and engaging 

implementations to achieve its goals. Therefore, it is important to identify and understand 

the movement behind jump-landing activities to adequately target the modifiable 

musculoskeletal risk factors linked to the lower extremity injuries. 

 

2.1.3 Dancers training technique 

Professional dancers emerge as a result of a demanding selection process, representing 

the elite of dance hierarchy (2, 3). Those dancers undertake a rigorous dance training over 

numerous years. High levels of performance in dance require several specific athletic skills, 

such as muscular strength and endurance, anaerobic and aerobic energy consumption, 

speed, agility, coordination, motor control and psychological readiness (63). The 

development of those skills requires a continuous and progressive work and is critical to 

dancer’s performance. Moreover, for functional and aesthetics purposes, the technique 

requirements of dance performance not only involve considerable amount of en dehors 

(external rotation of the lower extremities), joint mobility, and muscle flexibility and strength, 

but also within extreme ranges of motion in several joints. Since early ages of dance training 

there is a strong emphasis on body alignment, particularly in ballet dancers. These dancers 

are trained to be in an upright upper body and neutral pelvis position. Additionally, both 

lower extremities are externally rotated (en dehors), while keeping the patella aligned with 

the second metatarsal. It is further expected to have neutral position of the hindfoot, 

associated with strong feet arches (2, 12, 13). Subsequently, all the aforementioned 

attributes are considerably important in training technique, making dancers a unique 

population, with distinctive biomechanical pattern compared to other athletic populations. 

Some of the dance training effects have been reported in previous literature, particularly in 

jump-landing activities.  

 

Dancers are characterized by a smooth landing sequence, a request in their technique, for 

the audience to not visualize the movement effort (11). Also, they are encouraged in their 
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training process to initially contact the ground with the toes in a fully plantarflexed position, 

followed by lowering through the foot, until a controlled heel contact (13, 24, 57). This 

increases the ankle range of motion, the peak ankle dorsiflexion and the knee flexion angles 

during landing, producing a deeper demi-plié, while controlling eccentric loads (13, 24). 

These dance-related features will be further examined in Chapter II – section 2.2.1. Hence, 

the lower injury rate of severe traumas (e.g., anterior cruciate ligament injury) in dancers 

when compared to athletes (11), may be explained by the combination of repetitive and 

specialized training that dancers undergo to obtain jump-landing and balance skills, along 

with longer time to achieve fatigue (15, 16, 24). Further, the relatively predictability nature 

of dance environment, which does not involve ball-handling as in other athletic populations 

(11), may contribute to the lower injury rate. Thus, observational and measurement of 

performance variables in dance through biomechanical analysis is important to enhance the 

understanding and provide thorough information of dance movements and skills in jump-

landing activities. 

2.2 Jump-landing biomechanics 

For the development of prevention and intervention strategies, it is imperative to identify 

and understand injury mechanisms (45, 54). Jump-landing tasks are fundamental features 

of many athletic and dance activities and have received substantial research attention in 

the last decades (11, 13-16, 19, 20, 22, 24, 26, 27, 39, 40, 42-44, 47, 53, 66). The study of 

jump-landing biomechanics allows to investigate the demands placed on the body while 

performing these tasks (66). Jump-landing sequence can be divided into two phases: i) the 

flight phase in which the foot is off the ground, and ii) the stance phase when it is contacting 

the ground. Additionally, the stance phase (Figure 1) can be divided into: a) landing phase, 

which is corresponding to the deceleration phase, defined as the time period from IC with 

the ground to the peak knee flexion (PKF) (13, 51); and b) take-off phase, defined as the 

time period between the PKF and the toe off, when the foot stop contact with the ground. In 

this PhD research the prime focus was in the landing phase. It corresponds to the period of 

the greatest loading; when considerable large forces are applied to the human body (14, 

41, 52, 65). 
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Figure 1. Sagittal view of the stance phase of a jump-landing: (A) initial contact; (B) Peak 
knee flexion; (C) and toe off events; (A) to (B) represents the landing phase, and (B) to (C) 

represents the take-off phase. 

 

The lower extremity absorbs the body’s energy during landing (53). A primary goal in this 

phase is to stabilize the body and maintain the center of mass within the base of support. 

For that, the lower extremity plays an important role, to reduce and control the downward 

momentum acquired during the flight phase; and also, to dissipate that kinetic energy 

generated (19, 44, 67). Altogether, it places strenuous demands on the lower extremity (67). 

 

During jump-landings, injuries may occur from a multifactorial etiology, including repetitive 

malalignment of the lower extremity segments or from inadequate absorption of impact 

forces (61). A more flexed landing pattern, with higher trunk, hip and knee flexion during the 

landing phase (Figure 2) is associated with higher shock absorption mechanism, important 

contributor to energy dissipation, and consequently lower ground reaction forces (17, 18, 

22). Thus, when employing an active trunk flexion strategy during landing, decreased 

PvGRF, peak knee extensor moment, higher hip and knee flexion angles and hip extensor 

moment have been reported (17, 18, 46). Though, despite the magnitudes of the attained 

hip and knee flexion (51º and 82º, respectively) being suggested to be protective of 
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excessive joint loads (17, 18), it is plausible that such magnitudes are most likely 

incompatible with athletic performance, due to the concomitant excessive active trunk 

flexion (i.e., 96º of active trunk flexion), as depicted in Figure 2. 

 

 
Figure 2. Example of an anterior (left) and sagittal (right) views of large trunk flexion 

strategy during double-leg drop landing task (65). 

 

Being at a nearly fully extended position at IC it maximizes the range of motion (known as 

excursion in Chapters III to V) over which flexion can occur to dissipate energy (67). The 

lower extremity flexion during landing, controlled by extensor musculature eccentric work, 

contributes to the shock absorption mechanism (67). This is further beneficial as the 

increased sagittal joint excursions are related to concurrently reduced frontal plane joint 

excursions (14). There is also strong evidence suggesting that a decreased weightbearing 

ankle sagittal excursion in landing influences lower extremity mechanics and may be related 

to injuries due to a compensatory mechanical pattern in the lower extremity (37, 62). As an 

example, excessive foot pronation or compromised medial knee alignment (37). 

Additionally, the foot landing technique (e.g., toe-to-heel versus heel-to-toe landing) has 

noteworthy implications regarding the forces transmitted to the body and the body’s ability 

to dissipate these forces (53, 67, 68). It has been suggested that a toe-to-heel landing 

technique leads to a considerably lower hip flexion angle at IC compared to the rearfoot 

(defined in this PhD thesis as hindfoot) and self-preferred landing techniques (53). 

Biomechanically, in the toe-to-heel strategy, a relatively large lever arm exists between the 

point of force application and the ankle joint, increasing the deceleration distance and thus 

decreasing the impact experienced (67). Increased plantarflexion angle at IC also provides 

a mechanical advantage, since it permits a subsequent increased ankle excursion during 

landing, established as an important contributor to shock absorption (19, 21, 41, 67). 

Accordingly, jump-landing technique influences the lower extremity ability to mitigate the 
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impact forces. The landing technique therefore plays an important role, as it may influence 

the likelihood of injury (67) .  

 

2.2.1 Jump-landing patterns in dancers 

Biomechanical research is an emerging field in dance science. Dancers training places a 

significant focus on specific motor organization patterns to develop the performance and 

technique requirements (1). While substantial research studying the biomechanical 

responses of the lower extremity during landings exist, there is a paucity of these studies in 

dancers. Jump-landings are an important aspect of many dance styles (24). 

Accomplishment of aesthetically precise balance and jump-landing skills are necessary for 

dancers to advance in the professional careers (11). As in other athletic populations, 

dancers are often exposed to jump-landing activities; being part of their training technique 

throughout the years of practice (11, 69); a ballet dancer can perform up to 300 jumps per 

hour (69). Besides, dancers are not only exposed to the effects of repetitive jump-landings, 

but also have to be aware and develop the aesthetic requirements during their 

performances that other athletic populations do not have (11-13, 15, 70). Some of those 

aesthetic requirements are the alignment of the lower extremity (e.g., patella aligned with 

the second metatarsal) and the foot work (e.g. toe-to-heel landing) that subsequently allows 

extensive plantarflexion angle in the ankle joint (11, 13, 57). Hence, there are specific 

characteristics of jump-landings that are unique in dance (3).  

 

Previous research has described dancers biomechanical landing pattern. An adequate 

jump-landing technique in dance is defined by starting and finishing in demi-plié position; 

meaning knee flexion, while heels contact the ground (Figure 3). The spring action of the 

demi-plié is essential in the jump-landing activities to prepare the jump and also to support 

the shock absorption mechanism during the landing phase (37). It also enables the use of 

the required en dehors while executing these movements (37).  
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Figure 3. Depiction of a dancer in a demi-plié position (posterior view): ankle dorsiflexion, 

knee flexion, and external rotation of the lower extremities (en dehors), with the patella 
aligned with the second metatarsal. 

 

From the demi-plié position, the jump begins with hip and knee extension, and foot-ankle 

plantarflexion (12, 37), transferring the weight from the heel to toes (12). The last point of 

contact with the ground, before the flight phase, are the toes to push-off. Maximum ankle 

plantarflexion (pointé) and alignment of the lower leg, ankle and foot are required during the 

flight phase (12, 66) preventing the sickling mechanism (presented in Chapter II – section 

2.3.1). Still, in this phase, dancers have to maintain the lower extremities externally rotated 

(en dehors), which provides a medio-lateral work of the hip to assist with the alignment of 

the lower extremity during jump-landings (37). At the peak of the flight phase, the knees are 

extended and the ankles fully plantarflexed (12, 66). They also present an erect trunk 

posture during the entire jump-landing (13, 37). At the initial ground contact, the foot and 

ankle are plantarflexed; the first part of the body contacting the ground in the landing phase 

are the toes, and then the ball of the foot (12, 71). After the IC, the plantarflexed foot-ankle 

complex quickly and forcefully moves into a dorsiflexed position after the foot entirely 

contacts with the ground (71). Therefore, at IC, dancers land with nearly fully extended 

lower extremities; demonstrated by lower hip and knee flexion compared to other athletic 

populations, as well as maximum use of the ankle plantarflexion (13, 15). This pattern 

emphasizes the use of lower extremity joints excursion and also highlights the developed 

ability of the foot-ankle to roll throughout the foot (13, 57); this topic will be further addressed 

in Chapter II – section 2.3.1. Dancers then continue the landing phase by placing the heel 

on the ground coupled with knee flexion (demi-plié) to prepare for the next jump (12).  
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It is believed that the aforementioned extended landing pattern of dancers may hinder 

appropriate neuromuscular control to absorb the landing forces, which can potentially result 

in higher ground reaction forces (18, 22, 41, 68). This mechanism may increase the load on 

passive structures of the lower extremity joints (20), and consequently lead to a higher risk 

of injury. Yet, dancers appear to compensate the erect posture at initial contact with higher 

knee and ankle excursions during landing (13, 24). This biomechanical strategy allows the 

dissipation of the impact forces over a larger range of motion, and at the same time to 

achieve the desired aesthetics of a smooth and seemingly effortless landing in dancers (11, 

13). This suggests that dancers appropriately take advantage of their extensive training of 

demi-plié movement. Also, dancers demonstrate decreased knee valgus compared to 

athletes (15, 24) that may contribute to a lower incidence of injuries (e.g., anterior cruciate 

ligament injury) in dancers (11). Despite the substantial research conducted in jump-

landings, a comprehensive overview of lower extremity kinematics and kinetics in these 

tasks is still needed to comprehend the underlying patterns contributing to shock absorption 

mechanism in dancers and other athletic populations (known in Chapters III, IV, V, and VII 

as non-dancers).  

 

2.2.2 Different types of jump-landings 

It is noticeable that different tasks have been used in biomechanical studies investigating 

the lower extremity during jump-landing activities. A limitation of the biomechanical 

laboratory studies is that one cannot determine how the measured movement patterns 

relate to the biomechanics of real athletic motions (47). Nevertheless, an effort should be 

made to attempt to mimic athletic movements in the laboratory, as realistic as possible, 

increasing the ecological validity.  

 
2.2.2.1 Drop landing and drop jump tasks 

The drop landing has been primarily and extensively used to investigate lower extremity 

biomechanics (13-16, 19-22, 41, 46, 72). This task isolates the landing phase from the entire 

jump-landing sequence and may not take into account the preparation of a landing (45). 

The activation of the lower extremity musculature prior to landing affects joints’ kinematics 

and kinetics and potentially mediate loading (67). To drop to land (Figure 4) is reasonably 

different to performing a preceding jump before landing, as there is no dynamic motion prior 

to landing. Also, it is rarely performed outside the laboratory environments, and is 

considered as a less complex movement task (45). The landing phase of a drop landing 

and a spike jump have considerably differences in kinetic, kinematic and muscle recruitment 
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strategies observed in volleyball players. Drop landings displayed a more extended landing 

pattern, most likely due to a more vertical body position (45). Thus, a drop landing does not 

mimic jump-landing tasks. Results from research using drop landing mechanics to model a 

landing phase of an entire jump-landing sequence should therefore be taken with caution 

(45, 47).  

 

Additionally, previous research has primarily employed a drop vertical jump to assess injury 

risk  (42, 68). This task is in a controlled environment, primarily vertical in nature, and may 

not fully represent the demands of various jumps (e.g., vertical vs. horizontal displacements) 

performed in many athletic and dance activities. For instance, there are substantial 

differences in the magnitude of knee kinematics and knee joint loadings between drop 

jumps and sidestep cutting tasks (47). In the sidestep cutting, athletes had lower knee 

flexion angle, higher knee valgus and internal rotation angles at IC, and higher knee 

moments (e.g., knee abduction moment was 6 times higher) (47). Sidestep cutting and drop 

jumps have different biomechanical motion patterns with the double-leg drop jump 

considered a more controlled and less complex task (47).  

 

 
Figure 4. Demonstration of the starting position of a double-leg drop landing task (18).  

 

2.2.2.2 Single- and double-leg landings 

Double-leg landings can provide valuable information, however, may not represent a 

comprehensive view of an athletes’ high-risk biomechanics (27); injuries often occur during 

single-leg landings (25, 47). This injurious mechanism is most likely due to a significantly 

more strenuous biomechanical demand on a single-leg compared with a double-leg (27). 

The impact forces, during single-leg landings, are solely absorbed by one lower extremity, 

with a decreased base of support and increased biomechanical demands from the trunk 
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and pelvis (27). Moreover, single-leg landings have demonstrated lower sagittal hip and 

knee angles at IC and respective excursions compared to double-leg landing (20, 25).  

 

Biomechanical magnitudes, especially joint moments, are greater during single-leg than 

double-leg landings, which suggests higher musculature demands needed to dissipate 

energy when landing in one limb (27, 44). Larger demands are required of posterolateral 

hip musculature in single-leg landings, to maintain a leveled pelvis and prevent excessive 

hip adduction and internal rotation (components of dynamic lower extremity valgus). 

Previous research have reported hip flexion and adduction moments in single-leg landings 

that were 2.2 and 6.6 times higher, respectively, than during double-leg landings (27). It is 

suggested that single-leg landings are challenging tasks that may enable better assessment 

of high-risk movement patterns (27). Also, different lower extremity energy dissipation 

strategies are adopted when performing a single- or double-leg landing, in sagittal and 

frontal planes (25). For example, in the sagittal plane, the hip and knee are the major 

contributors to energy dissipation in double-leg landings, whereas the hip and ankle 

primarily contribute during single-leg landings. Findings from previous research, exhibited 

that double-leg sagittal plane movements may not fully represent the neuromuscular 

strategies during high-risk activities (25, 27, 47). The biomechanics elicited during double-

leg sagittal plane are not representative of biomechanics during more multidirectional sport-

specific activities. Hence, single-leg and multidirectional tasks may complement scientific 

information (27).  

 

2.2.2.3 Jump-landing directions 

The different jump-landing directions meaningfully affect the lower extremity biomechanical 

strategies adopted to dissipate the impact forces during the landing phase (26, 27, 39, 40, 

73). These biomechanical patterns suggest distinctive neuromuscular demands for each 

direction. For example, during the lateral jump-landing direction lower hip flexion, higher 

knee flexion, ankle dorsiflexion, and peak knee valgus angles were reported when 

compared to diagonal and forward directions (39, 40). Jump-landings in a frontal plane 

movement elicit more predominant signs of dynamic lower extremity valgus (27). Thus, 

using only the forward direction in jump-landing assessment may be misrepresenting 

essential aspects of neuromuscular control that are likely important to improve intervention 

programs of lower extremity injuries (73).  
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Multidirectional single-leg landings may better differentiate the biomechanical profiles in 

landings (26). Dancers also perform repetitive multidirectional landings, frequently 

supported in single-leg, with considerable horizontal displacement as part of their artistic 

and technical requirements. Thereby, this PhD research focused on multidirectional single-

leg landings (Figures 5 and 6) of professional dancers and compared to non-dancers, to 

investigate the underlying biomechanical responses in different directions.  

 

 
Figure 5. Representation of the three directions (A) lateral, (B) diagonal, (C) forward of 

the jump-landings performed in the studies of this PhD thesis. 

 

 
Figure 6. Depiction of the single-leg jump-landing in the lateral direction, followed by a 
vertical jump-landing; marker set on the trunk and left dominant lower extremity. The 
highlighted image represents the landing phase analyzed in the studies of this PhD 

research. 
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2.3 Foot-ankle complex 

The foot-ankle complex is a unique masterpiece of the human body. The complexity of the 

foot-ankle anatomy has a remarkable influence on its biomechanics (74). Unlike other 

segments of the lower extremity, the foot includes multiple bones and joints with a very 

intricate interaction (75, 76). This structure enables not only motion with a notable level of 

joint stability but is also a key-element in a wide variety of daily and functional activities (76). 

The movement of the foot-ankle complex joints is multiplanar and exceptional (37, 77, 78), 

which represents a challenge to define and characterize in vivo foot kinematics. 

Nonetheless, due to its important function, and also improvement of the accuracy of motion 

capture systems, the measurement of the foot kinematics has becoming more common 

(77).  

 

The foot-ankle complex plays an important role to transfer forces and mechanical energy 

throughout the entire lower extremity, influencing its biomechanics due to the closed kinetic 

chain (19, 21, 28, 72). This structure provides a unique foundation to static and dynamic 

stability, mechanical leverage, shock absorption, and also to maintain balance (79). 

Additionally, it is remarkably energy efficient (79). Thus, all of the characteristics taken 

together demonstrates the natural resilience of the human foot (79). Thereby, the several 

joints of the foot and ankle have an outstanding position and function in the human body 

motion. 

 

The interface between the lower extremity and the ground is the foot-ankle complex (74). 

The biomechanics of this structure is critical to the functionality of the lower extremity (28) 

in a wide variety of dynamic activities, including jump-landings. The individual joints and 

segments of the foot work simultaneously in a coordinated and synchronized system rather 

than isolated movements (76). The foot-ankle complex therefore can provide optimum 

forces attenuation and energy-absorbing characteristics (79) that must be investigated. 

Previous biomechanical studies in dancers jump-landings (13, 15, 16, 24) commonly 

modeled the foot as one rigid segment. This model neglects the intricate structure of the 

foot and ankle functional anatomy (77, 80, 81) and may attribute motion to one joint when 

in fact it occurs in more than one foot joints (82). Thus, biomechanical data concerning the 

foot-ankle complex kinematics using a multi-segmented foot model may provide further 

evidence related to dancers’ foot-ankle structure. 
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2.3.1 Foot-ankle complex in dancers 

Dancers often rely on the intricate foot-ankle complex while performing jump-landings. One 

of the main purposes of this structure is to initially attenuate the landing forces imposed on 

the body, while providing dynamic stability (19, 21, 76). A well-trained dancers’ foot and 

ankle therefore are able to provide full support in landing tasks, and most likely work as an 

advantageous shock absorption mechanism (13, 19, 21, 37).  

 

Dancers exhibit high motion in these structures due to the aesthetics and technique 

requirements. Professional dancers present 129% increased plantarflexion motion over the 

norm, which provides a total ankle range of motion 82% greater than norm (2). However, a 

standard goniometer was used to measure joint angles and ranges of motion (2). 

Additionally, dancers exhibited increased strength of the ankle plantarflexors; approximately 

40% greater than the norm, which may be linked to the great and specific demands on the 

foot-ankle complex in dance (2). Although foot and ankle flexibility is of utmost importance 

to dancers aesthetics and technique, there is little evidence to support that extreme ankle 

range of motion is a predictor for subsequent injury (56).  

 

There are some unique features to dancers, such as dancing en pointé (63). To dance en 

pointé, female dancers should have approximately 90º to 100º of plantarflexion in the foot-

ankle complex joints (2). A considerable amount of plantarflexion is required in dancers, 

linked to strength and extensive mobility of different segments of the foot (1, 38, 83), and 

not just the ankle joint. The observed plantarflexion motion in dancers comes from the 

combined motion of different foot joints, such as talocrural, subtalar, and midtarsal joints of 

the foot-ankle complex (2, 83). Furthermore, it has been reported that during weightbearing 

en pointé and demi-plié positions in female ballet dancers, the talocrural joint is the greater 

contributor to plantar and dorsiflexion motions, with approximately 70% of the overall 

motion, measured using x-ray. Whereas the remaining 30% occurs in other foot joints (83). 

This suggests that when computing the foot-ankle complex using a single rigid segment to 

measure kinematics, it is likely providing insufficient information related to foot function as 

the other foot joints are also a contributor to the foot overall motion (77, 80, 81). This motion 

pattern in dancers is doubtless an effect of years of training technique (1, 2, 11, 13, 63) and 

most likely a result of some degree of skeletal molding in young dancers while bones are 

still maturing (2).  

 

As previously described in Chapter II – section 2.2.1, dancers are frequently exposed to 

jump-landing activities with the foot-ankle complex having an important responsibility due 
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to the toe-to-heel landing technique (13, 24). This structure function is vital to dancers’ ability 

to perform, requiring flexibility and strength (1), which provides a distinctive landing pattern. 

The toe-to-heel technique, aforementioned in Chapter II – section 2.2.1, has been 

noticeably associated to adequately mitigate the landing forces (19, 41). Besides, the joint 

mechanics of the distal joints of the lower extremity are crucial to activate an adequate 

muscle pattern to contribute to shock absorption mechanism (67, 68, 84). 

 

The talocrural joint anatomy is not a simple hinge joint (37, 85). In open kinetic chain, due 

to the oblique orientation of the talocrural axis, ankle dorsiflexion occurs with foot abduction 

and eversion; whereas plantarflexion occurs with adduction and inversion (37). This affects 

the position of the foot-ankle complex at IC. The described kinematically coupled foot-ankle 

inversion and adduction with plantarflexion is known as the sickling mechanism. Dancers 

are subject of extensive foot-ankle training, to work on the required alignment of the lower 

leg, ankle and foot, through the evertors and plantarflexors muscles (37, 66). This helps 

avoiding the sickling mechanism in landings. Simultaneously, they have to externally rotate 

the lower extremities, through the activation of the hip external rotators muscles (37). 

Thereby, the described strategy can be valuable for dancers since it may assist to prevent 

some injuries to the ankle (e.g., ankle or midfoot sprains). This suggests that learned 

coordination patterns at the foot-ankle joints may also be important to prevent injuries (66). 

Consequently, due to the paucity of research examining dancers multi-segmented foot in 

jump-landing activities, there is a gap in dance science related to such an important, intricate 

and often requested structure in dance.  

 

2.3.2 Multi- vs single-segmented foot models 

Recent research has shown that there is clear evidence of how selection of marker data 

from different bones can influence the kinematic description of a segment model (82). 

Several biomechanical studies investigating lower extremity in jump-landing activities, have 

modeled the foot as a single rigid segment (13, 15, 19, 20, 24, 41, 51, 53). The bones within 

each segment of the foot move relative to each other (82). Thus, this model provides limited 

kinematic data since it neglects information about the relative motion between and within 

the different foot segments (77, 78, 80, 81). The kinematic outputs of the talocrural joint, 

when using the single-segmented model, also includes motion of other foot joints (e.g., 

forefoot-hindfoot). The single-segmented foot model simplifies the intricate structure of the 

foot-ankle complex and does not provide meaningful information related to the foot 

kinematics (80, 81). Previous research has reported distinctive ankle kinematics during 
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walking and landing activities using different foot-ankle model approaches (multi- vs single-

segmented models), with higher ankle magnitudes in the single-segmented foot model (80, 

81).  

 

The different joints of the foot produce a challenging process to define and represent in vivo 

foot kinematics using 3D motion capture system. Recently, different models to compute the 

foot into multiple segments have been developed and proposed. Multi-segmented foot 

models divide the foot into different segments to obtain meaningful data about its function 

(75). The Oxford Foot Model is one of the multi-segmented foot models that have been 

employed to investigate the foot-ankle complex (77, 78, 81, 86-88). It presents kinematic 

information of the hindfoot-tibia, forefoot-hindfoot and hallux-forefoot joints of the foot-ankle 

complex (77, 78, 86). Thereby, representing a three-segment foot (hindfoot, forefoot and 

hallux), and tibia (Figures 7 and 8) (77, 78, 86).  

 
Figure 7. Representation of the three-segment foot of the Oxford Foot Model. Segments: 

TB = Tibia; HF = Hindfoot; FF = Forefoot; HX = Hallux (86). 

 
This model has been used over years, and its reliability has been reported in adults and 

children, healthy and pathological populations, performing different tasks, such as walking, 

running or step down (77, 78, 81, 87, 88).  
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Figure 8. Anterior view of the foot and ankle markers placement according to the Oxford 

Foot Model. 

 

Remarkably, the foot-ankle complex is paramount to dancer’s technique and aesthetics; 

playing an important role to adequate mitigate the landing forces (19, 21, 41). Foot modeling 

as a multi-segment can provide an insight of the foot kinematics during jump-landings to 

better understand the intricate foot-ankle complex abilities. Due to the considerable range 

of motion in the foot-ankle complex, its functional anatomy, and required use in dance, 

research modeling the foot as a multi-segment during dynamic tasks is relevant and needed 

in dance.  

 

2.4 Computational modeling and simulation 

OpenSim software was chosen to further explore and employ computational modeling on 

the experimental data collected for this PhD research. It is an open-source platform for 

modeling, simulation and analysis of the neuromusculoskeletal system (32, 33). OpenSim 

generates computational simulation of human movement allowing two primary tasks (31, 

32):  

1) to calculate variables that are difficult to measure experimentally, such as muscle forces 

and joint loads for a wide range of scenarios – activities of daily living and athletic 

performances;  

2) to predict and examine movement from models of motor control, such as kinematic 

adaptations of human gait.  

Computational modeling and simulation also permit to analyze musculoskeletal systems 

through the study of neuromuscular coordination and joint loads estimation, which helps 

researchers to gain valuable insights into human movement (31, 33). Additionally, OpenSim 

uses the global optimization method, which is highly dependent on joint kinematic 
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constraints to remove the possibility of joint non-anatomical positions (89). It has been 

considered has an efficient and reliable method for calculation of the position and orientation 

of the model (89). This method has the potential to minimize soft tissue artifact (90), a known 

concern in biomechanics research. Even when retro-reflective markers are carefully placed 

on selected anatomical landmarks of the participant, soft tissue artifact can affect the 

outputs, leading to misinterpretations (90).  

 

2.4.1 OpenSim: a computational modeling and simulation approach  

OpenSim has a wide range of capabilities for generating and analyzing musculoskeletal 

models and dynamic simulations. It also provides flexibility and control to users when 

inputting data (e.g., experimental measurements that drive a simulation) and outputting 

results of interest (e.g., joint angles and muscle forces) (32). The first step is to determine 

which model to use to guide the analysis of kinematics and dynamics (31). Thus, the first 

step is the development of a biomechanical model. This model includes a set of 

mathematical equations that describes a physical system representing human 

neuromuscular system that acts on a rigid multibody skeletal structure (31, 32). A model 

also represents the dynamics of rigid bodies and joints that are acted upon forces to produce 

motion. It is defined by the components of the model (e.g., rigid bodies and 

musculotendons), their properties (e.g., body masses and muscle fiber lengths), and the 

connections among components (e.g., joints) (32). 

 

The elements of the musculoskeletal system are modeled by sets of differential equations 

that describe muscle contraction dynamics, musculoskeletal geometry and body segmental 

dynamics (31, 33). The musculoskeletal model is then scaled to match the participant 

anthropometry. The dimensions of each body segment in the model are scaled based on 

relative distances between pairs of markers obtained from motion capture system and the 

corresponding virtual marker locations in the model. In addition, the mass properties of the 

body segments are scaled proportionally so that the total measured mass of the participant 

is reproduced, as well as the muscle fiber lengths and tendon slack lengths of the muscle-

tendon actuators (33). Subsequently, inverse kinematics is solved to estimate the model 

joint angles and translations to best reproduce the experimental marker trajectory. This step 

is formulated as a least-squares problem that minimizes the differences between the 

measured marker locations and the model’s virtual marker locations (33).  
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It is recommended to perform inverse kinematics and dynamic analyses using a model that 

realistically represents physiological joints and is scaled to the anthropometry of the 

participant. The next two steps include: 1) residual reduction algorithm, which is applied to 

make the model generalized coordinates more dynamically consistent with the experimental 

ground reaction forces and moments; and 2) static optimization or computed muscle control, 

to generate a set of muscle excitations that produce a coordinated muscle-drive simulation 

of the participant’s movement (33). At the end of this process, useful information of lower 

extremity muscle forces and activation profiles are provided. The use of this approach in 

jump-landings is extremely helpful to identify the causes of neuromusculoskeletal 

impairments and how it affects the movement itself. 

 

2.4.2 Challenges presented in computational modeling and simulation 

The development of computational modeling and simulation of the human musculoskeletal 

movement is not only a great challenge, but also a complex and multistep process (31, 33). 

The use of OpenSim to study daily activities and athletic performance has increased in the 

biomechanics field over the past decades (31, 32). Nevertheless, it has been observed that 

lack of best practices for the verification and validation of musculoskeletal models and 

simulations, which is a challenging process, remains a major barrier to wider use and impact 

(31). 

 

A dynamic model of the musculoskeletal system and its interaction with the environment is 

needed to create movement simulations (33). However, based on OpenSim guidelines 

there is no scientific consensus on when a simulation is “good enough”. OpenSim inverse 

kinematics is an optimization method in movement analysis which fits a multi-segment 

biomechanical model to a set of marker positions measured experimentally (35). The 

accuracy of inverse kinematics depends on the exact placement of the markers and on the 

maximum markers error (35). The main objective is that the measured marker locations fit 

those of the model’s virtual markers (33) (Figure 9). The recommended fitting error upper 

bound of OpenSim inverse kinematics is to have the maximum marker error and the 

maximum Root Mean Square (RMS) error below 0.04 and 0.02m, respectively. This is 

accomplished with marker set optimization; which is a subjective process due to the manual 

markers’ adjustments and depends on users’ skills and experience. It is common to 

alternate between the scale and inverse kinematics tools to fine-tune segment dimensions 

and marker positions that yield low marker errors for the performed task. Consequently, 

developing a subject-specific musculoskeletal model and simulation of movement has 

represented a time-consuming process (91). 
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Figure 9. Illustration of the sagittal view experimental (blue) and virtual (pink) markers, 

after running OpenSim inverse kinematics. 

 

During all of these processes, visualization of models and simulations are critical for 

interpreting, troubleshooting and communicating results (32). It also becomes noticeably 

that the sensitivity of musculoskeletal models to the modeler decision should be a concern 

in computational modeling (30). On one hand, it enables experts to improve models, while 

on the other hand, less experienced modelers may make incorrect conclusions (34). 

Furthermore, outputs from musculoskeletal simulations are affected by measurement error 

and model parameter uncertainties, which are important to consider when interpreting 

results (36). Variations in model predictions (e.g., joint angles, joint moments and muscle 

forces) due to uncertainties (operator-dependent or related to unavailability of 

measurements in vivo) and errors in marker positions are a trait of musculoskeletal 

modeling approaches (34, 91). In this process, it is the user’s responsibility to ensure that 

the models and simulations realistically represent the experimental data and findings from 

the simulations are trustworthy (30, 31). 
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CHAPTER III 

 

3. Professional Dancers Distinct Biomechanical Pattern during 
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Abstract 

Purpose: To compare lower extremity biomechanics between professional dancers 

(PDs) and non-dancers (NDs) during multidirectional single-leg landings. Methods: 
Fifteen PDs (27±7 years, 1.69±0.1m, 57.8±9.3kg), and 15 NDs (25±5 years, 1.69±0.1m, 

66±10.2kg) performed single-leg jumps in three directions: 1) lateral, 2) diagonal, and 3) 

forward. Dominant LE biomechanical data were collected using a motion capture system. 

Data were processed in Visual3D. LE kinematic (hip, knee and ankle joint angles in 

sagittal and frontal planes, and range of motion [ROM]) and kinetics (hip and knee 

internal joint moments and vertical ground reaction force) variables were analyzed at 

initial contact (IC), peak vertical ground reaction force (PvGRF), and peak knee flexion 

(PKF). Repeated measures ANOVAs were conducted (p<0.05). Results: At IC, 

statistically significant interactions were found for ankle frontal and hip sagittal angles 

(p<0.05). Main effects for groups and jump directions were attained (p<0.05). PDs at IC 

had lower hip and knee flexion, and higher ankle plantarflexion than NDs. PDs had 

significantly higher knee (PDs: 41±6.1; NDs: 33.8±8.4) and ankle (PDs: 53.7±3.4; NDs: 

38.9±8.9) ROM than NDs. At IC, the lateral jump had a higher hip abduction moment, 

hip abduction and ankle inversion, and lower hip flexion and ankle plantarflexion than 

the forward and diagonal jumps. The LJ (15.5±7.7) had higher hip excursion than the FJ 

(12.7±5.4). Conclusion: PDs higher extended posture at initial contact promoted an 

efficient use of the knee and ankle ROM to dissipate the landing forces. Regardless the 

group, jump directions also solicited different biomechanical responses, particularly 

between lateral and forward directions. These strategies should be considered for 

implementation in prevention programs, as it can foster adequate lower extremity 

neuromuscular control. 

 

Keywords: Lower extremity; Kinematics; Kinetics; Dancers; Multidirectional landings.  

 

 

Introduction  

Lower extremity (LE) musculoskeletal injuries have a multifactorial etiology (1). More 

than 60% of all dancers’ injuries occur to the LE (2), similar to other athletic populations 

(3, 4). However, 66% to 72% of the injuries in dance are overuse in nature (2, 5), mainly 

because dancers do not stop dance activities, thus less serious injuries may progress to 

overuse injuries. Consequently, only 28% to 34% of dance injuries are classified as acute 

(2, 5), whereas acute injuries have been reported at 70% in other athletic populations 
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(6). The common type of injuries in dance are tendinosis (32%), ligament sprain (17%), 

and muscle strain (15%), commonly linked with stress related factors; also, those are the 

three conditions that required greatest amount of treatment (2). The injuries have short 

and long-term health consequences that affect performance and quality of life with 

potential for extended disability (7). Intrinsic and extrinsic risk factors have been 

proposed (1, 8). Deficits in muscle strength and/or muscle imbalance (9), decrease in 

neuromuscular control (9-11), and poor technique (8) are risk factors frequently 

associated to LE injuries. Injury prevention programs have been shown to be effective in 

altering modifiable risk factors and decreasing injury rates in the specific study samples 

(12). Still, overall LE injury rates have remained steady across multiple populations (3), 

suggesting that injury prevention programs need broader implementation. Identifying and 

understanding the modifiable musculoskeletal injury risk factors can lead to improved 

primary prevention programs (7, 8). 

 

Substantial research has been done to investigate modifiable risk factors during jump-

landing activities (10, 11, 13-17). LE role during landing is to reduce and control the 

downward momentum acquired during the flight phase, which places a strenuous 

demand on the LE (18). It has been reported that a more flexed landing pattern, with 

higher trunk, hip and knee flexion during the landing phase is associated with higher 

shock absorption and consequently lower ground reaction force (11, 19). Contrastingly, 

it has been reported that lower flexion angle during landing augments the reliance on the 

frontal plane motion and loads to decelerate the body center of mass (20). Though, 

excessive frontal plane motion and loading is a common knee injury mechanism (10).  

 

Previous research reported that dancers have a more erect trunk and LE biomechanical 

pattern during the landing phase compared to non-dancers and other athletes (13, 21). 

This extended pattern may hinder appropriate neuromuscular control to absorb the 

landing forces, resulting in higher ground reaction forces (11, 14, 17, 19, 22), potentially 

increasing the risk of injuries. Still, dancers compensate the extended position at initial 

contact with higher knee and ankle excursion (13) as a strategy to dissipate landing 

forces over a higher range of motion (17). Also, they may employ a muscular strategy, 

through higher plantarflexor muscle action, to attenuate the landing forces (11, 14, 17, 

22) without a concomitant increase of PvGRF (17). Further, dancers perform repetitive 

single-leg multidirectional landings with significant horizontal displacement as part of 

their artistic requirements. The drop landing task has been primarily used to investigate 

lower extremity biomechanics. Yet, some limitations have been suggested, as it inhibits 
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the isolation of the landing phase from the entire jump-landing task limiting the 

preparation for landing, and it has been implied as a less complex movement (23). 

Additionally, literature reports that LE kinematic and kinetic parameters are significantly 

affected by the jump-landing direction which is absent in a drop landing task (16). 

 

During lateral jump-landing lower hip flexion, higher knee flexion, ankle dorsiflexion, and 

peak knee valgus angle were reported when compared with other directions (16, 24). 

The different landing directions require distinct biomechanical strategies to dissipate the 

impact forces (15, 25, 26). Furthermore, those impact forces, during single-leg landings, 

are solely absorbed by one LE, with a decreased base of support and increased 

biomechanical requirements from the trunk and pelvis (15), with lower knee and hip 

range of motion (27). Thereby, the body needs to attenuate the impact distally (27), 

suggesting that further investigation of the distal and proximal joint control during landing 

is warranted. It is relevant to consider and incorporate jump-landing direction skills during 

intervention programs. Also, understanding the biomechanical landing patterns in 

professional dancers can contribute to comprehend what may facilitate shock absorption 

during landing. To our knowledge, there is limited research investigating the 

biomechanical responses during multidirectional single-leg landings between 

professional dancers and non-dancers that can contribute to the differences in acute 

injury rates (28). Therefore, the purpose of the current study was to investigate kinematic 

and kinetic differences between professional dancers and non-dancers, during 

multidirectional (lateral, diagonal, forward) single-leg landings. It was hypothesized that 

1) professional dancers would have a more extended landing posture (lower hip and 

knee flexion, and higher plantarflexion), higher ankle excursion and peak vertical ground 

reaction force during single-leg landing compared to non-dancers, and 2) lateral jump-

landing would have higher knee and lower hip flexion compared with the forward and 

diagonal jump directions.  

 

Methods 

Participants 

A single-session descriptive group comparison design was used. An a priori sample size 

estimation, related to landing techniques between dancers and athletes and lower 

extremity biomechanics (29, 30) with an effect size of 0.8, an exploratory alpha level of 

0.05, revealed that a minimum of twenty-four subjects would be required to achieve 80% 

statistical power. A total of 30 participants, 15 professional dancers (26.6 ± 7 years, 1.69 
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± 0.1 m, 57.8 ± 9.3 kg), and 15 non-dancers (25.0 ± 5 years, 1.69 ± 0.1 m, 66.0 ± 10.2 

kg), volunteered to participate in the current study. All data were collected on the 

dominant side of each participant. The dominant side was defined as the preferred 

single-leg landing after performing a countermovement jump (31). To be included in this 

study, all participants were required to be between 18 and 40 years old, and physically 

active; furthermore, professional dancers (ballet and modern dance) had to practice a 

minimum of 10h/week of dancing, whereas non-dancers had to exercise a minimum of 

3h/week and had different sports background (basketball, running, surf, gymnasium, 

swimming, football, tennis, boxing). Participants were excluded if they had a recent 

history of lower extremity injuries, a history of lower extremity surgery within the past five 

years, any recent pain to the lower extremity that would impair the ability to jump or any 

known neurological or cognitive disorder. All procedures performed in the study were in 

accordance with the ethical standards of the Institutional Ethical Review Committee and 

with the 1964 Helsinki declaration and its later amendments. An informed consent was 

obtained from all participants prior to the study.  

 

Instrumentation & Experimental Procedures 

Lower extremity biomechanical data were collected using a 10-camera high-speed three-

dimensional motion capture system (Opus, Qualisys AB, Gothenburg, Sweden) 

sampling at 200 Hz. A Bertec force plate (FP4060-10, Bertec Corporation, Columbus, 

Ohio) recorded ground reaction force data, sampling at 1000 Hz.  

 

Participants’ demographics and anthropometrics measures were obtained by the same 

researcher (AMA). Thirty-three retro-reflective markers were placed on selected body 

landmarks, and a four markers cluster was used on the thigh of the dominant side. The 

retro-reflective markers were secured on body landmarks using double-sided tape, and 

the marker cluster was placed with a velcro band around the participant’s thigh. 

Participants stood barefoot and wore spandex shorts. Women also wore a sports bra 

during testing. A 5-min self-directed warm-up period was provided. Subsequent to the 

warm-up, a static trial was collected. The four calibration markers (medial knee and 

malleolus, upper posterior calcaneus, and first distal metatarsal) were removed prior to 

the recording of the jump-landing trials.  

 

The same researcher (AMA) provided instructions to each participant on how to perform 

each jump. Participants stood on the nondominant leg, 70 cm away from the center of 
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the force plate then proceeded to randomly perform multidirectional single-leg jump-

landings: (A) lateral (LJ), (B) diagonal (DJ), and (C) forward (FJ) (Figure 10). Upon 

landing, participants immediately transitioned into a maximal vertical jump, which was 

followed by a second landing also in the middle of the force plate, on the dominant leg 

(Figure 11) (15, 16, 24, 25). They were asked to perform three trials for each direction. 

Between each trial, 30-seconds rest was provided. A trial was deemed successful when 

participants jumped into the center of force plate, kept their hands on the hips, and did 

not: (i) lose balance, (ii) touch the force plate with the non-dominant foot, and/or (iii) did 

not hop or adjusted the landing foot upon contact with the force plate. Unsuccessful trials 

were defined as the loss of balance, hopping or stepping off the force plate or using their 

arms to maintain balance. For the present study, only the first landing was analyzed.   

   

 
Figure 10. Representation of the jump-landing directions: (A) lateral (LJ); (B) diagonal 

(DJ); (C) forward (FJ). Distance between starting point and center of force place for 
each jump was 70cm. 

 

 
Figure 11. Visual illustration of the task (e.g., lateral direction): single-leg jump-landing, 

followed by vertical jump. 
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Data Processing 

Markers were manually identified using QTM (Qualisys Track Manager) software, and 

then were exported to and processed in Visual 3D (C-Motion, Inc, Rockville, USA). A 

laboratory coordinate system was established with the positive x-axis, y-axis, and z-axis 

represented forward, left, and upward directions, respectively. From the static trial, a 

kinematic model was used to quantify joint motion, composed of four reconstructed 

segments; foot, shank, thigh of dominant extremity, and the pelvis for each participant. 

Knee and ankle joint centers were determined as the midpoints between the medial and 

lateral epicondyles and malleoli markers, respectively. The hip joint centers were 

estimated using a previously reported regression equation (32).  

 

Force plate data were used to defined the IC point, at which the vertical impact force 

plate surpassed a threshold of 10N (15, 26, 33). The landing phase was defined as the 

time interval between the IC with the force plate and peak knee flexion (PKF) (13, 21, 

33). Peak vertical ground reaction force (PvGRF) data was defined as the vertical ground 

reaction force maximum value during the landing phase. The kinematic variables of 

interest were: sagittal and frontal planes joint angles for hip, knee, and ankle. Hip, knee 

and foot joint excursion in sagittal plane was computed as the subtraction of the angle 

between IC and PKF during the landing phase (13). All joint angles were reported in 

degrees (º). The kinetic variables calculated were: internal joint moments for hip and 

knee, and vertical ground reaction force. Internal joint moments were computed using 

conventional inverse dynamics analysis (34) and normalized to each participant’s body 

mass and height (Nm/kgm) (26), representing the internal load applied to each joint. The 

ground reaction force was normalized to body weight (BW). Residual analysis on joint 

kinematics and kinetics was conducted to determine the optimum cut-off frequency (34). 

A 4th order low-pass Butterworth filter with a 10Hz cut-off was employed on joint 

kinematics and kinetics. All dependent variables were measured at IC, PKF, and PvGRF. 

Additionally, time to each peak was also computed.   

 

Statistical Analyses 

All statistical analyses were performed using SPSS (IBM, Chicago, IL). Descriptive 

statistics and normalcy tests were conducted. A 2 (group) x 3 (jumps) repeated-

measures analysis of variance (ANOVA) was conducted to determine interactions 

between groups and jumps, as well as main effects between the jumps (LJ, DJ, and FJ) 

and groups (professional dancers and non-dancers) for all dependent variables. Pairwise 
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comparisons with a Bonferroni adjustment were performed when significant differences 

were observed. The alpha level for statistical significance was set at p<0.05 for all data. 

 

Results 

Descriptive statistics (means ± standard deviations) of the kinematic and kinetic 

dependent variables, for the two groups and the three jump directions are summarized 

in table 1. An interaction effect between groups and jumps was significant for ankle, and 

hip angles in frontal and sagittal planes, respectively, at IC (p<0.05). Professional 

dancers during the forward jump-landing showed higher ankle eversion than non-

dancers during diagonal and lateral directions. Moreover, professional dancers 

performing the lateral jump-landing had lower hip flexion than during their forward 

direction, and the three landing directions of non-dancers. Further, professional dancers 

during the diagonal jump-landing also presented lower hip flexion compared to non-

dancers’ diagonal and forward directions. A statistically significant main effect was found 

for group (p=0.008), as well as, for jump directions (p<0.05). 

 

For group main effect, professional dancers at initial contact had lower hip and knee 

flexion, and higher ankle plantarflexion than non-dancers (Figure 12). 

 
Figure 12. Comparisons of mean (SD) of hip, knee and ankle sagittal and frontal plane 

angles observed between professional dancers and non-dancers. Left column 
illustrates aggregated sagittal plane data, and the right column depicts ensemble 

frontal plane data. 
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Professional dancers, at PvGRF, also demonstrated lower hip abduction angle, and 

higher hip abduction moment, knee abduction moment, and ankle dorsiflexion and 

eversion angles than non-dancers. A higher hip and knee abduction moment, knee 

adduction, and ankle eversion in professional dancers was also observed at PKF. 

Further, professional dancers had significantly higher knee (PDs: 41±6.1; NDs: 33.8±8.4) 

and ankle (PDs: 53.7±3.4; NDs: 38.9±8.9) excursion than non-dancers. Professional 

dancers took longer (0.21±0.04) than non-dancers (0.18±0.04) to achieve peak knee 

flexion. 

 

There was a significant main effect for jumps (Figure 13). In particular, at initial contact, 

the LJ had a higher hip abduction moment, hip abduction and ankle inversion, and lower 

hip flexion and ankle plantarflexion than the forward and diagonal jumps, and lower knee 

adduction angle than the forward jump. Further, the DJ exhibited a higher hip abduction, 

hip abduction moment, and ankle inversion, and lower hip flexion than the FJ. It was also 

observed that the FJ presented higher knee adduction moment and lower knee flexion 

than the other two jumps, and a higher knee adduction than the LJ.  

 

 
Figure 13. Comparisons of mean (SD) of hip, knee and ankle sagittal and frontal plane 

angles observed among multidirectional jumps. Left column illustrates aggregated 
sagittal plane data, whereas the right column depicts ensemble frontal plane data. 
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At PvGRF, the FJ demonstrated higher hip flexion, hip adduction, knee adduction and 

ankle eversion, and lower knee abduction moment when compared to the other two 

jumps. The LJ was significantly higher for hip extension moment, knee flexion, and 

dorsiflexion than the other two jumps, and had a higher hip abduction moment than the 

FJ.  

 

At peak knee flexion, the LJ demonstrated lower hip flexion and knee extension moment 

and higher ankle dorsiflexion compared to DJ and FJ, and the DJ ankle dorsiflexion was 

also higher than the forward jump. The FJ exhibited a higher hip adduction angle 

compared to the other two, and higher knee adduction angle and lower hip extension 

and abduction moment when compared to LJ.  

 

Lastly, the LJ took longer to peak knee flexion than FJ (LJ: 0.21±0.05; FJ: 0.19±0.04), 

and to PvGRF than the two other jumps (LJ: 0.18±0.09; DJ: 0.13±0.06; FJ: 0.14±0.07).  

The LJ (15.5±7.7) had higher hip excursion than the FJ (12.7±5.4). No other statistically 

significance differences were found (p>0.05).  

 

Discussion 

The purpose of our study was to investigate lower extremity biomechanics of 

professional dancers and non-dancers during multidirectional single-leg landings. We 

hypothesized that 1) professional dancers would present an upright landing posture at 

initial contact, as well as higher ankle excursion and PvGRF during landing; and 2) higher 

knee and lower hip flexion would be exhibited in the lateral jump-landing when compared 

to the forward or diagonal jump directions. The results of this study support our 

hypothesis that professional dancers exhibited a more extended landing posture at initial 

contact, with lower knee and hip flexion, higher plantarflexion angle and presented higher 

ankle excursion during landing. Further, each jump-landing direction elicited distinct 

lower extremity biomechanical responses, suggesting that sagittal and frontal planes 

displacements influence overall single-leg landing strategies. 

 

Lower extremity alignment during landing 

Professional dancers landed with an everted ankle position in the forward jump-landing 

compared to the diagonal and lateral non-dancers jump-landings. This suggests that 

professional dancers avoid a “sickling” pattern (35), maintaining an everted ankle 

position while plantarflexed. Comparatively to non-dancers, this mechanism is most 
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likely associated to professional dancers’ specific and extensive ankle training to 

maintain the alignment of the leg, ankle and foot. Thereby, they avoid a common 

mechanism of ankle sprain (ankle inversion with plantarflexion), perhaps due to an 

increased peroneus muscle activity. During the forward jump-landing, while dancers 

landed in an everted ankle position, they concurrently exhibited an adducted knee angle. 

Accordingly, dancers’ biomechanical strategy emphasizes the LE alignment. Therefore, 

the typical “dynamic valgus” mechanism (36) during landing was not observed in the 

professional dancers. This suggests that the relation between knee and ankle in our 

study may be a potential protective factor to maintain appropriate lower extremity 

alignment during landing. 

 

A primary goal during landing is to stabilize and maintain the center of mass within the 

base of support; the various jump directions influence the strategies adopted to control 

the landing (25). In our study, professional dancers presented lower hip flexion during 

the lateral jump-landing compared to the forward jump, as well as when compared to the 

three jump-landing directions of non-dancers. The lower hip flexion posits that 

professional dancers recruit the pelvic and hip stabilizers due to the increased lateral 

displacement. Consequently, dancers tend to prevent the “dynamic knee valgus”, 

associated with excessive hip adduction and internal rotation, probably due to the higher 

posterolateral pelvis and hip musculature demands (15). Analogous to previous 

literature, it appears that during single leg-landings, the impact forces were mainly 

attenuated distally (i.e., knee and ankle joints), due to the smaller base of support, 

decreasing the work demands on the proximal joints (i.e., hip joint) (27). It is likely that 

professional dancers’ pelvis and hip joint musculature was primarily activated to maintain 

the postural control of the proximal segments, while the distal segments mainly 

attenuated the impact forces.  

 

Dance training may influence landing pattern 

At initial contact, professional dancers landed in a more extended posture compared to 

non-dancers. This upright position has been associated with higher PvGRF, which 

increases the load on non-contractile structures of proximal LE joints (27). Conversely, 

when using an active trunk flexion strategy during landing, decreased PvGRF, peak knee 

extensor moment and quadriceps activation and higher hip and knee flexion angles, and 

hip extensor moment were reported (19, 31, 37). The magnitudes of the attained hip and 

knee flexion (51º and 82º, respectively) were suggested to be protective of joint loads 

(19, 37). However, it is plausible that such magnitudes have a deleterious effect on 
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performance in most athletic populations, due to the excessive active trunk flexion (i.e., 

96º of active trunk flexion). It is worth noting that in our study, professional dancers 

exhibited a more erect position at initial contact compared to non-dancers, but no 

difference in the magnitude of PvGRF was observed; this is most likely due to the higher 

distal joints excursion, which possibly contributes to offset the load on the passive 

structures while dissipating the external forces (13, 17, 18). This suggests that the knee 

and ankle joints can contribute nearly equally to the total shock absorption, with the hip 

joint contributing minimally (18). Professional dancers appropriately take advantage of 

their extensive training of the demi-plié movement to accomplish this landing strategy. 

Notably, the ankle, paramount to the aesthetics and technique in dance, plays an 

important role to adequately mitigate the landing forces (27). The significantly higher 

excursion and longer time to peak knee flexion probably increases the eccentric action 

of the plantarflexor muscles which has been shown to decrease PvGRF (14, 17). 

 

Professional dancers presented a higher knee adduction angle, lower hip abduction 

angle and higher hip abductor moment during landing when compared to non-dancers. 

Our findings are similar to Orishimo and colleagues that reported dancers (males and 

females) displayed higher knee adduction angle compared to other athletes (21). It is 

reasonable to suggest that professional dancers had higher medial-lateral 

neuromuscular control of the knee joint while increasing lower extremity musculature 

action rather than relying on the knee ligaments to absorb the landing forces (i.e., less 

ligament dominance) (36). Further, a neuromuscular link has been observed between 

the hip and knee with the hip abductors contributing to the neuromuscular control of the 

knee kinematics during landings (38). While proximal muscular activity was not 

quantified, based on our hip abductor moment results, it is conceivable that the abductor 

musculature contributed to minimize the external adductor loads at the hip, and to 

maintain the neuromuscular control of the knee (38). Overall, when considering both 

planes of motion (i.e., sagittal and frontal), professional dancers most likely exhibited an 

improved neuromuscular control than non-dancers during landing. The balanced 

neuromuscular control observed in professional dancers is probably associated with their 

extensive practice and a consequence of specific requirements acquired through years, 

such as aesthetics, elegance, and technique (21).  

 

Largely, professional dancers took advantage of significant ankle and knee range of 

motion. These structures, particularly the foot-ankle complex, are vastly trained in 

dancers, such as smoothly land and rolling from the forefoot until a heel touchdown 
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occurs (13). It has been reported that the joint mechanics of the distal joints play an 

important role on muscle activation patterns to the overall shock absorption strategy (18, 

22, 39). It is feasible that dancers’ training-specificity leads to automatic pre-planned 

neuromuscular strategies development that are protective of acute LE injuries during 

highly skilled activities. Previous research has suggested that initial impact forces can 

be mediated by automatic strategies through the LE musculature activation patterns (18, 

39). The integration of automatic neuromuscular responses must be acquired throughout 

years of training (40), most likely improving landing patterns and decreasing the 

deleterious effects of “dynamic knee valgus”. These factors combined indicate an 

efficient control of distal segments, potentially contributing to the lower rate of lower 

extremity acute injuries in dancers when compared to other populations (28). A 

comprehensive understanding of the natural biomechanical characteristics between 

populations, as well as jump directions is essential to enable the development of 

multifaceted training programs. 

 

Multidirectional jump-landing patterns 

Our results demonstrate that the multidirectional jumps have distinctive biomechanical 

profiles. These differences were more apparent between the forward and lateral 

directions. We identified a lower plantarflexion, hip flexion, and higher knee flexion, hip 

abduction angle during the lateral jump when compared to the forward jump. Albeit these 

differences, during both jumps, participants were in a knee adducted position and 

presented a similar range of motion at the knee and ankle joints, but a significantly lower 

hip excursion during the forward direction. These biomechanical patterns suggest 

distinct neuromuscular demands for each direction, while not necessarily placing 

participants at increased risk for lower extremity injury. Previous research has primarily 

employed a drop vertical jump to assess injury risk (10, 13, 17, 19, 20, 31). Though, this 

task, primarily vertical in nature (33), may not fully represent the demands of various 

jumps (e.g., vertical vs. horizontal displacements) occurring in several activities (e.g., 

dance), and the mechanisms of dynamic postural stability (25). Recently, Taylor and 

colleagues (26) suggested that single-leg landings in different directions (forward and 

lateral) may better discriminate the biomechanical profile during landing. Injury 

prevention programs should consider the biomechanical patterns of each direction and 

adequately integrate them into training regiments. 

 

To maintain the postural control during the lateral jump direction, due to the medio-lateral 

displacement, higher hip and knee abductor moments were observed at PvGRF likely to 
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provide lateral stabilization of the body and resist the external adduction loads. The 

multidirectional jumps are commonly performed in activities, such as dance, and sports.   

Often, injury prevention programs have primarily targeted a single jump direction (e.g., 

sagittal plane), and it is important to emphasize multidirectional tasks (e.g., multiple 

planes of motion) due to the interdependency between planes of motion during jump-

landing activities. The lateral jump-landing direction has been perceived by the 

participants as more challenging (25). Anecdotally, we observed, and our participants 

reported, that the lateral jump-landing direction was perceived as the most difficult to 

perform. This suggests that the lateral jump-landing direction (e.g. frontal plane) likely 

constrains the movement degrees of freedom due to the fact that participants may have 

less perception of the landing area and increase the center of mass oscillation in the 

frontal plane (medial-lateral control) (16, 25). Therefore, a primary application is that 

prevention programs should incorporate exercises to develop appropriate frontal-plane 

neuromuscular responses during jump-landing tasks (25). 

 

Conclusions 

Overall, our results suggest that dancers tend to land with a unique biomechanical 

strategy that may be protective of lower extremity injuries during jump-landings. The 

professional dancers’ strategies observed in the current study, such as more erect 

posture and increased forefoot strategy at initial contact, followed by a higher range of 

motion at the knee and ankle joints, as well as, improved alignment of the distal lower 

extremity segments, should be considered for implementation in prevention programs. 

These landing techniques foster adequate lower extremity neuromuscular control with 

more than likely limited detriment to performance. Dancers’ strategy is achieved over 

years of training to improve the neuromuscular system in multiple planes of motion (i.e., 

sagittal and frontal). Further, we also found significant differences among jump-landing 

directions; specifically, between the forward and lateral jump directions, which are 

related to the neuromuscular demands of each direction. Given the peculiar ankle pattern 

and that it is paramount to the aesthetics and technique in dance, future investigation 

should focus on the intricate foot and ankle complex, to get an insight of the dynamic 

control mechanism for dissipation of landing forces (e.g., multi-segmented foot model). 

Future research should also focus on quantifying muscular activation, and the relative 

muscular contribution and its coordination, through computational modeling of 

multidirectional jump-landings.  
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CHAPTER IV 

 

4. Foot Modeling Affects Ankle Sagittal Plane Kinematics during Jump-
landing 
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Abstract 
The foot-ankle complex is a key-element to mitigate impact forces during jump-landing 

activities. Biomechanical studies commonly model the foot as a single-segment, which 

can provide different ankle kinematics compared to a multi-segmented model. Also, it 

can neglect intersegmental kinematics of the foot-ankle joints, such as the hindfoot-tibia, 

forefoot-hindfoot, and hallux-forefoot joints, that are used during jump-landing activities. 

The purpose of this short communication was to compare ankle kinematics between a 

three- and single-segmented foot models, during forward and lateral single-leg jump-

landings. Marker trajectories and synchronized ground reaction forces of 30 participants 

were collected using motion capture and a force plate, during multidirectional single-leg 

jump-landings. Ankle kinematics were computed using a three- (hindfoot-tibia) and a 

single-segmented (ankle) foot models, at initial contact (IC), peak vertical ground 

reaction force (PvGRF) and peak knee flexion (PKF). Repeated measures ANOVAs 

were conducted (p<0.05). The findings of this study showed that during lateral and 

forward jump-landing directions, the three-segmented foot model exhibited lower 

hindfoot-tibia dorsiflexion angles (PvGRF and PKF, p<0.001) and excursions (sagittal: 

p<0.001; frontal: p<0.05) during the weightbearing acceptance phase than the single-

segmented model. Overall, the two foot models used provided distinctive sagittal ankle 

kinematics, with lower magnitudes in the hindfoot-tibia of the three-segmented foot. 

Furthermore, the three-segmented foot model may provide additional and representative 

kinematic data of the ankle and foot joints, to better comprehend its function, particularly 

in populations that the foot-ankle complex plays an important role (e.g., dancers). 

 

Keywords: Multi-segmented foot; Single-segmented foot; Dance; Single-leg landing; 

Biomechanics.  
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Introduction 
The foot-ankle complex is the link between the lower extremity and the ground (1). Its 

intricate structure (2-4) enables motion with considerable degree of joint stability (1), and 

has an essential role to provide dynamic stability during the weightbearing acceptance 

phase (5). In many athletic and dance activities, the jump-landing movements are 

fundamental features (6, 7). Jump-landings are part of dancers training throughout years 

of practice. Dancers are exposed to aesthetic and technical requirements during landing 

that other athletic populations do not have (e.g., toe-to-heel landing) (7, 8). Furthermore, 

the landing phase requires dissipation of the kinetic energy generated during the jump 

phase (6). Thus, the foot-ankle complex not only contributes to initially mitigate the forces 

transmitted to the body, but also influences the lower extremity biomechanics due to the 

closed kinetic chain (9-12). 

 

The different foot joints produce a challenging process to define in vivo foot kinematics 

(13). Recent research has shown clear evidence of how selection of marker data from 

different bones can influence the kinematics of a segment model (14). In previous landing 

biomechanical studies, the foot-ankle complex has often been modeled as a single-

segment, linking the tibia to the foot (8, 9, 15). However, the bones within each segment 

of the foot move relative to each other (14). Higher ankle magnitudes have been reported 

using the single-segmented foot compared to multi-segmented models (16, 17). While 

the single model is used to quantify foot-ankle kinematics, it neglects the physiological 

movements between and within the different foot segments (2, 16, 17). The Oxford Foot 

Model is one of the multi-segmented models that have been employed to investigate the 

foot-ankle kinematics, particularly the hindfoot-tibia (sagittal, frontal, transverse planes), 

forefoot-hindfoot (sagittal, frontal, transverse planes) and hallux-forefoot (sagittal plane) 

joints, providing information of a three-segmented foot (hindfoot, forefoot and hallux) (2, 

3). Previous literature has reported that different foot-ankle models can produce distinct 

ankle joint kinematics, which may lead to inaccuracies in the foot-ankle kinematic outputs 

(16, 17). Currently, there is limited information on kinematic differences between multi- 

and single-segmented foot models during single-leg multidirectional jump-landings. 

Therefore, the purpose of this short communication was to investigate and compare 

ankle joint kinematics computed by a three- (hindfoot-tibia) and a single-segmented 

(ankle) foot models. We hypothesized that the hindfoot-tibia would provide lower angles 

and excursion magnitudes compared to the ankle of the single-segmented model.  
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Methods 
Participants 

A total of 30 participants (25.7 ± 5.7 years, 1.69 ± 0.07 m, 61.9 ± 10.1 kg) volunteered to 

participate in this study, after approval had been obtained from the Institutional Ethical 

Review Committee (BLINDED FOR REVIEW). Prior to testing, a written informed 

consent was obtained from each participant. They were required to be between 18 and 

40 years old, and physically active with a minimum of 3h/week of physical exercise, such 

as dance or recreational athletic activities/sports. If participants had a recent history of 

lower extremity injuries, any pain that would impair the ability to jump, lower extremity 

surgery within the past five years, or any known neurological/cognitive disorder, they 

were excluded from the study. The dominant lower extremity was determined as the 

preferred single-leg landing after performing a countermovement jump (18).  

 

Instrumentation and Experimental Procedures 
Kinematic data of the dominant lower extremity were collected (200 Hz) with a 10-camera 

three-dimensional motion capture system (Opus, Qualisys AB, Gothenburg, Sweden). 

The ground reaction forces data were recorded (1000 Hz) using a Bertec force plate 

(FP4060, Bertec Corporation, Columbus, Ohio), and time-synchronized with the 

kinematic data. Thirty-three retro-reflective markers were placed on selected anatomical 

landmarks, and a four-marker cluster was used on the thigh of the dominant side. The 

markers of the foot-ankle complex were placed according to the Oxford Foot Model 

guidelines (2) [supplementary material]. Four calibration markers (medial femoral 

condyle and malleolus, upper posterior calcaneus, and first distal metatarsal) were 

removed prior to the jump-landing trials. Participants stood barefoot and wore a spandex 

short; and women wore sports bra. Before the static trial, a 5-minute self-directed warm-

up was provided.  

 

Participants stood on the non-dominant leg, 70 cm away from the center of the force 

plate (19), then randomly performed lateral (LJ) and forward (FJ) single-leg jump-

landings (19, 20), landed on the dominant leg, in the force plate center. Upon landing, 

participants immediately transitioned into a maximal vertical jump, followed by a second 

landing in the force plate center. After being familiarized with the task, participants 

completed three successful trials for each direction. A rest period of 30 seconds between 

trials was provided. Trials were excluded if participants lost balance, hopped, stepped 

off or shifted the dominant foot on the force plate; if they touched the force plate with the 
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non-dominant foot; or if they removed their hands from the hips. For the current study, 

only the first landing was analyzed.   

 

Data Processing  
After markers were manually identified using Qualisys Track Manager (Goteborg, 

Sweden), biomechanical data were exported to Visual 3D (C-Motion, Inc, Rockville, 

USA) for data processing. Based on the static trial, a 6-segment kinematic model 

composed by a pelvis, thigh, shank, hindfoot, forefoot and hallux was created for the 

multi-segmented model analysis (21); while a 4-segment kinematic model composed by 

a pelvis, thigh, shank and foot was created for the single-segmented model analysis. 

Oxford Foot Model kinematic data for the hindfoot-tibia were calculated based on 

established recommendations (2). The ankle angle of the single-segmented foot model 

was defined by markers on both malleoli, the calcaneus, the first, second and fifth 

metatarsals head. The hindfoot-tibia and ankle joints have three degrees of freedom. 

Knee and ankle joint centers were determined as the midpoints between the medial and 

lateral epicondyles and malleoli markers, respectively. The hip joint center was estimated 

using a previously reported regression equation (22).  

 

The kinematic data were calculated during the landing phase: time interval between the 

initial contact (IC) with the force plate and peak knee flexion (PKF) (8, 23). IC was defined 

as the point when the vertical ground reaction force exceeded a threshold of 10 N. Peak 

vertical ground reaction force (PvGRF) was defined as the maximum vertical ground 

reaction force value during landing. For data analysis, variables were calculated as the 

mean of the three successful trials of the first landing, for each direction. The dependent 

variables of interest were sagittal and frontal planes of the hindfoot-tibia (three-

segmented foot) and ankle angles (single-segmented model); measured at IC, PvGRF, 

and PKF. Additionally, we calculated the joint excursions of those joints, computed as 

the subtraction of the angle between IC and PKF (8). The joint angles were reported in 

degrees. After conducting a residual analysis on joint kinematics to determine the 

optimum cut-off frequency (24), a 4th order low-pass Butterworth filter with a 10 Hz cut-

off was employed. 

 

Statistical Analyses 
Data were analyzed using SPSS (IBM, Chicago, USA). Descriptive statistics and 

normalcy tests were conducted. Repeated-measures analysis of variance were 

performed to assess differences between foot models, with each direction analyzed 
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separately. If significant differences were attained, pairwise comparisons with a 

Bonferroni adjustment were conducted. Statistical significance was set a priori at p<0.05.  

 

Results 
Descriptive statistics (mean and standard deviation) of the kinematic dependent 

variables during the lateral and forward jump-landings to compare the three- and single-

segmented foot models are presented in Table 2.  

 

Table 2. Descriptive table (mean ± standard deviation) of the multi- (hindfoot-tibia) and 
single-segmented (ankle) foot models kinematics (angles in degrees) at IC, PvGRF 

and PKF, in forward and lateral directions. 

  IC  PvGRF  PKF 

  Single 
(Ankle) 

Multi  
(Hindfoot-tibia) 

 Single 
(Ankle) 

Multi  
(Hindfoot-tibia) 

 Single 
(Ankle) 

Multi  
(Hindfoot-tibia) 

Forward:          
Plantarflexion (-)  -

25.3±8.9 
-24.7±7.0  14.6±6.1

* 
11.0±6.5*  20.0±4.1

* 
16.1±4.8* 

Inversion (+)  -
0.08±4.6 

-1.6±5.8  -4.8±4.4 -5.2±5.0  -5.7±5.0 -5.2±5.6 

Lateral:          
Plantarflexion (-)  -

21.1±9.7 
-21.9±8.0  22.7±3.9

* 
17.2±5.2*  25.6±4.2

* 
19.9±5.2* 

Inversion (+)  3.8±4.8 2.2±6.3  -1.4±5.7 -2.0±5.5  -2.5±4.9 -2.6±5.0 

 

There were statistically significant differences regarding ankle kinematics of the two 

models. During both directions, the three-segmented foot model demonstrated lower 

dorsiflexion angles at PKF and PvGRF compared to the single-segmented foot (LJ and 

FJ, p<0.001) (Figure 14). 

 
Figure 14. Sagittal plane of the single- (ankle) and multi-segmented (hindfoot-tibia) 
foot models kinematics (angles in degrees), during forward and lateral jump-landing 

directions, from initial contact to toe off (stance phase). 
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Additionally, the three-segmented model had lower sagittal hindfoot-tibia excursion in 

the lateral (41.8±9.8) and forward (40.8±8.6) directions than the ankle (LJ: 46.7±10.6; 

FJ: 45.4±10.0) of the single-segmented foot model (LJ and FJ, p<0.001). Similarly, in the 

lateral direction the three-segmented foot also exhibited lower frontal hindfoot-tibia 

excursion (5.7±4.4) compared to the ankle of the single model (7.1±4.9) (p<0.05). 

  

Discussion 
The complexity of the foot-ankle anatomy has a noteworthy influence on ankle’s 

biomechanics (1). Previous studies that have investigated the lower extremity landing 

biomechanics have employed a single-segmented foot model (8, 9, 25). We aimed to 

investigate ankle kinematics between three- and single-segmented foot models. Our 

findings demonstrated that the three-segmented foot model exhibited lower hindfoot-tibia 

dorsiflexion during landing compared to the single-segmented ankle, in both jump-

landing directions. Additionally, regardless of jump-landing directions, the three-

segmented foot displayed lower hindfoot-tibia excursion in the sagittal plane; while in the 

frontal plane, only the lateral direction presented statistically significant differences 

compared to the ankle excursion of the single model.  

 

The talocrural joint is the greatest contributor to plantar and dorsiflexion motions (4). 

However, this motion is not limited to that joint. The forefoot-hindfoot joint is also a 

contributor to the overall foot motion (17). Therefore, when computing the foot as a 

single-segment, the kinematic outputs include not only the hindfoot-tibia joint (talocrural) 

motion, but also other joints (e.g. forefoot-hindfoot) in a single-segment. Thus, the 

relative motion between and within the hindfoot-tibia and forefoot-hindfoot is neglected 

in the single-segmented foot model (2, 17, 26). Subsequently, the single-segmented 

model simplifies the foot-ankle complex leading to higher kinematic values when 

compared to multi-segmented foot models, as observed in our study. Previous studies 

also reported lower sagittal ankle kinematics in the multi-segmented foot model (16, 17). 

For instance, in the multi-segmented foot model lower dorsiflexion excursion was found 

in the control (30.19º), chronic ankle instability (27.28º), and coper (28.93º) groups than 

the single-segmented foot model (43.05º; 37.91º; 40.46º) during side jump-landings (17). 

Additionally, during walking, the multi-segmented foot model provided lower dorsiflexion 

excursion (17.6º; 17.1º - normal and flat feet groups respectively), compared to the 

single-segmented model (25.7º; 24.6º) (16). 
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During the weightbearing acceptance of the landing phase, landing forces imposed on 

the body are initially attenuated by the foot-ankle complex, transferring mechanical 

energy throughout the lower extremity (9, 10). It is suggested that the excursion of the 

ankle sagittal plane has less influence on kinematics at IC, but greater association with 

maximum angles and displacements (12). Thus, the ankle weightbearing excursion in 

this plane has a substantial effect on landing biomechanics (23). The main differences 

observed in our study were in the sagittal plane, most likely due to being the primary 

plane where the ankle joint motion occurs and where the body mostly allocates impact 

forces attenuation (1, 15, 23, 27). Therefore, it is suggested to take into consideration 

the impact of each foot model on ankle kinematics, as it may affect the entire lower 

extremity kinetic chain (16).   

 

In conclusion, the two foot models provided distinctive foot-ankle sagittal kinematic 

magnitudes. The single-segmented foot had considerably higher ankle kinematics than 

the multi-segmented foot. For future research, the three-segmented foot model should 

be considered in populations whose foot-ankle joints play a distinguishable role. It 

provides advanced kinematic data to better comprehend the functional abilities of the 

intricate foot-ankle joints.  
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CHAPTER V 

 

5. Oxford Foot Model Kinematics in Landings: a Comparison between 
Professional Dancers and Non-dancers 
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Abstract  
Objectives: Dancers frequently perform jump-landing activities, with the foot-ankle 

complex playing an essential role to attenuate the landing forces. However, scarce 

research has been conducted in professional dancers multi-segmented foot in landings. 

The aim of this study was to compare the multi-segmented foot kinematics between 

professional dancers and non-dancers, during forward and lateral single-leg jump-

landings. 

Design: Descriptive group comparison. 

Methods: Marker trajectories and synchronized ground reaction forces of 15 

professional dancers and 15 non-dancers were collected using motion capture and a 

force plate, during multidirectional single-leg jump-landings. Sagittal and frontal hindfoot-

tibia, forefoot-hindfoot, and hallux-forefoot kinematics of the multi-segmented foot model 

were computed at initial contact, peak vertical ground reaction force and peak knee 

flexion. Repeated measures ANOVAs were conducted (p<0.05). 

Results: Professional dancers landed with higher hindfoot-tibia and forefoot-hindfoot 

plantarflexion angles at initial contact (p<0.001), and hindfoot-tibia dorsiflexion angles at 

peak vertical ground reaction force and peak knee flexion (p<0.001). Also, dancers 

exhibited higher sagittal hindfoot-tibia and forefoot-hindfoot excursions than non-dancers 

(p<0.001). No statistically significant differences were found in the frontal plane. 

Conclusions: The multi-segmented foot allows a comprehensive kinematic analysis of 

the different foot joints. In jump-landings, professional dancers higher hindfoot-tibia, and 

forefoot-hindfoot plantarflexion at initial contact, compared to non-dancers, contributed 

to a subsequent higher foot joints excursion. This pattern is commonly linked to a better 

shock absorption mechanism in landings. 

 

Keywords: Biomechanics; Dance; Lower extremity; Single-leg landing; Foot-ankle 

complex. 

 

 

 

Practical Implication 
• The Oxford Foot Model provides thorough kinematic data to better understand 

the intricate foot-ankle complex functional abilities. 

• In research, the Oxford Foot Model should be considered in populations whose 

foot-ankle joints play a distinguishable role (e.g. dancers). 
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• Increased foot-ankle plantarflexion angles at initial contact, and subsequently 

higher excursions during landing, as observed in professional dancers, might be a 

strategy to consider to implement in other athletic populations, to potentially improve 

impact force absorption during landing.  

 

Introduction 
Dancers are frequently exposed to jump-landing activities as part of their training,(1) with 

a ballet dancer performing up to 300 jumps per hour.(2) The jump-landing training in 

dance, with seemingly effortless landings, produces highly skilled balance ability, and 

proficiency in jump-landings.(1) Due to aesthetics requirements in dancers performance, 

obtained over years of training, dancers are used to involve lower extremity alignment 

and foot work, in a toe-to-heel landing technique, which allows higher ankle 

plantarflexion angle.(1, 3, 4) The foot-ankle complex, a unique masterpiece of the human 

body, not only enables motion with high degree of joint stability,(5) but also its intricate 

structure(6-8) is essential to dancers while performing jump-landings. Additionally, 

during the landing weightbearing acceptance phase, this structure allows the lower 

extremity to interact with the ground,(5) influencing the landing biomechanics of the 

entire lower extremity due to the closed kinetic chain.(9, 10) Thus, it plays an important 

role to transmit forces between the lower extremity and the ground. Also, it is a key-

element that acts to attenuate the landing forces and provides dynamic stability.(11)  

 

The foot-ankle complex has been primarily modeled as a single-segment.(3, 10, 12) 

While this model is used to measure foot-ankle kinematics, it does not provide 

information about the relative motion between and within the different foot segments.(6) 

For instance, in female ballet dancers the talocrural joint is the greater contributor to 

plantar and dorsiflexion motions (approximately 70% of the overall motion) in 

weightbearing en pointé and demi-plié positions, whereas the remaining motion is 

obtained in other foot joints.(8) Hence, the single model might neglect the internal foot 

movements, as the foot is comprised more than only the hindfoot-tibia kinematics. It most 

likely lacks sufficient information regarding the foot-ankle anatomical and physiological 

functions, providing limited intersegmental angles information of the foot joints.(6, 13, 

14) Findings from studies using the single-foot model should be viewed cautiously, 

because an absence of adaptation at the ankle joint does not imply an absence of 

adaptation of the whole foot.(15) Additionally, previous assessment of the multi-

segmented foot kinematics, during walking and landing, have noted differences that 
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otherwise would not have been detected with a single model,(13, 14) and have reported 

higher ankle magnitudes using the foot as a rigid segment.(13, 14) Subsequently, 

different foot models produce distinct ankle joint kinematics, which may lead to 

inexactitudes in the foot-ankle kinematic outputs.(13) 

 

The foot-ankle biomechanics can provide extensive information regarding its functional 

abilities and respective influence on the whole lower extremity during landings. Most of 

the research investigating landing biomechanics have been computing the foot as a 

single rigid segment (single-segmented foot model) to measure kinematics (Orishimo 

2009, Decker 2003, Schmitz 2007). Dancers often rely on the intricate foot-ankle 

complex while performing jump-landings. In this population, where the foot-ankle 

structure is a paramount, the multi-segmented foot model should be considered to 

provide thorough information about the relative motion between and within the different 

foot segments.(6, 13, 14, 16) The different foot joints create a challenging process to 

define and represent in vivo foot kinematics using 3D motion capture system. Though, 

the Oxford Foot Model is one of the multi-segmented foot models that have been applied 

to investigate the kinematics of the different foot joints.(6, 7) The Oxford Foot Model 

provides kinematic data of a three-segment foot (hindfoot, forefoot and hallux).(6, 7) 

Several studies(6, 7, 17) have reported the reliability of this model in adults and children, 

healthy and pathological populations, in different tasks (e.g. walking, running). However, 

there is meager scientific information related to the multi-segmented foot in dancers 

during single-leg multidirectional jump-landings. Therefore, the purpose of this study was 

to investigate and compare the multi-segmented foot kinematics between professional 

dancers and non-dancers, during forward and lateral single-leg jump-landings. We 

hypothesized that professional dancers would exhibit higher plantarflexion and eversion 

angles and excursions than non-dancers.  

 

Methods 
The study was approved by the Institutional Ethical Review Committee (Conselho de 

Ética da Faculdade de Motricidade Humana, N. 1/2017). Prior to testing, a written 

informed consent was obtained from each participant. A minimum of 24 participants 

would be required to achieve 80% statistical power, after an a priori sample size 

estimation, related to lower extremity biomechanics landings between dancers and 

athletes,(18, 19) with an effect size of 0.8 and an exploratory alpha level of 0.05. A total 

of 30 participants were included; 15 professional dancers (26.6 ± 7 years, 1.69 ± 0.1 m, 
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57.8 ± 9.3 kg), and 15 non-dancers (25.0 ± 5 years, 1.69 ± 0.1 m, 66.0 ± 10.2 kg). They 

were required to be between 18 and 40 years old. Professional dancers needed to be 

employed in the professional dance company with a minimum of 10h/week of dancing 

practice, whereas non-dancers were recreational athletes with a minimum of 3h/week of 

physical exercise in different sports (basketball, running, surf, gymnasium, swimming 

football, tennis and boxing). If participants had a recent history of lower extremity injuries, 

any pain that would impair the ability to jump, lower extremity surgery within the past five 

years, or any known neurological/cognitive disorder, they were excluded from the study. 

The dominant lower extremity was determined as the preferred single-leg landing after 

performing a countermovement jump.(20)  

 

Kinematic data of the dominant lower extremity were collected at 200 Hz with a 10-

camera three-dimensional motion capture system (Opus, Qualisys AB, Gothenburg, 

Sweden). The time-synchronized ground reaction forces data were recorded at 1000 Hz 

using a Bertec force plate (FP4060, Bertec Corporation, Columbus, Ohio). The same 

researcher (AMA) obtained the participants’ demographics, provided instructions for 

each task, and placed the markers on the participants. Thirty-three retro-reflective 

markers were placed on selected anatomical landmarks, and a four-marker cluster was 

used on the thigh of the dominant side. The markers of the foot-ankle complex were 

placed according to the Oxford Foot Model guidelines.(6) The retro-reflective markers 

were secured using double-sided tape, and the marker cluster with a velcro band around 

the participant’s thigh. Four calibration markers (medial knee and malleolus, upper 

posterior calcaneus, and first distal metatarsal) were removed prior to the performance 

of the jump-landing trials. Participants stood barefoot and wore a spandex shorts. 

Additionally, women wore a sports bra during testing. Before the static trial was collected, 

a 5-minute self-directed warm-up was provided.  

 

Participants stood on the non-dominant leg, 70 cm apart from the center of the force 

plate,(21) then randomly performed single-leg jump-landings in two directions: lateral 

and forward(21, 22) and landed on the dominant leg, in the center of the force plate. 

Upon landing, participants immediately transitioned into a maximal vertical jump, 

followed by a second landing in the force plate center. Participants were allowed to 

familiarize themselves with each jump-landing task and completed three successful trials 

for each direction. A rest period of 30 seconds between each trial was provided. Trials 

were excluded if participants lost balance, hopped, stepped off or shifted the dominant 

foot on the force plate; if they touched the force plate with the non-dominant foot; or if 
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they removed their hands from the hips. For the current study, only the first landing of 

the three successful trials for each direction was analyzed.   

 

A laboratory coordinate system was established with the positive x-axis, y-axis, and z-

axis represented anterior, medio-lateral (left side positive), and vertical directions, 

respectively. After markers were manually identified using Qualisys Track Manager 

(Goteborg, Sweden), biomechanical data were exported to Visual 3D (C-Motion, Inc, 

Rockville, USA) for data processing. Anthropometric data including mass and height 

were used as inputs for each participant. A 6-segment kinematic model composed by 

pelvis, thigh, shank, hindfoot, forefoot and hallux was created based on the static trial. 

Oxford Foot Model kinematic data for the hindfoot-tibia, forefoot- hindfoot, and hallux-

forefoot joints were calculated based on established recommendations.(6) Knee and 

ankle joint centers were determined as the midpoints between the medial and lateral 

epicondyles and malleoli markers, respectively. The hip joint center was estimated using 

a previously reported regression equation.(23) 

 

All kinematic data were calculated during the landing phase: time interval between the 

initial contact with the force plate and peak knee flexion.(3, 24) Initial contact was defined 

as the point when the vertical ground reaction force exceeded a threshold of 10 N. Peak 

vertical ground reaction force was defined as the maximum vertical ground reaction force 

value during the jump-landing task. For data analysis, all variables were calculated as 

the mean of the three successful trials for each direction. The dependent variables of 

interest were sagittal and frontal planes of the multi-segmented foot: hindfoot-tibia, 

forefoot-hindfoot, and hallux-forefoot (only sagittal plane) angles measured at initial 

contact, peak vertical ground reaction force, and peak knee flexion. Additionally, we 

calculated the joint excursions, computed as the subtraction of the angle between initial 

contact and peak knee flexion.(3) The joint angles were reported in degrees. After 

conducting a residual analysis on joint kinematics to determine the optimum cut-off 

frequency,(25) a 4th order low-pass Butterworth filter with a 10 Hz cut-off was employed. 

 

Data were analyzed using SPSS (IBM, Chicago, USA). Descriptive statistics and 

normalcy tests were conducted. Repeated-measures analysis of variance (ANOVA) 

were performed to assess differences between groups for all dependent variables. If 

significant differences were attained, pairwise comparisons with a Bonferroni adjustment 

were conducted. Statistical significance was set a priori at p<0.05.  
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Results 
Descriptive statistics (mean and standard deviation) of professional dancers and non-

dancers multi-segmented foot kinematic variables during lateral and forward jump-

landings are presented in table 3.  
 

Table 3. Descriptive table (mean ± SD) of the multi-segmented foot model (HFTBA: 
hindfoot-tibia; FFHFA: forefoot-hindfoot; HXFFA: hallux-forefoot) kinematics (angles in 

degrees), during lateral and forward directions, at IC, PvGRF and PKF. 

  IC  PvGRF  PKF 

  Lateral 
Jump 

Forward 
Jump 

Total  Lateral  
Jump 

Forward 
Jump 

Total  Lateral 
Jump 

Forward 
Jump 

Total 

HFTBA  
Plantarflexion (-) 

            

PD  -27.2±4.1 -29.2±3.5 -28.2±3.8*  19.4±4.2 14.6±6.3 17.0±5.3*  21.9±3.8 18.5±3.6 20.2±3.7* 

ND  -16.5±7.4 -20.2±6.8 -18.3±7.0*  14.9±5.2 7.4±4.4 11.1±4.8*  18.0±5.8 13.7±4.7 15.8±5.2* 
FFHFA  

Plantarflexion (-) 
            

PD  -12.5±7.0 -12.6±6.9 -12.6±6.9*  7.1±5.5 5.8±5.1 6.4±5.3  7.6±5.5 6.7±5.0 7.2±5.3 

ND  -2.3±6.4 -3.1±6.1 -2.7±6.3*  9.1±6.1 6.8±5.7 8.0±5.9  9.8±6.3 8.0±5.3 8.9±5.8 
HXFFA  

Plantarflexion (-) 
            

PD  -2.1±4.9 -11.4±6.2 -6.7±5.6  -0.9±5.9 -7.1±6.5 -4.0±6.2  -0.004±5.7 -6.1±7.0 -3.0±6.4 

ND  -0.2±5.4 -7.0±6.7 -3.6±6.1  -2.5±5.8 -6.6±6.8 -4.6±6.3  -2.4±5.9 -5.4±6.4 -3.9±6.2 
HFTBA  

Inversion (+) 
            

PD  2.4±5.9 -2.5±6.0 -0.01±6.0  -3.3±3.3 -5.5±4.3 -4.4±3.8  -3.8±3.6 -5.3±5.0 -4.5±4.3 

ND  1.9±6.9 -0.7±5.6 0.6±6.2  -0.7±6.9 -4.9±5.9 -2.8±6.4  -1.3±6.1 -5.2±6.2 -3.2±6.0 
FFHFA  

Supination (+) 
            

PD  0.1±6.8 0.6±5.1 0.3±6.0  0.4±6.4 -0.4±4.4 0.04±5.4  0.4±6.2 -0.3±4.4 0.04±5.3 

ND  3.6±6.8 1.9±5.5 2.7±6.2  3.4±6.1 2.0±5.2 2.7±5.6  3.5±5.9 2.1±5.0 2.8±5.5 
*Statistically significant between professional dancers and non-dancers (p<0.05) 

 

At initial contact, peak vertical ground reaction force and peak knee flexion, a statistically 

significant group main effects between professional dancers and non-dancers multi-

segmented foot were attained, in the sagittal plane (p<0.001). At initial contact, 

professional dancers landed with higher hindfoot-tibia and forefoot-hindfoot 

plantarflexion angles than non-dancers. At peak vertical ground reaction force and peak 

knee flexion, professional dancers demonstrated higher hindfoot-tibia dorsiflexion 

compared to non-dancers (Figure 15). 
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Figure 15. Professional dancers and non-dancers hindfoot-tibia and forefoot-hindfoot 
angles (in degrees), in the sagittal plane, from initial contact to toe off (stance phase). 

 

Additionally, professional dancers had statistically significant higher hindfoot-tibia 

(48.4º±3.0) and forefoot-hindfoot (19.8º±4.8) excursions, in the sagittal plane, than non-

dancers (34.2º±7.6; 11.6º±3.9) (hindfoot-tibia and forefoot-hindfoot: p<0.001) (Figure 

16). No other statistically significant findings were observed (p>0.05). 

 
Figure 16. Professional dancers and non-dancers hindfoot-tibia and forefoot-hindfoot 

excursions (angles in degrees) in the sagittal plane. 

*Statistically significant between professional dancers and non-dancers (p<0.05). 



Dancers’ Landing Strategies 

65 
FMH | UL 

 Discussion 
A comprehensive understanding of the foot-ankle biomechanics can provide valuable 

information related to the function of this intricate structure and its influence on the lower 

extremity. Considerable research has been conducted to investigate the lower extremity 

landing biomechanics. Most of the studies have employed a single-segmented foot 

model,(3, 10, 12) which neglects the relative motion between the different foot 

segments.(6, 13, 16) This study aimed to investigate the multi-segmented foot 

kinematics between professional dancers and non-dancers, during forward and lateral 

single-leg jump-landings. Our findings demonstrated that professional dancers exhibited 

higher multi-segmented foot kinematic magnitudes in the sagittal plane compared to non-

dancers. The findings were observed in the sagittal plane, most likely because it is the 

primary plane where the ankle joint motion occurs.(5, 12) Furthermore, all participants 

performed the tasks barefeet, which may potentially influenced the findings, since 

dancers are more used to perform barefoot, or with slippers or point shoes, whereas 

non-dancers are more used to sneakers.  

 

During the landing phase, the foot-ankle complex is a key-element that contributes to 

initially attenuate the forces imposed on the body and to transfer mechanical energy 

throughout the lower extremity.(10, 26) The complexity of the foot-ankle anatomy has a 

remarkable influence on the biomechanical performance of the ankle joint.(5) 

Anatomically, the talocrural joint is the greatest contributor to plantar and dorsiflexion 

motions.(8) However, motion in the sagittal plane is not limited to the talocrural joint. As 

previously reported, a substantial amount of plantar and dorsiflexion excursions occur 

among the joints of the midfoot and forefoot.(8) In dancers, approximately 70% of the 

total amount of motion to attain the weightbearing en pointé and demi-plié positions 

occurs at the talocrural joint; while the remaining 30% is derived from motion between 

adjacent foot joints.(8) In our study, professional dancers exhibited  48.4º of sagittal 

hindfoot-tibia and 19.8º of sagittal forefoot-hindfoot excursions, while non-dancers 

displayed 34.2º and 11.6º, respectively. This shows that in both populations the forefoot-

hindfoot joint is also a contributor to the overall foot motion similar to previous 

reports.(13) Moreover, adjustments in the forefoot kinematics were observed during 

landing, to anticipate different surfaces inclination.(15)  

 

Regardless of the jump-landing directions, professional dancers exhibited higher 

hindfoot-tibia and forefoot-hindfoot plantarflexion at initial contact, and higher hindfoot-

tibia dorsiflexion at peak vertical ground reaction force and peak knee flexion than non-
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dancers. It seems that dancers had a specific foot-ankle strategy in landings which can 

influence their lower extremity motion patterns due to the closed kinetic chain. This is 

probably an outcome of professional dancers training-specificity. Thus, the 

experience/background of the participants may contributed to the observed findings of 

this study. Since young age, dancers training promotes a specific motor organization 

patterns to adjust the performance requirements and technique, which provides greater 

mobility to the different joints of the body, including the segments of the foot. The foot-

ankle complex function is crucial to dancers’ ability to perform, requiring flexibility and 

strength through the foot and ankle.(27) Also, in landing activities, the foot-ankle complex 

is a considerably well-trained structure in dancers to enable a smooth landing transition 

from the toes until the heel contacts the ground.(3) 

 

Increased plantarflexion angle at initial contact has been reported to provide a 

mechanical advantage due to a subsequent increased ankle excursion during landing, 

which is established as an important contributor to dissipate the impact forces(10, 26, 

28) Furthermore, in single-leg landings the ankle angle at initial contact determines the 

redistribution of energy dissipation between the ankle and the hip joints.(26)  In our study, 

this landing strategy was observed in the professional dancers, whereas non-dancers 

had a lower plantarflexion at initial contact that was accompanied with less hindfoot-tibia 

and forefoot-hindfoot excursions. This strategy may lead to a less efficient landing 

strategy to attenuate the ground reaction forces.(9, 26) Even more because a higher 

plantarflexion at initial contact during single-leg landings is associated with increased 

ankle energy dissipation.(26) Noteworthily, a model-driven study reported that an 

increased plantarflexion angle at initial contact might increase the susceptibility of ankle 

sprain occurrence.(29) Contrastingly, it has also been reported that individuals with 

functional or chronic ankle instability presented lower ankle plantarflexion at initial 

contact when compared to coper or control groups;(13, 16) this suggests a link to a lower 

dynamic stability pattern due to the decreased time over which the foot-ankle complex 

has to absorb the impact forces.(16) Professional dancers had a higher plantarflexion at 

initial contact, which has been speculated as increased risk for ankle sprains.(29) 

Moreover, their increased excursion in the sagittal plane while landing may counteract 

the suggested detrimental ankle position, and assist in the dissipation of ground contact 

forces as a protective mechanism.(10, 16) 

 

There is strong evidence suggesting that a decreased weightbearing ankle sagittal 

excursion modifies lower extremity mechanics and may be linked to injuries due to a 
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compensatory mechanical pattern in the lower extremity.(30) Individuals with chronic 

ankle instability had higher peak vertical ground reaction force, suggesting a negative 

association with the injury risks due to the limited capacity to absorb loading rates.(13) 

Thus, greater weightbearing ankle sagittal excursion is associated with greater knee 

flexion excursion and lower ground reaction forces during landing.(24) A higher 

plantarflexion at initial contact may enable increased ankle joint excursion for the shock 

absorption mechanism in single-leg landings.(26) Non-dancer’s lower plantarflexion at 

initial contact and hindfoot-tibia excursion may contribute to the lower knee sagittal 

excursion during landing, and quicker time to achieve peak knee flexion (end of the 

landing phase) compared to professional dancers.(4) Furthermore, it has been observed 

that the lower extremity segment orientation and muscular pre-activation of the 

musculoskeletal system before initial contact influences the landing performance.(15) If 

training the landing phase in a highly plantarflexed position at initial contact, athletes may 

maximize the available dorsiflexion excursion in the weightbearing phase. Thus, the 

awareness of using more plantarflexion and higher excursion of the foot-ankle complex 

might be considered to be translated to other athletic populations to plausibly take a 

better advantage of the landing technique. This is pertinent as athletes may not use the 

full potential energy-absorbing characteristics of the ankle plantarflexors,(28) which is 

considered as a protective mechanism to mitigate the landing forces, and minimize the 

deleterious consequences of the impact forces in jump-landing activities, without 

compromising performance.(10, 16)  

 

Conclusion 
Overall, it was notable that professional dancers landing pattern had higher hindfoot-tibia 

and forefoot-hindfoot plantarflexion and consequently higher excursion, which may play 

as a contributor to mitigate the landing forces. This is most likely linked to dancers 

training-specificity. For future studies, the multi-segmented foot model should be 

considered for research to provide comprehensive foot kinematic data of the foot-ankle 

function. Additionally, further research is needed to investigate dancers’ lower extremity 

relative muscular contribution to shock absorption by muscular energy dissipation in 

multidirectional jump-landings.   
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Abstract 

Different algorithms can be used to estimate the pose of musculoskeletal models in 

biomechanical studies. Visual 3D uses segment optimization whereas OpenSim uses 

global optimization. Thus, our purpose was to study whether the two approaches would 

influence the estimation of lower extremity biomechanical parameters. Marker 

trajectories and ground reaction forces of 6 professional dancers were collected during 

a single-leg forward jump-landing. The same data set was processed using both 

approaches. Our findings suggested that the sagittal knee and ankle angles and 

moments were highly comparable between the two approaches. The ankle sagittal angle 

and moment showed the lowest offset. On the other hand, the choice of a kinematic 

model was likely to affect the hip, more evident in the frontal and transverse planes. This 

may be due to different factors such as the pelvis and femur positions or larger amount 

of soft tissue in the thigh. 

 

 

Introduction  

In biomechanical studies, different modeling approaches have been used to investigate 

lower extremity (LE) kinematic and kinetic parameters. Each model includes specific joint 

constraints imposed to the relative motion of adjacent body segments resulting in 

different overall full-leg motion (1). Segment or global optimization approaches can be 

used to compute kinematics of a musculoskeletal (MSK) model during a dynamic activity. 

The primary distinction is in the pose (position and orientation) estimation algorithms 

used. Visual 3D (C-Motion, Inc. Rockville, USA) and OpenSim (2) are two commonly 

used software to examine biomechanics of human movement.  

 

Visual 3D uses segment optimization to compute segment position and orientation 

creating a model through individual body segments. Each body segment can apply 

forces to adjacent segments. For this approach, a static trial is first used to define 

participant-specific joint centers, followed by segments, joint axes, and segmental 

coordinate systems. The location of participant-specific joint centers are stored virtually 

and relative to external kinematic markers placed over the skin of the participant. During 

dynamic trials, participant-specific joint centers are derived directly from these externally 

skin-mounted kinematic markers, and joint kinematics are calculated (3, 4). In this 

approach, each joint is considered to have 6 degrees of freedom (DOF) to describe its 

kinematics. The segments can move freely about the 3 rotational and 3 translational 
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DOF, which prevents the propagation of errors from one segment to another (4). 

However, errors in joint angle estimates can be produced, introducing joint 

displacements errors and/or changes in segment lengths (5). Additionally, segments are 

independent of each other and have unconstraint joints. Such configurations and soft 

tissue artifact errors can affect segment pose estimation and lead to non-anatomical joint 

displacements (6, 7). It is a known problem that may affect joint center identification and 

consequently kinematics estimation. This becomes a critical concern, particularly in 

dynamic activities (i.e., jump-landings), since it can negatively influence the accuracy 

and/or reliability of joint kinematics and kinetics estimations (1, 6). 

 

On the other hand, OpenSim employs the global optimization method. It uses anatomical 

linkage constraints to reduce the effect of errors. This approach is highly dependent on 

joint kinematic constraints, which are applied to overcome unrealistic joint translations. 

The optimal fit is determined by considering the entire extremity or body at each frame, 

instead of each segment independently (5). However, important processes such as the 

selection of the joint constraint type and the identification of model parameters can still 

arise and may affect the resultant participant-specific models. The LE kinematics can 

also be affected by the quality of the experimental and analytical procedures implied in 

the tasks (1). OpenSim uses a static trial to define a participant-specific MSK model’s 

segment lengths and joint axes. The joint DOFs of the model can be chosen a priori (2). 

The joint coordinates of the rigid MSK model are optimally adjusted to fit the kinematic 

marker data to potentially minimize the soft tissue artifact. OpenSim is considered an 

important software for MSK modeling and simulation of forward dynamics. However, it is 

still a relatively subjective process because of the highly dependency on operator skill 

during kinematic modeling (8, 9). Some errors or uncertainties in earlier stages can 

propagate and affect the kinematic results, leading to noteworthy inaccuracies (10).  

 

Musculoskeletal modeling and simulation of dynamic movement allow the study of 

athletic performances. The LE has a fundamental role during jump-landing activities to 

provide balance and absorb impact forces. Dancers often perform single-leg jump-

landings with significant horizontal displacement while dancing. Despite the substantial 

experimental research available on dancers’ jump-landing activities, computational 

modeling has not been adequately explored in this population. To our knowledge there 

is scarce research to compare LE biomechanical outputs using different modeling 

approaches in dancers. Therefore, the purpose of this study was to investigate 

differences in the estimation of the LE joints (hip, knee, ankle) kinematics and kinetics 
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between segmental optimization (Visual 3D) and global optimization (OpenSim) 

approaches in professional dancers during a single-leg forward jump-landing. 

 

Methods 

Participants 

For this preliminary study, a convenience sample of 6 professional dancers (28±7 years, 

1.67±0.04 m, 54.5±8.5 kg), employed in a professional ballet company was selected 

from a larger study (11). Participants who had a recent history of LE injuries, any pain 

that would impair the ability to jump, LE surgery within the past 5 years, or any known 

neurological/cognitive disorder were excluded. A written informed consent was obtained 

from all participants prior to testing. All procedures performed in the study were in 

accordance with the ethical standards of the Institutional Ethical Review Committee and 

the 1964 Declaration of Helsinki and its later amendments. 

 

Instrumentation & Experimental Procedures 

Biomechanical data of the right LE and trunk were collected. Marker trajectories were 

captured at 200 Hz with a 10-camera three-dimensional motion capture system (Opus, 

Qualisys AB, Gothenburg, Sweden). The ground reaction forces were recorded at 1000 

Hz using a Bertec force plate (FP4060-10; Bertec Corporation, Columbus, Ohio) and 

time-synchronized with the kinematic data.  

 

The same researcher (AMA) obtained participants’ demographics, provided instructions 

for the task, and placed the markers on selected anatomical landmarks. Thirty-seven 

retroreflective markers were placed on the right LE and trunk of each participant, using 

double-sided tape. The calibration markers were removed prior to the performance of 

the task. After a 5-min self-directed warm-up period, a static trial was collected. 

Participants started 70 cm apart from the force plate center (12), stood on the left LE, 

and then performed a single-leg forward jump-landing (FJ), landing on the right LE, in 

the middle of the force plate. Upon landing, participants immediately performed a 

maximal vertical jump, followed by a second landing in the force plate center. Three 

successful FJ trials were recorded. For this preliminary study, one static trial and only 

the first jump-landing of one successful single-leg FJ trial were analyzed for each subject. 

Trials were deemed not valid if participants lost balance, hopped, stepped off or shifted 
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the foot on the force plate; if they touched the force plate with the left foot; or if the hands 

were removed from the hips. 

 

Data processing 

Markers were manually identified using QTM (Qualisys Track Manager) and then 

exported to Visual 3D. 

 

Visual 3D Model: A laboratory coordinate system was established with the positive x-

axis, y-axis, and z-axis representing anterior, medio-lateral – left side positive, and 

vertical directions, respectively. Anthropometric data including mass and height were 

used as inputs for each subject. Then, a 5-segment kinematic model (trunk, pelvis, thigh, 

shank and foot of the right side) was created based on the static trial. Knee and ankle 

joint centers were determined as the midpoints between the medial and lateral 

epicondyles and malleoli markers, respectively. The hip joint center was estimated using 

a previously reported regression equation (13). Joint angles and internal moments were 

calculated using conventional inverse dynamics (14). 

 

OpenSim Model: The laboratory coordinate system of Visual 3D was modified to match 

the OpenSim coordinate system (x-axis – anterior, y-axis – vertical, z-axis – medio-

lateral, right side positive). Then, markers trajectories of the static and FJ trials were 

exported from Visual 3D into OpenSim. Gait2392 model (23 DOF and 92 muscles) was 

used (2). Changes including locking the metatarsophalangeal joint and increasing the 

maximum knee extension to 20º were made on the original model. A joint-constrained 

three-dimensional MSK model was created with 3 DOF at the trunk and hip joint and 1 

DOF at the knee and ankle joints. The MSK model was scaled to match each 

participant’s anthropometry. Then, inverse kinematics analysis was performed to 

compute joint angles from the marker data. The inverse kinematics tool in OpenSim 

aligned the modified Gait2392’s body segments to closely match the experimental 

marker positions, minimizing the sum of squares of the error between the measured 

marker locations and the model’s virtual ones (2). Marker errors and RMS errors were 

attained for each subject. After visual inspection and reference to the OpenSim 

guidelines, we manually adjusted all markers with maximum error above 0.04 m and 

maximum RMS error above 0.02 m to meet the recommended marker kinematic 

accuracy. Then, the inverse dynamics tool was used to compute the joints moments (Fig. 

17). 
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Figure 17. Example of a professional dancer single-leg forward jump-landing at initial 

contact (A & D); peak knee flexion (B & E); toe off phases (C & F) in Visual 3D (A, B, & 
C) and OpenSim (D, E, & F). 

 

Visual 3D and OpenSim: Initial contact was defined as the point where the vertical 

ground reaction force surpassed a threshold of 10N (15). Toe off was defined as the 

instant that the foot stops contact with the force plate. The FJ stance phase was defined 

as the time period between the initial contact and toe off. The dependent variables of 

interest were joint angles (º) and internal moments (Nm). Due to the global optimization 

approach (OpenSim), the kinematic model had joint constraints. Thus, the knee and 

ankle motions were only reported in the sagittal plane, whereas the hip was reported in 

the sagittal, frontal and transverse planes.  

 

Matlab: All raw data were exported to Matlab (R2016b). A 4th order Butterworth low pass 

filter with cutoff frequency at 10 Hz was employed on joint kinematics and kinetics based 

on the results of residual analysis (14). Subsequently, joint angles and moments were 

plotted, per joint and for each rotation; also, the offset between the two approaches was 

computed per joint for each rotation (angles and moments). Lastly, the mean and 

standard deviation (SD) of the offset were calculated per joint for each rotation. 



Dancers’ Landing Strategies 

77 
FMH | UL 

 Results 

Overall, the hip, knee and ankle angles and moments in the sagittal plane demonstrated 

higher similarity in magnitudes and dynamic curve patterns when comparing the two 

kinematic approaches.  

 

A. Joint kinematics 

LE joint angles in the sagittal plane were highly comparable between the two 

approaches. Furthermore, the knee and ankle sagittal joint angles presented 

considerably similar magnitudes and dynamic curve patterns for all subjects. The hip 

sagittal angles showed similar pattern in all subjects, however, with different magnitudes. 

Visual 3D provided approximately 10º more of hip flexion than OpenSim in all subjects. 

The hip frontal and transverse planes presented different magnitudes and irregular curve 

shapes. In the transverse plane, two subjects had an inverse pattern (mirror graphs) of 

the curves when comparing the two methods, with Visual 3D presenting higher values. 

 

When analyzing mean and SD offset of the LE joint angles, we observed a significantly 

lower offset in the sagittal plane. The sagittal knee angle had higher dispersion compared 

with the other joints (Fig. 18).  

 

 
Figure 18. Offset (mean and standard deviation) of 6 professional dancers’ lower 

extremity joint angles (º) in the sagittal plane during a single-leg forward jump-landing. 

 

B. Joint kinetics 

We also observed that the magnitudes and curve patterns in the LE joints were similar 

in the sagittal plane of the joint moment in all subjects during the FJ. Once again, the 

knee and ankle magnitudes had similar values between OpenSim and Visual 3D. In the 

hip frontal and transverse planes, magnitudes and curve shapes were significantly 

different; Visual 3D presented higher values compared to OpenSim, particularly close to 

the peak knee flexion. 
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Examining the mean and SD offset, we observed that the sagittal ankle moment 

demonstrated the flattest curve shape. Thus, this joint had lower differences between 

the two approaches. The sagittal hip moment presented higher dispersion at initial 

contact, compared to the knee and ankle sagittal moments. Similar to the joint angles, 

the offset of the sagittal knee moment was the one with a larger dispersion compared to 

the other two joints. The joint angle offset was less sensitive to the specific kinematic 

approach, when compared to joint moments offset. 

Discussion 

This preliminary study used two different modeling approaches (segment and global 

optimization) to examine and compare the LE kinematic and kinetic parameters during a 

single-leg FJ in professional dancers. The outputs were obtained through the same set 

of data but computed independently by each method.  

 

Our findings showed that the sagittal plane variables were less affected by the models’ 

characteristics (Fig. 19). This suggests that the observed magnitudes and curve patterns 

were more consistent for all subjects between the two approaches, particularly in the 

knee and ankle. Consequently, the sagittal plane was less sensitive to the chosen 

kinematic model, which is similar to those observed in other tasks (7).  

 
Figure 19. Example of a professional dancer: (A) hip angles (º) and moments (Nm) 
and (B) knee and ankle angles (º) and moments (Nm), from initial contact to toe off, 

during a single-leg forward jump-landing. 
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The hip sagittal angle showed similar shape but different magnitudes. That difference 

was constant during the stance phase; Visual 3D provided approximately 10º greater of 

hip flexion during the FJ than OpenSim for all subjects. It is interesting to emphasize that 

the sagittal plane was the one that had lower dispersion, which is the same plane of the 

jump-landing task performed (forward direction). Future research should analyze the 

same task in the frontal plane (lateral direction) to study whether the direction of the task 

has significant influence on the biomechanical outputs. Hip angles and moments in the 

frontal and transverse planes showed lower similarity in magnitudes and curve shapes 

between the two approaches. In this study, those planes demonstrated significantly 

higher sensitivity to the kinematic approaches than the sagittal plane. This may be due 

to factors such as the pelvis position and femoral rotation (7). In addition, the thigh has 

larger amount of soft tissue artifact compared to the leg. Therefore, for hip kinematics 

estimation, comparative assessment should be carried out with respect to the 

propagation of the soft tissue artefacts (16). Also, the thigh cluster used may have not 

been in the exactly same position for all subjects, which could influence our findings. 

 

Previous literature reported that anatomical constraint models seem to provide results 

with more physiological motion at the joints (1). Yet, our study showed that for the sagittal 

plane, the results were comparable between the two approaches. Analyzing the offsets 

of both, we observed that the joint angles in the sagittal plane were less sensitive to the 

kinematic model chosen. If the variables of interest are mainly in the sagittal plane, any 

of the models can be used due to the consistent values between both approaches. 

Contrastingly, caution must be taken when the purpose is to investigate the hip frontal 

and/or transverse planes. When comparing biomechanical studies using different 

modeling approaches focused on the hip joint, researcher should be aware how the 

modeling approaches may affect the kinematic outputs during dynamic activities. The 

degree of error resulting from small measurement errors can be quite significantly in the 

results. The determination of different hip joint center locations can consequently result 

in different effects on joint kinematics (16) particularly in the frontal and transverse 

planes. Hip angles and moments can also be affected by the inaccurate hip joint center 

location. For instance, a propagated error of about -22% in hip moment occurred with a 

30 mm error of the joint center location (17).  

 

Lastly, OpenSim provided overall lower kinematic and kinetic magnitudes than Visual 

3D. No single best solution is established as definite in the literature (1) and our purpose 
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was not to identify which method produces more accurate joint biomechanics, but rather 

to provide further knowledge on the effect of different pose estimation methods to support 

the choice of a suitable approach. 

 

Conclusions 

Overall, our results showed that the segment and global optimization approaches 

produced similar biomechanical estimations in sagittal knee and ankle angle and 

moment; while the most noticeable differences were observed in the frontal and 

transverse planes of the hip angle and moment. Therefore, this preliminary study 

suggests that caution must be taken when interpreting hip angles and moments, using 

different approaches to create the kinematic model.  
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CHAPTER VII 

 

7. The Impact of Marker Adjustment in Musculoskeletal Modeling on 
Kinematic Parameters 
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Abstract 

Computational modeling and simulation of the musculoskeletal system has been 

performed to investigate movement performance and quality. Most studies using 

OpenSim, an open source biomechanical analysis platform, have primarily conducted 

research in gait analysis, with less focus on jump-landing tasks. During the process of 

computational modeling, errors and uncertainties in the earlier stages can propagate 

through the workflow, which may negatively influence the realism of the outputs. The aim 

of this study was to investigate marker errors after performing inverse kinematics in 

OpenSim and analyze its influence on the lower extremity joint angles. Marker 

trajectories and ground reaction forces of 11 participants were recorded during a single-

leg forward jump-landing. OpenSim inverse kinematics was performed and the maximum 

(max) error of each marker was attained. The findings of this study demonstrated that 

when developing a subject-specific biomechanical model, marker errors resulting from 

manual marker adjustment have significant influence on the musculoskeletal modeling 

outputs. Decreased max errors were observed after adjusting all markers needed, and 

differences before and after adjustments affected the sagittal hip, knee and ankle joint 

angles. In order to achieve effective marker set optimization during biomechanical 

modeling, it is essential to measure and examine the errors of all markers to increase 

subject-specific modeling accuracy. 

 

Keywords: OpenSim; Inverse Kinematics; Musculoskeletal simulation; Computational 

modeling; Single-leg landings.  

 

 

Introduction  

Musculoskeletal modeling and simulation have been used to study human movement. 

Those biomechanical studies using computational modeling have been primarily focused 

on investigating the lower extremity during gait analysis (1-3). The lower extremity also 

plays an important role in jump-landing to absorb the impact forces applied to the body 

(4-6). Yet, limited studies using computational modeling on athletic tasks, such as jump-

landing exist (7-9). Hence, modeling and simulations are useful tools to help 

understanding lower extremity joint functions during jump-landing tasks.  

 

OpenSim is an open source computational modeling software that has been widely used 

in the past decades in biomechanical studies. Researchers use this continuously 
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developed platform to share and improve musculoskeletal models. OpenSim is a 

powerful tool to analyze quantities that can be difficult to obtain experimentally, such as 

muscle and joint contact forces (2, 10, 11). The musculoskeletal simulations rely heavily 

on multibody simulation techniques originally devised for vehicle dynamics and other 

technical applications (10). However, biological systems introduce additional complexity 

into the models (10). The first component of any analysis is the development of a 

musculoskeletal model. Nevertheless, during the process of developing such models, 

the user-dependent skill is a major concern that is still poorly studied (1, 12). The 

accuracy level requirement of a model depends on the application and not on the model 

itself (10, 12). It is therefore up to the user to complete the validation process and assess 

whether the model is accurate enough to be used for the intended estimation (10). The 

generic musculoskeletal model needs to be scaled to the participant’s anatomical and 

physiological characteristics. That way, the joint centers and anatomical landmarks are 

aligned to the specific subject and derived from a static trial. During this phase, caution 

must be taken when employing a generic model to a specific subject, since errors or 

uncertainties in earlier stages can negatively propagate and subsequently affect the 

kinematic outputs (3, 10). These aspects are rarely addressed in the literature (3), and 

may lead to limited and poor interpretations of musculoskeletal simulations (3, 10). It is 

essential to assess and report the outcomes of this early stage to assure that the model 

is an adequate representation of the systems that is simulated (10).  

 

Inverse kinematics is a necessary method in movement analysis (1). In OpenSim inverse 

kinematics, the quality of the kinematic fit is dependent on how a generic musculoskeletal 

model and the locations of markers upon it reflect the anthropometry of each individual 

being measured and the actual positions of those markers during the task (1). It depends 

not only on the exact placement of the markers on the specific anatomical landmarks, 

but also on the maximum markers errors measured during inverse kinematics (1). The 

objective is to decrease the differences between the measured marker locations and the 

model’s virtual markers (13). On one hand, this allows marker set optimization, so the 

model can closely represent the experimental data (10). But on the other hand, this 

process introduces subjectivity into the process, since it involves manual adjustments, 

emphasizing the need of a standardized method so the musculoskeletal model process 

becomes more efficient and objective. Creating a subject-specific musculoskeletal model 

is also a time-consuming task (14). Based on the OpenSim recommendations, each max 

marker error and max Root Mean Square (RMS) error should be below 0.04m and 

0.02m, respectively, across all data frames. Additionally, due to the inter-dependency of 
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markers, it is important to identify all markers with max errors above the threshold, and 

not just the single marker with the max error among all. This allows for concurrent 

adjustment of markers to equally decrease the error, and potentially be more time 

efficient. To our knowledge, there is still limited research addressing marker error 

adjustment and its effect on kinematics. Unquestionably it is important to make sure that 

this approach is able to produce models that adequately represent the systems of 

interest (10). Thereby, the aim of this study was to investigate the max marker errors 

after running OpenSim inverse kinematics, and to compare sagittal hip, knee, and ankle 

joint angles in three difference processing phases of developing a musculoskeletal 

computational model: i) before marker adjustment, ii) after single max marker error 

adjustment, and iii) after all markers with max errors adjusted below the recommended 

threshold error.  

 

Methods 

Participants 

For this study, a convenience sample of 11 participants (27±6 years, 1.68±0.05 m, 

59.7±9.8 kg) was selected from a larger study (15). Only participants whose dominant 

lower extremity was the right side were included. They were required to be between 18 

and 40 years old, and physically active with a minimum of 3h/week of physical exercise, 

such as dance or recreational athletic activities/sports. They were excluded if reported a 

recent history of lower extremity injuries, surgery within the past 5 years, any pain that 

would impair the ability to jump, or any known neurological/cognitive disorder. Prior to 

testing, the Institutional Ethical Review Committee approved the study, and a written 

informed consent was obtained from each participant.  

 

Instrumentation and Experimental Procedures 

Marker trajectories and time-synchronized ground reaction forces of the right lower 

extremity were collected with a 10-camera three-dimensional motion capture system 

(Opus, Qualisys AB, Gothenburg, Sweden) and a Bertec force plate (FP4060-10; Bertec 

Corporation, Columbus, Ohio), sampling at 200 Hz and 1000 Hz, respectively. The jump-

landing task, its methodology and experimental procedure have been previously 

described (15). For this study, only the static trial and the first jump-landing of one 

successful single-leg forward jump-landing were analyzed. In the excluded trials, 
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participants have lost balance, hopped, stepped off or shifted the right foot on the force 

plate; or touched the force plate with the left foot; or removed the hands from the hips. 

 

Data processing 

Markers were manually identified using Qualisys Track Manager (Goteborg, Sweden) 

and then exported to Visual 3D 6 Professional (C-Motion, Inc, Rockville, USA). The 

laboratory coordinate system of Visual 3D was modified to match the OpenSim 

coordinate system, where the x-axis represented the anterior direction, the y-axis the 

vertical direction, and the z-axis the medio-lateral direction (right side positive). 

Subsequently, the raw marker trajectory data of the first successful forward trial 

processed in Visual 3D was exported to OpenSim 3.3 (Simtk.org, Stanford USA). The 

gait2392 musculoskeletal model (23 degrees of freedom and 92 muscle-tendon units) 

(13) was used in this study. The following adjustments were conducted to this model: 

locking the metatarsophalangeal joint and increasing maximum knee extension to 20º. 

These two modifications were required due to the non-anatomical metatarsophalangeal 

joint angles obtained in a pilot study, and the knee hyperextension of some participants. 

A joint constrained three-dimensional musculoskeletal model was created with 3 DOF 

(degrees of freedom) for the trunk and hip, and 1 DOF for the knee and ankle joints.  

 

A scaled 5-segment kinematic musculoskeletal model composed by trunk, pelvis, and 

right thigh, shank, and foot was then created for each participant, based on the static 

trial and using a participant’s anthropometric measurements. In this step, the mass 

properties and the dimensions of the body segments were adjusted to each participant. 

After scaling the model, dynamic segment poses were tracked through inverse 

kinematics, to compute lower extremity joint angles from the marker trajectory data. 

OpenSim inverse kinematics tool was used to aligned the modified Gait2392’s body 

segments of the model, to closely match the experimental markers positions, minimizing 

the sum of squares of error between the measured marker locations and those of the 

model’s virtual ones (13). The max marker error and max RMS error were attained from 

all the markers of the specific trial. These data were then exported to Matlab (R2016b) 

to plot marker trajectories per participant and to identify all markers with max errors that 

needed to be reduced. After visual inspection and based on OpenSim recommendations, 

we proceeded in two ways: 1) identifying the single marker that had the max error of all 

markers and over 0.04m, for each participant; 2) identifying all markers that presented 

max errors above 0.04m and max RMS error above 0.02m. Those markers were 
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manually adjusted in two different processing phases (single marker adjustment and all 

markers adjusted), to achieve the recommended marker error threshold (maximum error 

< 0.04m; maximum RMS error < 0.02m) for each marker. With the optimized marker set, 

a new model scaling and inverse kinematics were conducted for each situation. This was 

repeated, if necessary, to achieve the expected marker error threshold for each marker 

and for each participant. At the end of these procedures, after developing the dynamic 

musculoskeletal model, data were exported to Matlab (R2016b). Then, the marker 

trajectories and sagittal joint angles were separately plotted per participant for visual 

inspection and compared in three different processing phases i) before markers 

adjustments, ii) after single marker adjustment, and iii) after all markers with errors 

adjusted. 

 

In this study, stance phase was defined as the time period between initial contact and 

toe off events. Initial contact was the point where the vertical ground reaction force 

surpassed 10 N (16); toe off was the instant that the foot stops contact the force plate. 

The stance phase was subsequently divided into a) landing phase, corresponding to the 

deceleration phase of a jump-landing, and defined from initial contact to peak knee 

flexion (17), and b) take-off, defined from peak knee flexion to toe off. The variables of 

interest for this study were max markers error (m) and joint angles (degrees), in different 

processing phases (i, ii, iii). For this study the hip, knee and ankle angles were only 

reported in the sagittal plane. 

 

Results 

We observed that marker errors can affect sagittal lower extremity joint angles, during a 

single-leg forward jump-landing, through visual analysis. This study showed that 4 out of 

11 participants require no marker set adjustment, after running inverse kinematics in 

OpenSim. Analyzing the marker set of the remaining 7, we noticed that 5 had more than 

one marker with error (between two to four markers) above OpenSim recommended 

threshold, as the example in Figure 20; whereas 2 participants just had a single marker 

error above the threshold.  
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Figure 19. Example of 1 participant markers errors (m) during forward jump-landing 
stance phase, in the three processing phases: i) before markers adjustment, ii) after 

single max marker adjusted, iii) after all markers with max errors adjusted. Markers: m8 
= right acromion, m2 = left acromion, m6 = left scapula, m1 = C7. 

 

In all 5 participants, comparing phases ii) and iii), there were considerable improvements 

of marker errors in phase iii). There were 2 participants where in phase ii), the other 

markers with errors did not improve (just the marker with max error); and there was 1 

participant that in that same phase (ii), it resulted in a marker error that was not observed 

in phase i). The right acromion marker experienced the greatest max fitting error and 

respective improvement after adjustments in all 7 participants. At the end of the 

adjustment process of the markers with errors above the recommended threshold, all 

participants had no marker error on the landing phase; and only 3 had an extremely small 

error, near the toe off event (end of the take-off phase). 

 

As a preliminary analysis of the sagittal plane of the lower extremity joint angles, we 

observed that the lower extremity joint angles were affected in the three different 

processing phases in the 5 participants with more than one marker with max error. In 

some cases, the joint angles had higher magnitudes in phase iii), as the example depicts 

in figure 21; whereas in other cases the phase i) displayed higher magnitudes. Moreover, 

that difference in joint angles was, in some cases, approximately 10º (e.g., ankle of one 

participant). The hip, knee and ankle joints were always affected by the adjustment of 

the markers, in the different processing phases, except for 1 participant. 
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Figure 20. Example of 1 participant lower extremity sagittal joint angles (in degrees) 

differences during forward jump-landing stance phase, in the three processing phases: 
i) before markers adjustment (solid green line), ii) after single max marker adjusted 
(dashed black line), iii) after all markers with max errors adjusted (dashed red line). 

 

Discussion 
Computational modeling and simulation is important to further biomechanical analysis 

(13). However, the subjective manipulation of the user, required to develop a 

musculoskeletal model, demonstrates that the process is highly dependent on skill and 

experience (1, 10). The main aim of this study was to investigate the marker set errors 

after conducting OpenSim inverse kinematics and analyze its effect on lower extremity 

joint angles during a forward jump-landing task. After analyzing and visually compare the 

markers error in the three processing phases i), ii), iii), we found that 7 out of 11 

participants had markers with error above the recommended values. The majority of the 

errors were observed in the take-off phase of the jump-landing. This may be possibly 

explained by sudden and ballistic change in movement direction, suggesting a task-

specificity effect. The jump-landing task most likely influenced the trend to present lower 

or higher marker errors; lower errors were noted during the landing phase, whereas the 

take-off phase displayed higher number of markers with max error. Besides, the largest 

and most commonly detected marker with error was the right acromion, once again most 

likely due to the task-specificity.  

 

All the participants performed a forward-jump landing with the right lower extremity. 

Additionally, OpenSim models the trunk as a rigid segment; however, even with the 

hands on the hips required in the methodology of this study, participants could possibly 

have moved the shoulder upwards. This may hint that mainly during the take-off phase 

participants used upper body motion, to assist them to propel to the following vertical 
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jump of the task, emphasizing the relationship between segments during dynamic 

activities. It seems that in some participants, the scapula moved (elevation and upward 

rotation) during the take-off phase of the forward jump-landing, and more than likely it 

affected the position of the acromion. Hence, right acromion trajectory during the take-

off phase was a noteworthy finding in this study. Other minor marker errors may be due 

to smaller discrepancies between the model and the participant. Furthermore, after 

adjustments in all markers with max error (phase iii), we observed an improvement of all 

marker errors in all participants. Improving just the single max marker error was not 

enough to optimize the marker set. The marker set optimization was more efficient when 

considering all markers with error. It is recommended to evaluate and adjust all markers 

with error that are above the recommended threshold. Additionally, it is also particularly 

important and should be recommended to acquire experience when manually adjusting 

the position of the markers, to reduce the error between virtual and experimental 

markers, and subsequently to closely match the experimental data. 

 

We also observed that even with very similar curve shapes and same directions of 

rotations, the lower extremity joint angle magnitudes were different between the three 

processing phases (i, ii, iii). In some cases (e.g., ankle of one participant) the difference 

achieved approximately 10º. This corroborates that joint angles were sensitive to manual 

markers adjustments, as they were affected by these modifications during the 

musculoskeletal modeling process. Moreover, it is unquestionably a subjective process 

that is influenced by the user’s skills, as previously reported (10), and that studies do not 

explicitly quantify the sensitivity to manual adjustments during the initial musculoskeletal 

modeling phases (3). The findings of our study also suggest that caution must be taken 

when interpreting previous results that may have not reported early stage errors and 

adjustments as those can have propagation consequences to the outputs of modeling 

and simulation (3, 12).  

 

In conclusion, this study indicated that kinematic marker error in musculoskeletal 

dynamic simulations are associated with loss in joint kinematics modeling accuracy. The 

sagittal hip, knee and ankle angles were affected by the manual adjustment of the 

markers in different processing phases. Moreover, the single max marker error approach 

was not sufficient to accurately adjust the markers errors. More studies should further 

examine and comprehend existing uncertainties and limitations during the process of 

developing a musculoskeletal model into a more standardized process. For instance, 

previous research has developed a pipeline, proposing a technique for scaling a model 
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and its calibration that needs no intervention of the user. Therefore, it is still important to 

reduce the subjectivity imposed in this process, when using OpenSim inverse 

kinematics, due to its influence into the calculation process and subsequently in the 

results, as observed in this study. 
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CHAPTER VIII 

 
8. General Discussion 

 

This PhD thesis was conducted to investigate lower extremity kinematics and kinetics 

during jump-landings in professional dancers and non-dancers, and provided a 

significant contribution to advance the body of work in dance science. The current 

chapter is divided in four sections. The first section provides an overall overview of the 

main findings according to the research questions of the five scientific papers written 

during the PhD. Additionally, in the second section, specific limitations of this PhD 

research are pointed out. Essential recommendations to contribute for future work are 

presented in the third section. Lastly, in the fourth section the practical implications and 

its impacts are explained.  

 

8.1 Main findings 

One of the imperative methodological decisions in research is which task should be 

chosen to answer the research question(s). It is undeniable that a better understanding 

of the movement and forces throughout the lower extremity in high-demand jump-landing 

tasks is still needed to accurately target the risk factors (25-27, 92). A laboratory task to 

mimic jump-landings, as more realistic as possible, in different populations was sought 

in this PhD research. Advanced information was acquired based on prior literature 

regarding jump-landings (Chapter II – section 2.2). Drop landing or drop jump would not 

appropriately suit the purposes of this PhD research, and the selected task was single-

leg jump-landings in different directions: lateral, diagonal, forward; which professional 

dancers (ballet and modern repertoires) and non-dancers (recreational athletes from 

different sports) regularly perform. 

 

Additionally, the foot-ankle mechanics is extremely important due to its effect on the 

proximal joints. Despite the foot being commonly modeled in biomechanics research as 

a single segment, in this PhD research to study the intricate foot-ankle complex, a multi-

segmented foot model was employed (Chapter II – section 2.3), and interesting findings 

were attained.  
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Study 1 results suggested that regardless of the group, different directions elicited 

distinctive lower extremity biomechanical responses, and more prominent between 

forward and lateral directions, as previously reported (26, 27, 39, 40, 73). That influenced 

the selection of only the forward and lateral directions for studies 2 and 3. The lateral 

direction had lower plantarflexion with higher inversion angles at IC, higher dorsiflexion 

with less eversion angles, higher knee and hip abductor moments compared to other 

directions. Further, it took longer to achieve PKF and PvGRF, and was perceived by 

participants as the most challenging direction to perform. This was noted on similar 

previous studies (39, 73). The lack of visualization of the landing area and the increased 

center of mass oscillation to acquire lateral stabilization of the body may partially explain 

this difference. This suggests that jump-landing directions definitely had an impact on 

biomechanical responses. Professional dancers landed with higher knee adduction 

angle and hip abductor moment, and lower hip abduction angle than non-dancers. These 

results further support that professional dancers, through possible increased hip 

abduction muscles activation, were able to control the proximal joints of the lower 

extremity; potentially they had increased medio-lateral stabilization of the body, which is 

in accordance with higher eccentric demands of the medio-lateral hip musculature in the 

deceleration phase of single-leg landings (27). 

 

The landing pattern of professional dancers reinforced the concept that they prevent the 

aforementioned sickling mechanism (Chapter II – section 2.3.1), exhibiting great 

plantarflexion and eversion angles in the forward direction, counteracting the typical 

anatomic motion of the ankle (kinematically coupled plantarflexion with inversion) (66). 

This may suggest a protective mechanism for injuries at the ankle (e.g., ankle sprain). 

Even not quantifying muscle activation, it is plausible that dancers properly activated the 

peroneus longus and brevis, tibialis posterior and flexor hallucis longus and brevis to 

achieve the required alignment of the ankle-foot complex (37). This strategy was more 

distinguished, when also considering the knee joint. In the forward direction, a 

concomitant knee adduction angle was observed. Accordingly, dancers presented a 

lower extremity alignment that is protective of the dynamic valgus mechanism (42, 43).  

 

Data presented in this PhD thesis also largely supports that professional dancers may 

develop skills to achieve proficiency in the landing phase. Some of the findings of study 

1 are in line with proposed strategies that are considered as more advantageous to 

dissipate energy and to reduce loading rates, consequently improving the shock 

absorption mechanism (19, 21, 41, 53, 67). Particularly, professional dancers landed 
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with an extended posture, lower hip and knee flexion and higher plantarflexion at IC 

compared to non-dancers (Figure 22); although with no differences in the magnitudes of 

the PvGRF. In that sense, professional dancers were able to distribute the impact forces 

over a long period of time, due to their higher knee and ankle excursions and also longer 

time to achieve PKF when compared to non-dancers, similar to what was found in 

adolescents females ballet dancers, when performing single-leg hop and stop jump task 

(93). The body position at IC in jump-landings has been suggested to be a critical 

determinant of knee injury risk (e.g., anterior cruciate ligament injury), due to its 

subsequent biomechanics’ effects during the landing phase (94). The increased joint 

excursions in the sagittal plane have been associated to concomitant reduce of the 

frontal plane joint excursions (14). Altogether, this landing pattern may subsequently 

contribute to offset the overload on the passive structures and potentially decrease the 

risk of injuries (19-21). These results imply that dance training technique, when 

appropriately applied, may be advantageous and considered in other athletic 

populations. 

 

   
Figure 21. Representation of the sagittal plane dominant lower extremity of a 

professional dancer (left), and a non-dancer (right) at initial contact during a forward 
single-leg jump-landing. 

 

The foot-ankle complex is undoubtedly paramount to aesthetics and technique in dance 

representing an impressively well-trained structure (13, 57). Still, there is a lack of studies 

in dance science investigating the foot as a multi-segment. Study 1 demonstrated that 

professional dancers landed with higher ankle plantarflexion at IC than non-dancers, 

suggesting that ankle angle at IC determines the ankle excursion during single-leg 

landings (21). Though, to further investigate the foot-ankle complex and advance 

information, the multi-segmented Oxford Foot Model was adopted. As stated in Chapter 
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II – section 2.3.2, this model measures hindfoot-tibia, forefoot-hindfoot, and hallux-

forefoot joint angles. Study 2 findings provided more detailed data regarding the foot-

ankle complex. To start with, the results from that study highlighted the importance of 

the foot modeling. The multi-segmented foot model displayed lower hindfoot-tibia 

dorsiflexion angle and excursion, in both jump directions compared to the ankle of the 

single-segmented model. This was consistent with prior research in jump-landings and 

walking (80, 81). Additionally, the results from study 3 offered evidence to support two 

primary facts. Firstly, the hindfoot-tibia joint is not the only contributor to the sagittal plane 

motion of the foot-ankle complex, even if it has a considerable amount of movement; 

approximately 63% and 59% of the motion during landing occurred in the hindfoot-tibia 

of professional dancers and non-dancers, respectively. Similar findings were also 

observed by other researchers investigating slightly different tasks. Those studies have 

also used different ways of measurement, such as goniometer (2), and x-ray (1). 

Furthermore, it was noteworthy to notice in study 3 that at IC, professional dancers had 

59% of plantarflexion at the hindfoot-tibia joint, and 27% at the forefoot-hindfoot; while 

non-dancers had 74% and 11%, respectively. This means that professional dancers 

unquestionably used more the foot and ankle joints. Secondly, professional dancers 

landed with higher multi-segmented foot kinematic magnitudes (hindfoot-tibia and 

forefoot-hindfoot joints) in the sagittal plane than non-dancers. Curiously, there were no 

differences in the hallux-forefoot joint; which perhaps may be associated to less motion 

on this joint.  

 

Dancers are trained to plantarflex the foot and ankle in jump-landing movements. 

Contrastingly, non-dancers most likely use the foot and ankle plantarflexion only to 

propel the body off the ground, without an effort to maintain the plantarflexion position 

during the flight phase (66). Study 3 data may partially support this argument. 

Approximately ¾ of the foot-ankle motion in non-dancers, at IC, occurred in the hindfoot-

tibia joint, most likely an action justified by the gravity acting in the foot-ankle 

joints/segments than active plantarflexors recruitment. Muscle analysis investigation 

would be valuable to corroborate whether professional dancers present a higher 

activation of the plantarflexors before and at IC of the landing phase. This could provide 

support to the concept that the ankle plantarflexors should be considered when 

developing training strategies to target knee injuries (e.g., anterior cruciate ligament 

injury) (95). It should be pointed out that the main findings of study 2 and 3 primarily 

occurred in the sagittal plane. This can be partially explained with the fact that the body 

mostly allocates impact attenuation in this plane, since it is the primary plane of motion 
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of the foot-ankle joints (20, 74, 85, 96). Undoubtedly the foot-ankle complex is more 

intricate than a single rigid segment, as confirmed in the findings of this PhD thesis. 

Therefore, if should be considered in studies with populations whose foot-ankle structure 

has an important function. 

 

Despite numerous studies investigating biomechanical factors surrounding sport-related 

jump-landing performance, there is a paucity of focus on dance-related jump-landing. 

This gap considerably increases when considering the use of computational modeling 

and simulation to analyze data (e.g., OpenSim). OpenSim has not yet been extensively 

employed in jump-landing tasks compared to gait analysis. Further, to our knowledge, 

no study applying computational modeling approaches in dancers’ jump-landing have 

been published.  

 

Musculoskeletal computational modeling and simulation can be a powerful tool in dance 

research. Simultaneously, this approach presents multiple challenges for its 

implementation (e.g., user dependent skills). During the process of computational 

modeling, it is important to test the robustness of the study by evaluating the sensibility 

of the protocol step by step (31). As such, to be able to fully take advantage of OpenSim, 

the first step needed in this PhD research regarding computational modeling and 

simulation was to ensure that this software was providing similar results as Visual 3D, 

as they use different algorithms to estimate position and orientation of musculoskeletal 

models. This comparison of software would allow confidence on the interpretation of the 

results derived from both methods. To accomplish this goal, the same data set was used 

in both software, and further comparison of lower extremity joint angles and moments 

was made by visual inspection. The two software used different algorithms for pose 

(position and orientation) estimation: OpenSim uses global optimization whereas Visual 

3D uses segment optimization. The findings of paper 4 demonstrated that the hip joint 

was the most sensitive to the choice of a kinematic model. This can be partially explained 

by the following aspects: i) pelvis position and femoral orientation (97), ii) the differences 

in the amount of soft tissue artifact (90, 98), and iii) joints DOF (89), OpenSim hip model 

had 3 DOF whereas the knee and ankle had 1 DOF; on the other hand, in Visual 3D all 

joints had 3 DOF. Contrastingly, the more distal joints of the lower extremity, knee and 

ankle in the sagittal plane, were less sensitive to the kinematic model. Additionally, 

OpenSim provided overall lower magnitudes than Visual 3D.  In the end, no optimal 
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solution can be established (90), and the research question should drive the software 

choice. 

 

As presented in chapter II – section 2.4, a subject-specific model is required to be 

developed that represents each participant’s anatomy and physiology. To increase the 

subject-specific modeling accuracy, through an effective marker set optimization, 

identification and adjustment of all max markers’ error are critical. The findings of paper 

5 reported that marker adjustments have an impact on musculoskeletal lower extremity 

kinematics. The earlier stages to compute a model is therefore extremely important for 

the entire process and respective accuracy of the outputs. As an example, the scaling 

and inverse kinematic processes can influence the outputs of loading conditions (99). 

Also, visualization of models and simulations are critical during the process for 

interpreting, troubleshooting and communicating results (32). During the process, it is 

each user’s responsibility to ensure that the models and simulations realistically 

represent the experimental data, and that results from the simulations are truthful (30, 

31). Among a variety of potential errors and uncertainties during the process, it still 

remains unclear how to best achieve robust musculoskeletal modeling analysis and 

producing minimal errors (99). 

 

Overall, the robustness of this PhD thesis is placed on dancers’ unique biomechanical 

landing profile, led by specific motor organization patterns that they are required to 

achieve throughout years. This landing pattern may be beneficial to an improved shock 

absorption mechanism. Scientific basis to establish better strategies to mitigate the 

landing forces, and subsequently to decrease overload on the passive structures have 

been proposed over the years (17-19, 21, 42, 65). It seems that the suggested higher 

flexion of the trunk, aforementioned in Chapter II – section 2.2, to reduce the impact 

forces (17, 18, 65) would most likely compromise and affect dance and athletic 

performance, becoming challenging to apply in intervention and prevention programs. 

Other proposed strategies may be alternative strategies and have more applicability. The 

findings of studies 1 and 3 further reinforce the argument that dance jump-landing 

training technique may have some advantages to transfer to other athletic populations. 

The focus, to develop and foster appropriately injury prevention programs in sports, 

related to jump-landing tasks, therefore should be on the linkage of these three-key main 

observations in professional dancers: 
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1) efficient use of the lower extremity joints; more specifically higher knee and foot-ankle 

excursions, which is more favorable to mitigate the impact forces;  

2) appropriately foot-ankle work. Increased plantarflexion angle at IC increases ankle 

joint excursion and consequently a muscular strategy to optimize the eccentric ankle 

plantarflexors activation. Further, increased energy dissipation of the ankle leads to 

decreased energy dissipation at the hip joint (21). This strategy has been considered 

to decrease PvGRF and concomitantly attenuate the landing forces (19, 21, 22, 41, 

68); 

3) association of lower extremity alignment and hip joint kinematics; meaning ankle 

plantarflexion with eversion and concurrent knee adduction is associated to a higher 

proximal (hip joint) motion that maintains the medio-lateral neuromuscular control of 

the pelvis and lower extremity in single-leg jump-landings. 

Additionally, the foot-ankle is an extremely important structure in jump-landings as it 

affects the entire lower extremity biomechanics. Study 2 outcomes highlighted that 

caution must be taken when modeling the foot due to different ankle angle magnitudes. 

The multi-segmented foot model should be considered for research in populations whose 

foot-ankle joints play a noticeable role. It provides further kinematic data to study the 

foot-ankle joints functional abilities. Lastly, the OpenSim software should be considered 

to foster research of dancers’ muscle analysis and increase the body of work regarding 

jump-landing activities. 

 

8.2 Limitations 

The overall limitations of this PhD thesis are attributed to methodological aspects. This 

PhD research was undertaken on a sample of professional dancers. They performed a 

mixed repertoire that included classical and contemporary routines. Several differences 

in postural and movements practices exist between ballet and modern dance (11). 

Furthermore, dancers with less experience, with probably faulty technique and 

subsequently poorer landing mechanics, were not included as only professional dancers 

were part of the sample.  

 

There was a substantial effort to apply a task that would mimic, as much as possible, the 

reality of dancers and non-dancers’ performances, as aforementioned in Chapter II – 

section 2.2.2). The multidirectional single-leg jump-landings were performed in a 
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controlled laboratory environment that may not be entirely indicative of the environment, 

intensity or demands during dance or athletic performances. Additionally, to minimize 

movement of the arms and trunk, and prevent the possible enhancement of jumping 

performance when using arm swing (100), the hands were placed on the hips. The 

purpose was to quantify as much as possible the biomechanics of the dominant lower 

extremity.  However, we did not investigate unanticipated jump-landing activities, as well 

as jump height, which should be considered in further work.   

 

Due to the requirement of a multi-segmented foot model, participants needed to perform 

the jump-landing tasks barefoot. In most landings, professional dancers commonly wear 

slippers or pointe shoes, and non-dancers typically use sneakers in athletic activities. On 

the other hand, the use of shoes would have hindered the assessment of certain foot 

joints motion. 

 

OpenSim has its own limitations. Few examples are: the muscle-tendon’s origin and 

insertion are based on cadaver studies; it is a subjective process, dependent on users’ 

skills and experience. With many conceivable errors for relating the observed motion 

capture to the musculoskeletal model in an inverse kinematics approach, it remains 

imprecise how best to achieve robust musculoskeletal modeling analysis (99). Thus, it 

becomes a challenging to use it without “direct help” of an expert that can recognize the 

steps needed to attain accurate and successful estimations.  

 

8.3 Recommendations for future research 

This PhD thesis provided evidence regarding biomechanical landing patterns that 

highlights: i) several directions in single-leg, ii) a multi-segmented foot model, and iii) 

application of computational modeling and simulation that have not been previously 

explored in dance science. The five scientific studies of this PhD thesis characterize the 

research path done so far. Actually, the PhD is just the beginning of the process. The 

next steps are already being considered and developed to address questions, 

particularly related to computational modeling muscle analysis and joint reaction forces 

in professional dancers. Though, further research in jump-landing is still undoubtedly 

needed. The recommendations for future research presented in this section are based 

on scientific and practical relevance. 
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1) Inadequate shock absorption in jump-landing reduces the ability of the lower extremity 

joints to mitigate the impact forces, which can easily lead to injuries (25). As reported in 

this PhD thesis, dancers landing pattern seems to have positive impact in the shock 

absorption mechanism. Thus, it would be worthy to investigate whether athletes could 

potentially integrate and adopt some of the aforementioned strategies of dancers landing 

pattern, and then evaluate its effect on athletes landing patterns. The next step would be 

towards determining of those strategies the more efficient and easier to implement in 

athletics activities to be integrated into intervention and injury prevention programs for 

athletes, and without decreasing their performance.  

 

2) To investigate whether professional dancers can transfer their landing patterns to 

unanticipated tasks. It would be helpful the use of a markerless system to assess this as 

well as include in their natural environment.    

 

3) While the influence of the arms in landing activities have been previously described, 

dance aesthetics does not permit dancers to use forceful arm swings to generate 

momentum for their jumps (15). It would be valuable to study the influence of the arms 

in jump-landing tasks and compare with other athletic populations that commonly use 

them. 

 

4) Muscle and joint forces are difficult to measure experimentally. However, 

understanding how muscle forces coordinate motion is essential in high performance 

athletic activities (31). Thus, further research is needed to evaluate dancers’ muscle 

analysis and associate with kinematic and kinetic results. Also, lower extremity joint 

reaction forces should be computed using OpenSim, to investigate how the high physical 

demands placed on dancers’ bodies affect the joints of the lower extremity. 

 

5) Through this PhD research it was established that when developing an OpenSim 

kinematic model, it is critical to measure and identify all max markers’ error to increase 

subject-specific modeling accuracy. The computational modeling and simulation field 

also needs more tools to aid the model validation process – modern algorithms for 

efficient sensitivity testing and automated tools to compare simulation results, and 

establish standards for kinematics, kinetics and muscle analysis (31), and not relying on 

users’ skills and experience.  
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6) OpenSim is a tool to study biomechanical variables that may have the potential to 

improve jump-landing tasks, such as muscle analysis. It is plausible that dancers’ 

technique may have a positive impact in jump-landing energy dissipation through the 

lower extremity. Not only joint angles, excursions, and moments, but also muscle 

activation and forces play an important part in contributing to the level of energy 

dissipation (25). Additional data of muscle analysis can be valuable to determine muscle 

activation patterns of the LE in jump-landing performance. Nonetheless, estimation of 

muscle forces and joint forces using musculoskeletal modeling involves a number of 

assumptions (94). Many modeling techniques to estimate muscle forces have been 

used, making challenging the selection of which one to be chosen. 

 

8.4 Practical Implications 

The implementation of training strategies in injury prevention programs has the principal 

aim to decrease musculoskeletal injuries while augmenting performance (60). 

Inappropriate control during landing tasks might lead to injuries (25). Athletes should be 

advised of the importance of landing techniques and the significance of landing safely 

(101). Biomechanical research has suggested that the forces imposed on the lower 

extremity joints can be modulated by changing the kinematic patterns (e.g., more or less 

lower extremity joint flexion), influencing the capability of modifying, absorbing and 

controlling the high impact forces associated with landing tasks (22, 48). Hence, altering 

the landing technique may be an appropriate intervention for injury prevention (67).  

 

Previous studies (65, 94, 102, 103) reported changes in landing technique, such as 

increased lower extremity joint flexion corresponding to a softer landing, after specific 

instructions. Also, implementation of prevention programs has decreased the reliance 

on the knee extensors muscles and improved use of the hip extensor muscles, changing 

movement behavior at both hip and knee (65). Thus, appropriate instructions can alter 

the landing technique in athletes, and potentially reduce the risk of injuries. Based on 

this PhD thesis, an understanding of the kinematics and kinetics of dancers’ pattern 

provided useful information that may be relevant in injury mechanism and techniques for 

improving jump-landing performance (96). Some of the observed dance-related features 

in dancers jump-landing may suggest a positive impact in energy dissipation throughout 

the lower extremity. The training approaches used during the development of dance 

technique could therefore potentially offer some understanding and application into 

prevention programs in athletic populations (24). Lastly, beginning adequate jump- and 
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balance-specific trainings at early ages may counteract the potentially deleterious 

adaptations in landing biomechanics observed in athletes (13). 

 

Based on the findings of this PhD research, together with previous studies, it is 

suggested that to develop and implement intervention and injury prevention programs 

the following should be taken into consideration: 1) higher use of the lower extremity joint 

excursions (e.g. knee and foot-ankle complex), since the position at initial contact has 

an important effect for the following movement, and can provide a larger range of motion 

for the lower extremity joints as well as more time to dissipate the GRF; 2) higher focus 

on the foot and ankle angles at IC (more plantarflexed); 3) increased awareness of the 

lower extremity alignment, to avoid detrimental mechanisms such as sickling foot or 

dynamic knee valgus; and 4) incorporation of different jump-landing directions and base 

of supports in landings. Basically, the focus must be given on learn WHY and HOW to 

improve the landing technique and concomitant shock absorption mechanism; 

meanwhile engaging athletes in the programs, explaining and demonstrating the 

importance of include a prevention injury program in their daily work.  
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CHAPTER IX 

 

9. Conclusions 

 
It is believed that scientific knowledge is power to drive changes for better and alternative 

solutions. Overall, from the conducted research throughout this PhD work, not only 

relevant and scientific data regarding jump-landings were found, as well as prime 

information focused on multi-segmented foot model, and computational modeling and 

simulation in dancers. Based on this PhD thesis findings, it is suggested that there are 

dance-related characteristics that potentially may improve the absorption mechanism 

during landings, to successfully target modifiable risk factors. The findings also 

contribute to the body of knowledge in dance science. Further ahead, computational 

modeling and simulation can be an exceptional tool to accurately be applied in dancers’ 

jump-landing performances. Injury risk factors still require a larger in-depth 

biomechanical understanding, so the development and implementation of injury risk 

programs can become more efficient. Hence, based on the provided recommendations 

for future work (chapter VIII – section 8.3), additional research must continue examining 

jump-landings. In the end, the PhD experience is a milestone that marks the beginning 

of the research journey. 
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CHAPTER X 
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