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Abstract 

 

For marathoners, efficient energy utilization is crucial in order to maintain 

optimal performance. Marathoners implement an optimal pacing strategy to maintain 

homeostasis by minimizing the segmental variability throughout the run. Although 

it is important, the relationship between the physiological, the mechanical energy 

efficiency indices, and running stability is unknown. Therefore, the purpose of this 

study is to examine the relationship between orbital stability (maximum Floquet 

multipliers (max FM)) and efficiency (cost of transport and normalized mechanical 

energy) during running. It was hypothesized that the physiological and mechanical 

energy efficiency for the elite athletes would be higher than the non-athletes. Further, 

the orbital stability that was assessed with the Max FM would be stronger for the 

elite athletes than the non-athletes. 

Sixteen participants (eight elite marathon runners and eight healthy non-athletes) 

were recruited for this study. Each group ran on the treadmill for 30 min at their 

preferred running speed. Their kinematics were captured with a motion capture 

system, and the oxygen consumption was assessed with a wireless indirect 

calorimetry system. The physiological and biomechanical variables (e.g., stride time, 

stride length variability, joint angles, respiratory exchange ratio, cost of transport, 

fuel oxidation rate, mechanical energy, and max FM) were computed from the data.  

The results that were obtained partly supported the initial hypotheses. First, this 

study confirmed that the elite athletes had a significantly higher physiological 

efficiency and they utilized a lower normalized mechanical energy than the non-
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athletes (Hypothesis – I: Accepted). Second, this study hypothesized that the elite 

athletes would have lower max FM values that correspond to a stronger orbital 

stability than the non-athletes. However, the inverse was observed, which indicates 

a larger max FM value in the elite athletes than the non-athletes (Hypothesis – II: 

Rejected). Finally, this study hypothesized that the performance indices of running 

(i.e., orbital stability (max FM), physiological efficiency (COT), and mechanical 

energy (Emech)) would be positively correlated. The complete dataset results indicate 

a negative linear relationship between orbital stability (max FM) and mechanical 

energy (Emech). No significant relationship existed between the indices of the orbital 

stability (max FM) and the physiological efficiency (COT) in the complete dataset. 

However, the non-athlete data subset revealed a significant positive correlation 

between the max FM and COT (Hypothesis – III: Partially Accepted).   

In conclusion, the marathon athletes show much higher efficiency, or lower COT 

than non-athletes. The results suggest that at least some portion of this high 

efficiency results from efficient use of inertia and minimal use of the limb motions 

other than the translation of the center of mass. 
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Chapter 1. Introduction 
 

 

Human locomotion is a complex process and it is vulnerable to internal and 

external perturbations (Bernstein, 1967; Massion, 1994). To move from one point to 

another in a stable manner, we need to coordinate a large number of degrees of 

freedom in an optimal manner (Kelso, Tuller, & Harris, 1983). Undesirable 

deviations for any of these degrees of freedom are compensated by the others, which 

requires modulation of the energy distribution within the body (Cavanagh & Kram, 

1985). Stability might take precedence over energy efficiency, but it should not be 

considered to be independent (Ahn, 2011). The redundancy in the motor system will 

affect the energy efficiency that leads to unstable locomotion (Aoi et al., 2019). 

When we transition from walking to running, the perturbations that are exerted by 

the body and the burden of fine-tuning the energetics system can rise exponentially 

(Winter, 1995). Particularly for long-distance running, the strategies to maximize 

energy utilization efficiency are essential to continually maintaining energy reserves 

and stability (Hrysomallis, 2011; Mayhew, 1977; Nagy et al., 2004; Sharrock, 

Cropper, Mostad, Johnson, & Malone, 2011). Therefore, this thesis aims to explore 

the relationship between energy efficiency and stability for long-distance running.  

For the context of this thesis, stability is defined in terms of the orbital 

stability (Ahn & Hogan, 2015; Coleman, Chatterjee, & Ruina, 1997; Goswami, 

Espiau, & Keramane, 1997; Hurmuzlu, GéNot, & Brogliato, 2004). This is best 

suited to define stability in terms of rhythmic movement and running. Recently, 
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several researchers have proposed to use the Floquet theory to define the orbital 

stability, and the orbital stability index is called the Floquet multiplier (FM). The FM 

value is calculated by quantifying the deviations of the variable of interest at any 

specific point in the variable’s trajectory during rhythmic movement; a lower 

deviation results in higher stability for the system (Dingwell & Cusumano, 2000; 

Dingwell, Kang, & Marin, 2007). Hence, the FM can quantify if the system can 

regain stability after a perturbation induced deviation occurs in the system. 

Numerous studies have used the FM to assess the orbital stability during robot 

walking and simulated walking (Ahn & Hogan, 2015; Coleman et al., 1997; 

Mombaur, 2009). Although it is a promising index, the FM has limited applications 

in terms of human walking (Hamacher, Singh, Van Dieen, Heller, & Taylor, 2011; 

Riva, Bisi, & Stagni, 2013), but there is nothing for running. Due to the rhythmic 

nature of running, this thesis proposes that the FM is the prime candidate to assess 

the stability during long-distance running.  

The energy efficiency has been quantified in terms of the physiological and 

mechanical energy (Cavanagh & Kram, 1985). The most common method for 

measuring physiological energy during running is to calculate the metabolic cost or 

the cost of transport (COT), i.e., oxygen consumption required to move each segment 

of the body over a unit distance. The COT in walking optimally occurs at a speed of 

1.3 ms-1 (Alexander, 1991; Bramble & Lieberman, 2004). Meanwhile, the optimal 

COT for running appears to be flat at speeds between 2.3 and 6.5 ms-1 (Alexander, 

1991; Margaria, Cerretelli, Aghemo, & Sassi, 1963). The mechanical energy that is 

generated during running is calculated by combining the kinetic and gravitational 

potential energy that is generated by each segment (Cavanagh & Kram, 1985). 
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Hence, large deviations for these segments during running would require 

physiological and mechanical energy. Hence, minimizing redundant deviations of 

the segment to maintain the energy efficiency during running is crucial for optimal 

performance (Cavagna & Kaneko, 1977; Cavagna, Saibene, & Margaria, 1964; 

Cavanagh & Kram, 1985).   

A flagship example of athletes that maximize their efficiency and stability 

are marathon runners. A marathon consists of a 42.195 km long-distance run and one 

of the most fundamental determinant factors for a successful marathon is pacing 

(Díaz, Fernández-Ozcorta, & Santos-Concejero, 2018; Foster et al., 2004; Hanley, 

2016; Renfree & Gibson, 2013). Pacing strategies involve a self-selected intensity 

that allows the marathoners to distribute their speed and power output or energy 

reserve to perform at an optimal level throughout the race (Díaz et al., 2018; Kais et 

al., 2019; Roelands, de Koning, Foster, Hettinga, & Meeusen, 2013). Further, elite 

marathoners select an optimal pacing strategy to maintain homeostasis by 

minimizing the segmental variability throughout the run (Haney Jr & Mercer, 2011; 

Kais et al., 2019). Numerous studies have shown that the physiological and 

mechanical efficiency for elite marathoners is much higher than healthy non-athletes 

as well as recreational runners (De Ruiter, Verdijk, Werker, Zuidema, & de Haan, 

2014; Hunter, Lee, Ward, & Tracy, 2017; Hunter & Smith, 2007; Moore, 2016).  

Therefore, the purpose of this study is to define the relationship between 

orbital stability and energy efficiency for running. To fulfill the purpose of this thesis, 

this study recruited elite marathon runners since they use pacing strategies to 

minimize the redundant segmental variabilities (maximize stability), maximize their 
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energy efficiency, and they were compared to healthy non-athletes. Further, this 

study proposed the following hypothesis that is based on the difference in stability 

and energy efficiency for marathoners and non-athletes.  

 

Hypothesis – I: The physiological and mechanical energy efficiency for elite athletes 

is higher than non-athletes; elite marathon runners would have a significantly lower 

COT and they require less mechanical energy. 

 

Hypothesis – II: The orbital stability assessed with the FM is stronger for elite 

athletes than non-athletes. The max FM value would be lower for elite marathon 

athletes than non-athletes. 

 

Hypothesis – III: The physiological and mechanical energy efficiency would be 

positively correlated to the orbital stability; the relationship between orbital stability 

and energy efficiency exists. 
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Chapter 2. Literature Review 
 

 

 

 

2.1. Overview of Running Mechanics 
 

 

 

Running is one of the most fundamental modes of locomotion that consists 

of a sequence of parabolic aerial phases that requires generating an impulse from the 

ground one step at a time (Srinivasan & Ruina, 2006). The best way to characterize 

running is to distinguish it from walking based on a biomechanical perspective. 

Walking utilizes an inverted pendulum mechanism that efficiently exchanges the 

kinetic and potential energy during the stance phase as the center of mass (COM) 

vaults over the extended leg (Bramble & Lieberman, 2004). In contrast to walking, 

running uses a mass-spring mechanism, which involves storing the elastic energy in 

the pseudo-spring like components of the compliant leg, muscles, tendons, and 

ligaments. The elastic energy is stored during the support phase, and it is released 

during the propulsive phase to thrust the body forward (Blickhan, 1989; Cavagna & 

Kaneko, 1977). To effectively utilize the spring-mass mechanism, runners flex their 

knee and ankle more during the stance phase, which allows them to save 

approximately 50% of their metabolic cost (Alexander, 1991; Bramble & Lieberman, 

2004; Ker, Bennett, Bibby, Kester, & Alexander, 1987; Swindler & Wood, 1973).  

Some athletes have the capability to achieve maximal running speeds that 

are greater than 10 ms-1 (Denny, 2008). Furthermore, sprinters can increase their 

sprinting speed by increasing their stride length or frequency, which are two critical 
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factors for increasing the running speed. However, from an evolutionary perspective, 

human beings are poor sprinters in comparison to other primates, but they have a 

better long-distance running ability, which is also known as endurance running (ER) 

(Bramble & Lieberman, 2004; Denny, 2008; Margaria et al., 1963). A study by 

Cavanagh and Kram (1989) reported the average ER speeds for recreational joggers, 

which ranged between 3.2 and 4.3 ms-1 and it was 6.5 ms-1 for elite ER athletes. 

Maintaining a high running speed for ER runners is possible due to the synergistic 

modulation of the internal and external forces that are generated by the runners 

within the stride cycle (Figure 1). This includes external forces [e.g., gravity (Fenn, 

1930) and the ground reaction force (GRF) (Cavanagh & Lafortune, 1980)] and 

internal forces [muscle forces (C. Heise, Morgan, Hough, & Craib, 1996), elastic 

potential energy, and muscle-tendon forces (Cavagna et al., 1964)]. In brief, a runner 

can only propel oneself through muscular activity. However, the leg extensor activity 

appears to be silent when the legs are extended. The runner uses the Achilles tendon 

to generate a large force in the terminal stance, which indicates an elastic recoil. This 

recoil creates a reaction effect in the vertical direction, which in turn reduces gravity. 

Here, gravity is the only external force that displaces the runner’s COM with the 

peak GRF to the terminal posture. 
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Figure 1. A model showing the effect of gravity on the running performance. Adopted from 

Romanov and Fletcher (2007). 

 

 

Further, ER runners prefer to increase their running speed by increasing their 

stride length rather than their stride frequency (Cavanagh & Kram, 1989). The 

preference towards increasing the stride length stems particularly from the GRF that 

is exerted by the ER runners. The GRF is a propulsive force and it is regulated 
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according to Newton’s 3rd law that is in conjunction with the active internal force, 

which increases the horizontal acceleration of the COM during ground contact 

(Zatsiorsky & Zaciorskij, 2002). Thus, gravity is the only external force that ER 

runners can use to regulate the GRF, which ultimately increases the stride length and 

speed (Romanov & Fletcher, 2007). The peak GRF during ground contact has been 

reported to be approximately twice as high during running and it can be up to three 

or four times the body weight at higher ER speeds (Keller et al., 1996). When running 

up to 7 ms-1, the ER runners increase or maintain their speed by exerting a larger 

GRF, which is positively correlated to the stride length (Dorn, Schache, & Pandy, 

2012; Frederick & Hagy, 1986; Weyand, Sternlight, Bellizzi, & Wright, 2000).  

For ER runners, a marathon is an event that is considered to be the ultimate 

test in terms of human long-distance running performance. Since 1896, it has been 

an Olympic event, in which a marathoner has to cover a total distance of 42.195 km. 

The current world record for men is 2:01:39 seconds, which was set by Eliud 

Kipchoge of Kenya on 16 September 2018 during the Berlin Marathon (IAAF 2018). 

In a controlled condition, he was also able to break the two-hour marathon barrier 

by running at a pace of 2:50 / kilometer while maintaining a speed of 21.1 km/h. On 

average, marathoners approximately require 20,000 strides that range from 11,400–

26,000 strides to complete the full course (Nigg, 2010; Stöggl & Wunsch, 2016). 

Pacing is considered to be one of the most important strategies to complete the long-

distance race (Abbiss & Laursen, 2008; De Leeuw, Meerhoff, & Knobbe, 2018; 

Foster et al., 1993; Skorski & Abbiss, 2017).  

The pacing strategy is the marathoners’ self-selected intensity to distribute 
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the work and energy throughout a long-distance run. In the past, researchers have 

quantified the pacing strategy according to the ER time or speed, which depends on 

the stride length or frequency (Abbiss & Laursen, 2008). However, to the best of our 

knowledge, the pacing strategy has not been evaluated in terms of mechanical work 

and the energy exerted by the marathoners. Nevertheless, adjusting the running pace 

is dependent on the ability to resist fatigue, which makes mechanical work and 

energy expenditure important factors to optimize the long-distance running 

performance (de Koning, Bobbert, & Foster, 1999). Although the underlying 

mechanism that regulates pacing is still not clear, pacing is considered to be 

controlled by the central nervous system, the peripheral sensory feedback, and the 

estimated workload in order to maintain a constant pace (Abbiss & Laursen, 2008). 

Depending on the energy requirement, marathoners employ a variety of pacing 

strategies; positive pacing (gradual decline in speed during the race), negative pacing 

(gradual increase in speed during the race), and even pacing (maintaining a constant 

speed during the race) (De Leeuw et al., 2018).  

Previous studies have suggested that pacing is an optimal strategy for 

prolonged locomotive activities that can exceed 2 min (Abbiss & Laursen, 2008; de 

Koning et al., 1999). In addition, by dividing marathoners based on their final time, 

the variability of speed throughout a marathon run is significantly smaller for elite 

marathoners (Santos-Lozano, Collado, Foster, Lucia, & Garatachea, 2014). One of 

the critical differences between running at an even pace and acceleration is the 

energy demand on the lower limb muscles. For an even pacing strategy, the lower 

limb muscles act like pseudo-springs, which can store and recover energy during 

each step with no net changes in the body’s average mechanical energy (Roberts & 
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Scales, 2004). However, acceleration requires an increase in the body’s kinetic 

energy since muscles function like a motor that can increase the positive work 

(Roberts & Scales, 2002).    
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2.2. Energetics in running 
 

 

 

The complex nature of energy utilization during running is controlled by the 

coordinated action of muscles and joints, which requires fine-tuning via sensory-

motor and cognitive processes (Enoka & Fuglevand, 2001). The efficiency of energy 

utilization during marathon running is quantified by using the concept of running 

economy (RE), i.e., the response of the cardiovascular system while running at a 

specified submaximal velocity (Kipp, Kram, & Hoogkamer, 2019). Although a high 

maximum oxygen uptake (VO2max) is considered to be an important indicator among 

elite marathoners, RE has a high correlation with different indices of ER 

performance (P. Di Prampero, Atchou, Brückner, & Moia, 1986; Morgan & Pollock, 

1977; Thompson, 2017; Weston, Mbambo, & Myburgh, 2000). Further, marathoners 

with a higher RE consume oxygen and utilize energy efficiently to maintain an 

optimal running performance throughout a race. In addition to VO2max, previous 

studies have shown that RE is also affected by other numerous biomechanical factors 

such as the stride length and frequency (Cavanagh & Williams, 1982), ground 

contact time (Nummela, Keränen, & Mikkelsson, 2007), GRF (Nummela et al., 

2007), the vertical displacement of the COM (G. D. Heise & Martin, 2001; Tartaruga 

et al., 2012; Williams & Cavanagh, 1987), and muscular activity (Tartaruga et al., 

2012). Conversely, the relation between the RE and other key biomechanical running 

factors (i.e., joint angle, COM displacement, etc.) is still unclear (Thompson, 2017). 

Notably, when considering the stride length, elite marathoners and non-experienced 

runners are equally capable of selecting their preferred stride length to maintain the 

optimal RE (Hunter et al., 2017; Moore, 2016). The discrepancies in the RE's relation 
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with the numerous biomechanical and physiological factors make it difficult to 

quantify the RE. However, the methods that are currently widely accepted to measure 

the RE during marathon running is measuring the energy consumption, which is 

achieved by either calculating the mechanical or physiological energy (metabolic 

cost or COT) (Batliner, Kipp, Grabowski, Kram, & Byrnes, 2018; Schwartz, Koop, 

Bourke, & Baker, 2006).  

The metabolic cost (O2cost) or COT is the oxygen demand on the 

marathoner’s body to complete a run and it is an important physiological index for 

the RE (Batliner et al., 2018; Schwartz et al., 2006). Alexander and others have 

shown that the O2cost for walking has a convex-curvilinear relationship with respect 

to the walking speed. The local minima (1.3 ms-1) of the convex-curvilinear curve is 

the most energy-efficient speed and it is a function of the leg length (Alexander, 

1991; Bramble & Lieberman, 2004). The locomotion shifts from walking to running 

at approximately 2.3~2.7 ms-1, which is close to the intersection of the O2cost curve 

for walking and running (Bramble & Lieberman, 2004; Hreljac, 1993; Segers, De 

Smet, Van Caekenberghe, Aerts, & De Clercq, 2013) (Figure 2). Studies have 

reported that the COT for running is essentially flat at ER speeds, i.e., 2.3-6.5 ms-1 

in elite marathoners (Alexander, 1991; Margaria et al., 1963) and 3.2-4.2 ms-1 for 

recreational joggers (Cavanagh & Kram, 1989). Although the preferred speeds 

correspond to the most energy-efficient speeds for walking, speed selection seems to 

be unrestricted in the human ER. Even in a fatigued state, elite marathoners reduce 

their stride frequency and they produce their preferred stride length near their 

mathematically derived optimal (Hunter & Smith, 2007). Meanwhile for non-

athletes, the difference is greater between the preferred and mathematically derived 
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optimal values (De Ruiter et al., 2014).  

 

Figure 2. (A) VO2 (ml O2/kg/min) and (B) Cost of Transport (ml O2/kg/meter) as a function 

of speed (m/s). Adopted from (Cotes & Meade, 1960) and (Margaria et al., 1963), 

respectively. 

 

When running, the mechanical energy is the sum of the kinetic and 

gravitational potential energy (KE and PE, respectively) that is generated by each 

segment of the body or the whole body COM. The mechanical energy that is 

generated during running depends on the variability of the joint kinematics. Elite 

marathoners tend to limit the variability of the redundant joints to minimize their 

energy dissipation, which could give us an insight into a particular running strategy. 

Past studies have emphasized the mechanical work (ME) that is performed on the 

COM by analyzing the exchange between the KE and PE. In the case of walking, 

Cavagna and Kaneko showed an out-of-phase fluctuation of the KE and PE, which 

follows the mechanical behavior of an inverted pendulum (Cavagna & Kaneko, 

1977) (Figure 3).  
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Figure 3. (A) In walking, the COM fluctuations for kinetic energy (KE) and potential energy 

(GPE) are out of phase, which allows the inverted pendulum-like exchange of mechanical 

energy (Cavagna & Kaneko, 1977). (B) During running, fluctuations of the COM for KE and 

GPE are in-phase during the stance phase (Farley & Ferris, 1998). 

 

In contrast to walking, running consists of a bouncy movement due to the 

fluctuations of the COM on the KE and PE that are in-phase (Farley & Ferris, 1998). 

Running follows the spring-mass model, which acts like a linear spring (Blickhan, 

1989; McMahon & Cheng, 1990). The release of mechanical energy allows a vertical 

and forward acceleration of the body. The elastic properties of the compliant leg are 

characterized by its stiffness, which is also one of the critical determinants of the 

overall running performance (Moore et al., 2019). Studies have shown that the leg 

stiffness remains relatively constant during a running speed of 3~6 ms-1 (Farley, 

Glasheen, & McMahon, 1993; He, Kram, & McMahon, 1991). Nevertheless, runners 

can alter their stiffness based on their desired stride frequencies at a single running 

speed (Farley & Gonzalez, 1996). Besides, marathoners can modulate their ground 

contact time and leg stiffness to produce a metabolic cost within a 5% standard 
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deviation of their mathematically derived optimal cost (Moore et al., 2019), despite 

the kinematic differences (Lussiana, Patoz, Gindre, Mourot, & Hébert-Losier, 2019). 

These results may imply that trained marathoners subconsciously fine-tune their 

running mechanics according to the physiological demand. However, it should be 

noted that the simple spring-mass model describes only the mechanics of human 

running and not the total energetic cost of running. 

 

 

 

 

2.3. Stability in human locomotion 
 

 

 

The previous section established that energy-efficient locomotion (walking 

and running) is possible by using locomotion strategies that minimize the COT. Even 

though energy-efficient locomotion is essential, it would be redundant if we cannot 

maintain a periodically stable performance against internal and external 

perturbations (Ahn, 2011). However, during bipedal locomotion, there is a transition 

between steady and unsteady phases, but overall we can maintain a stable 

performance to reduce the risk of falling (England & Granata, 2007; Mehdizadeh, 

Arshi, & Davids, 2014). Furthermore, we can maintain a stable performance without 

substantial executive control by enhancing the locomotion’s automaticity, which 

leads to energy-efficient locomotion (Clark, 2015; Dhawale, Mandre, & Venkadesan, 

2019). Hence, an exploration of the relationship between energy-efficient and stable 

locomotion is warranted. In particular, running would be the prime candidate to 

explore this relationship since energy efficiency and stability take higher precedence 
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during running than walking (Lida, Rummel, & Seyfarth, 2007; Mombaur, 2009; 

Rummel & Seyfarth, 2008). 

Previous studies have traditionally proposed various linear methods to 

quantify the stability during locomotion, mainly through spatiotemporal gait 

parameters, lower limb joint kinematics, and upper body kinematics (Hamacher et 

al., 2011). However, human motion is stochastic and inherently non-linear (Ahn & 

Hogan, 2015; Getchell, 1997), which quantifies stability with non-linear analysis 

techniques that are more intuitive than linear techniques (Stergiou, 2016). This thesis 

implements a recently developed non-linear index of stability that is based on 

Floquet theory (Floquet, 1883). The Floquet theory defines stability based on the 

kinematic configuration of the rhythmic movement for a specific time point of 

locomotion and its response to the perturbations with an increase in time (Nayfeh & 

Balachandran, 2008). Based on the Floquet theory, a system is considered to be stable 

when a system’s variability converges to a stable value, which is maintained or 

persistently regressed against internal and external perturbations over time; this is 

the maintenance of a one-period gait (Garcia, Chatterjee, Ruina, & Coleman, 1998; 

Hurmuzlu & Basdogan, 1996; Hurmuzlu, Basdogan, & Stoianovici, 1996; Kuo, 

1999; Su & Dingwell, 2007). Hence, from a mathematical perspective, Floquet 

theory assesses the orbital stability over a periodic limit cycle of a linearized linear 

map or Poincare map and it is quantified with the FM (Ahn & Hogan, 2015; Coleman 

et al., 1997; Goswami et al., 1997; Hurmuzlu et al., 2004). If FM > 1, the system 

becomes unstable, i.e., the system does not return to a stable point after perturbation. 

When FM < 1, the system converges faster to a stable point, which leads to stronger 

orbital stability (Ahn & Hogan, 2013). FM has been extensively utilized in the field 
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of mechanics to assess the orbital stability for simulated and robotic gaits (Ahn, 

2011; Ahn & Hogan, 2013, 2015; Coleman et al., 1997; Daley, Usherwood, Felix, & 

Biewener, 2006; Dhawale et al., 2019; Karssen, Haberland, Wisse, & Kim, 2015; Su 

& Dingwell, 2007). However, there are limited applications for human locomotion. 

Although it is a promising index for stability (Hamacher et al., 2011), one 

possible cause for the limited application of FM is the absence of a generalized 

methodological procedure. The reason for this is that it is a relatively novel technique 

for biomechanics. This methodological inconsistency has led to a discrepancy and 

incoherence for the results that were reported in previous studies (Riva et al., 2013). 

Hence, we must consider several critical features before using the FM as an index of 

the orbital stability in the field of biomechanics and human movement science. First, 

selecting appropriate kinematic or kinetic variables for the state space is crucial. The 

state-space can be defined as a vector space that can express the system's state at a 

specific time point (Abarbanel, Brown, Sidorowich, & Tsimring, 1993). In the field 

of robotics, a standard for selecting the variables to define the state space that uses 

the angular configuration (i.e., roll, pitch, and yaw) of the segments of interest during 

rhythmic movement (Buschmann, 2010; Elhasairi, 2015). In human locomotion 

(walking and running), the state space is also formed by using the lower limbs’ 

angular configuration (Dingwell et al., 2007; Hurmuzlu & Basdogan, 1996). The 

reason behind the use of the angular configuration is due to the relative pseudo-

periodic behavior of the lower joint angles over time. When the temporal evolution 

of the sagittal plane knee angle is plotted against the hip angle, a trajectory that is 

similar to an orbit is observed. For example, when a perturbation is introduced during 

walking, the knee angle changes are compensated by the hip angle changes to 



 

18 
 

maintain the stability in the orbital structure (Riva et al., 2013). Hence, an inadequate 

selection of the degrees of freedom might underestimate the FM value and lead to a 

more significant FM variability between the participants (Moon, 2019; Riva et al., 

2013). Moon et al. proposed a state vector that consists of 14 degrees of freedom in 

the state-space. It is comprised of lower limb joint angles during walking so that they 

are optimal to mitigate the chances of the underestimated FM value and the large FM 

variability between the participants (Moon, 2019).  

Second, for a mechanical system in periodic motion, the orbital stability of 

the deterministic limit cycle must be the same regardless of the time point within the 

trajectory where we create the Poincare section. In terms of mechanics, the state 

variables are deterministic, and the system's future state can be predicted (McGeer, 

1990). However, in human locomotion, the overall trajectory is not strictly periodic. 

This inherent variability within the movement allows humans to cope with 

perturbations during various stages of the running cycle (Dingwell & Kang, 2007). 

During the running cycle, the heel-strike is the most periodic (Perry & Davids, 1992; 

Winter, 1984), which makes it the best option to create Poincare´s section. 

Finally, another factor that needs consideration during the FM calculation is 

the number of periodic cycles. The study performed by Bruijin estimated that the 

true unbiased FM value could be obtained within 300 strides (S. M. Bruijn et al., 

2010). The result was further verified by another study (Moon, 2019), where the bias 

to estimate the FM is negligible after 300 strides. Since marathon running requires a 

large number of periodic cycles, the number of periodic cycles would be adequate 

for the FM calculation. 
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Chapter 3. Methods 
 

 

 

 

3.1. Subjects 
 

 

 

A total of 16 men were recruited for this study, which consisted of eight 

marathoners that belonged to an elite athlete group (age: 28.6 ± 3.71 yrs., height: 

176.88 ± 8.17 cm, weight: 66.31 ± 10.80 kg, and a half marathon record of 1 hr 16 

min ± 5.66 min, experience 8.62 ± 4.37 yrs.; mean ± SD) and eight young, healthy 

subjects that belonged to the non-athlete group (age: 23.18 ± 1.72 yrs., height: 180.50 

± 7.62 cm, and weight: 76.68 ± 4.81 kg; mean ± SD). The details for each participant 

are presented in Supplementary Appendix 1. To estimate the sample size, this 

investigation referred to a study that analyzed the running efficiency between elite 

and novice runners and used the mean difference of the running energy cost to 

determine that the effect size is 1.97 ((De Ruiter et al., 2014). In addition, the 

statistical power was set to 0.95 and the statistical significance was set to 0.05. The 

above parameters were inserted into the G*Power software program. The sample 

size that was required to reach statistical significance was determined to be eight for 

each group. 

The elite athlete group’s inclusion criteria included being a regular marathon 

runner with at least five years of marathon running experience, a weekly mileage 

greater than 40 km, and being comfortable running on a treadmill. For the non-athlete 

group, the inclusion criteria included anyone who regularly participates in aerobic 
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exercise at least 2-4 h per week. The exclusion criteria were the presence of any 

neurological, visual, vestibular, orthopedic, and muscular diseases that might 

compromise the running performance.  

All the aspects of the study were conducted according to the rules and ethical 

standards that were imposed by the declaration of Helsinki and after the approval 

from the International Review Board of Seoul National University (IRB: 2010/003-

013). The subjects were informed about the experimental procedure and the risk that 

was involved. In addition, the subjects provided written consent before they 

participated in the study. 

 

 

 

3.2. Equipment 

 

 

The participants performed a running experiment on top of a customized 

treadmill (Any fitness. Ltd, Korea). The treadmill was more than twice the size of a 

conventional treadmill [Specification: length (2.5 m), breadth (1.2 m), height (0.25 

m), horsepower (5 hp.), maximum speed (30 km/hr.), maximum inclination (20%)], 

which allows participants to run safely and minimize the risks of tripping or falling. 

The track belt rotated at 4.5 horsepower with an AC motor, which is crucial to 

minimize the possibilities of intra-stride variations of the belt speed during the stance 

phase. This occurs due to the large fore-aft GRF that is generated by the marathon 
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runners and the imperfect belt speed control due to the inadequate power that is 

generated by the treadmill’s motor (Paul, 2001). 

Twelve infrared cameras (Optitrack Prime13, NaturalPoint, Inc., Oregon, 

United States) were attached around the treadmill to record the joint kinematics. To 

achieve this, the coordinates of the retro-reflective markers were placed on the 

anatomical landmarks of the subject’s body (Figure 4). The system was considered 

to be calibrated if the calibration error was less than 0.5 mm. The sampling frequency 

of the motion capture system was set to 100 Hz. The laboratory coordinate system 

that was proposed by the International Society of Biomechanics was used (Wu & 

Cavanagh, 1995), where the X, Y, and Z-axes represent the coordinates of the retro-

reflective markers in the medial-lateral, anterior-posterior, and vertical directions, 

respectively. 

 

Figure 4. A non-athlete running on a treadmill at his preferred running speed (PRS). The 

kinematics and O2 consumption with the breath-by-breath method were assessed during the 

PRS run for a total of 30 min. 
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The infrared cameras were connected with an optical motion capture 

software program (ver.2.11, NaturalPoint, Inc., Oregon, United States), which was 

used to calibrate the running area on top of the treadmill, and to record, label, and 

export the coordinates of the retro-reflective markers (Figure 5).  

 

 

Figure 5. Equipment utilized for the study: (A) infrared cameras, (B) indirect calorimetry 

system, (C) heartrate sensor, (D) and the customized treadmill. 

 

An indirect calorimetry system (K5, Cosmed, Italy) was used to record the 

subjects’ physiological energy expenditure during running. The system measured the 

breath-by-breath oxygen inhalation and carbon dioxide exhalation and it was 

operated with a standardized protocol. The standard error of measurement of this 

device has been reported to be 1.6% for the rate of oxygen inhalation and 2.2% for 

carbon dioxide exhalation (Baldari et al., 2015). Before running, the device was 

calibrated with a cylinder containing reference gas with known oxygen and carbon 

dioxide concentrations. 
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3.3. Experimental Protocol 
 

 

 

 

The experiment protocol involved the following steps. After the participants 

were notified about the experimental procedure through telephone, they were 

requested not to perform any activities that could elevate their fatigue level for at 

least 24 h before the experiment (Figure 6):  

 

 

 

Figure 6. Summary of the experimental procedure. 

 

 

1) Interview: Upon arrival at the laboratory, a detailed explanation of the purpose, 

experimental protocol, and potential risks were provided. After receiving a 

detailed explanation regarding the study, the subjects were asked to provide us 
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with written informed consent. Then, a brief interview was conducted for each 

participant regarding their eligibility, criteria, demographic data, and running 

history. 

2) Pre-Measurement: Before the running experiment, anthropometric data were 

collected from the subjects, i.e., age, height, weight, shoe size, etc. Afterwards, 

athletic attire was provided to the subjects for the running experiment. 

3) Task Familiarization and Warm-up: The subjects were asked to walk on top of 

the treadmill for 10 min at a self-selected speed to warm and get familiarized with 

treadmill walking. After treadmill familiarization, the subjects took rest for 5 

minutes, followed by 10 minutes of whole-body stretching routine to minimize the 

risk of injury during the experiment.  

4) Estimation of preferred running speed (PRS): Consulting the method described 

in the previous studies (Dingwell & Marin, 2006; Jordan, Challis, & Newell, 

2007), the PRS of the subjects was estimated. The PRS estimation procedure 

started with the subjects running at a self-selected speed on the treadmill. The 

speed was gradually increased by 0.1 km/hr until the subject reported that the 

running speed that best defined their PRS. The speed was increased by 2 km/hr 

and it slowly decreased by 0.1 km/hr until the subject reported that the running 

speed best defined their PRS. The process was repeated three times, and the mean 

value was taken as the PRS. The subjects were asked to report their PRS only if 

they felt that they had a comfortable stride length and stride rate for a given speed. 

To ensure the reliability of the measurement, their HR and RER were continuously 

monitored to be within 70 to 80 % of the maximum HR and RER intensity so it 
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was between the range of 0.7 and 0.85.  

Furthermore, for the references, the athletes were asked to report their PRS 

as the speed that best defines their mean speed during running competitions. 

Likewise, non-athletes were asked to report their PRS as the speed that best 

defines their treadmill speed while performing aerobic exercise at the gym. 

When estimating the PRS, the subjects were not allowed to view their running 

speed to avoid biased reporting of the PRS (Jordan et al., 2007). 

5) Attachment of reflective markers: After estimating the PRS, the subjects rested 

for 10 min. Then, 58 spherical retro-reflective markers (diameter: 12.7 mm) were 

attached at the joint and segment anatomical landmarks. The location of the 

markers are as follows: 

- Head: Vertex, forehead, left/right temple  

- Arm: Left/right scapula- acromioclavicular joint, left/right lateral 

epicondyle of the humerus, left/right medial epicondyle of the humerus, 

left/right radius-styloid process, left/right ulna-styloid process, left/right 

lateral head of the metacarpal, left/right medial head of the metacarpal  

- Lower extremity: Left/right anterior superior iliac spine, left/right posterior 

superior iliac spine, left/right great trochanter, left/right femur lateral 

epicondyle, left/right femur medial epicondyle, left/right fibula apex of the 

lateral malleolus, left/right tibia apex of the medial malleolus, left/right 

posterior surface of the calcaneus, left/right head of the 5th metatarsus, 

left/right proximal medial phalanx, left/right head of the 1st metatarsus 
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- Tracking Clusters: four tracking markers for the trunk, and three for each 

segment of the upper arms (left/right), forearms (left/right), thighs 

(left/right), and shanks (left/right).  

6) Attachment of the Physiological Energy Expenditure system: All the 

components of the indirect calorimetry system (mouthpiece, nose clip, head gear, 

wireless sensor, and HR monitor) were attached on the upper body of the subjects 

in the sitting position. The HR monitor was attached with a belt around the chest. 

The wireless sensor was attached at the back with a tightly fitted holding 

mechanism. After that, a standard 8 min protocol for the O2 consumption 

measurement during the steady-state was performed, which consisted of 5 min 

of sitting and 3 min of standing. 

7) Static standing calibration trial: The subjects were asked to stand on top of the 

treadmill with their feet shoulder-width apart and to lift their hands so they were 

parallel to the ground for the static standing calibration. The subjects stood still 

and the coordinates of the retro-reflective markers were recorded for 3 s. The static 

standing calibration trial was used to construct the visual 3D model for further 

kinematic analysis.  

8) Running experiment: To start the running experiment, the subjects were asked to 

walk at a self-selected speed for at least 3 min (Figure 7). Then, the speed was 

gradually increased until the speed reached their respective PRS within 5 min. The 

subjects ran at their PRS for a total of 30 minutes, while the oxygen uptake and 

the coordinates of the retro-reflective markers were recorded. The subjects were 

requested to focus and not produce any excessive unwanted movement. During 
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the running experiment, the subjects’ HR was monitored continuously so that they 

did not overexert themselves and they maintained their HR so that it was less than 

their age-predicted maximum HR with the Fox equation (220- age) (Daniels, 

2014). If the subjects exceeded their maximum HR or upon request, the 

experiment was terminated immediately. After completing 30 min of running, the 

subjects were provided with a cool-down period in which they were asked to walk 

at their initial self-selected walking speed for 2 min. 

 

 

Figure 7. Summary of the experimental running trials. 

 

 

 

3.4. Data Analysis 
 

 

 

Once the experiment was completed, the raw data from two different 

systems (motion capture system and indirect calorimetry system) were extracted to 

calculate the different variables (Figure 8).  
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Figure 8. Summary of the calculated variables. 

 

3.4.1. Construction of the whole body kinematic model 
 

 

 

The retro-reflective markers' raw coordinate was filtered with a zero-lag 

second order low-pass Butterworth filter with a cut-off frequency of 10 Hz (Flores, 

Delattre, Berton, & Rao, 2019; Kristianslund, Krosshaug, & van den Bogert, 2012). 

Visual 3-D software was used to construct a whole-body kinematic model that is 

based on the coordinates of the retro-reflective markers from the static standing 

calibration trial. The kinematic model consisted of 13 skeletal segments; the head, 

trunk, pelvis, bilateral upper arms, lower arms and hands, thighs, shanks, and feet. 

The joint center locations were estimated with a mid-point estimation method 

(Collins, Ghoussayni, Ewins, & Kent, 2009). Each segment was constructed from 

the proximal to distal endpoints. The local coordinate system of each segment was 

based on the Cardan sequence (x-y-z).  
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3.4.2. Stride characteristics and lower extremity joint angles 
 

 

 

A running cycle consists of one stride, i.e., from a heel-strike to a subsequent 

ipsilateral heel-strike. The heel-strike’s time point was defined with the algorithm 

that was developed by Zeni Jr, Richards, and Higginson (2008) that uses the Y-

direction relative trajectory of the coordinates of the heel marker and the COM of 

the whole body. The Y-direction relative trajectory forms a sinusoidal curve when it 

is plotted against the time, and the time points of the heel-strike are the peak points 

of the sinusoidal curve.  

The stride intervals were calculated as the time difference between the 

subsequent heel-strikes. The variability within the stride interval dynamics for each 

interval was quantified with the standard deviation between the time intervals and 

groups. 

The joint angles of the hip, knee, and ankles for the left and right limbs were 

computed based on the Cardan sequence, where the X, Y, and Z-axes correspond to 

flexion/extension, abduction/adduction, and internal/external rotation angles, 

respectively. (Cappozzo, Catani, Della Croce, & Leardini, 1995). 
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3.4.3. Calculating the mechanical energy during running 

 

During running, the mechanical energy ( 𝐸𝑚𝑒𝑐ℎ ) was computed with a 

segmental energy approach by summing the kinetic and potential energies of each 

segment. The inertial properties (Hanavan, 1964) and mass (Dempster & Gaughran, 

1967; Ma et al., 2011) for each segment were calculated based on the parameters that 

were provided in previous studies. Thus, the subject’s 𝐸𝑚𝑒𝑐ℎ was calculated based 

on the following equation. 

 

𝐸𝑚𝑒𝑐ℎ = ∑ 𝑚𝑖𝑔ℎ𝑖
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Where: ℎ𝑖 is the height of the COM of the 𝑖th segment, 𝑣𝑖 is the velocity 

of the COM of the 𝑖th segment, 𝑚𝑖 is the mass of the 𝑖th segment, and 𝑔 is the 

gravitational acceleration (i.e., 9.81 m/s2). 

  ∅𝑖𝑥 is the moment of inertia and 𝜔𝑖𝑥 is the angular velocity of the 𝑖th 

segment about its frontal axis. ∅𝑖𝑦 is the moment of inertia and 𝜔𝑖𝑦 is the angular 

velocity of the 𝑖th segment about its sagittal axis. ∅𝑖𝑧 is the moment of inertia and 

𝜔𝑖𝑧 is the angular velocity of the 𝑖th segment about its longitudinal axis. 𝐸𝑚𝑒𝑐ℎ 

was normalized to the body's KE, i.e., half of the subject’s mass times the velocity 

squared. A higher 𝐸𝑚𝑒𝑐ℎ value corresponds to the production of more energy by 

the segment to move the body over a time-interval. 
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3.4.4. Calculating the physiological efficiency in running 

 

 

The physiological efficiency was computed with the data that was obtained 

from the indirect calorimetry device. The raw data was filtered with a zero-lag 4th 

order Butterworth low pass filter at 0.04 Hz. This was done to attenuate the 

variability in the data collected through a breath-by-breath protocol (Robergs, 

Dwyer, & Astorino, 2010). The oxygen consumption ( �̇�𝑂2 ) and carbon dioxide 

production (�̇�𝐶𝑂2) was calculated based on the timestamp of the raw data. 

The net (�̇�𝑂2) and net (�̇�𝐶𝑂2) during running was calculated by subtracting 

the gross (�̇�𝑂2) and (�̇�𝐶𝑂2) while sitting in the steady-state. Furthermore, the RER 

ratio was computed as an indicator to confirm the maintenance of the submaximal 

exercise intensity (Ramos-Jiménez et al., 2008) by applying the following equation. 

 

 
RER𝑡𝑖𝑚𝑒−𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠  = (

�̇�𝐶𝑂2𝑔𝑟𝑜𝑠𝑠

�̇�𝑂2 𝑔𝑟𝑜𝑠𝑠
) 

Eq. 2 

 

Thereafter, the net COT was computed by using the following method (Eq. 

3). 

 
𝑛𝑒𝑡 𝐶𝑂𝑇(𝑡𝑖𝑚𝑒−𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠)  = (

 �̇�𝑂2𝑁𝑒𝑡

𝑚𝑣
) 

Eq. 3 

 

Where, �̇�𝑂2𝑛𝑒𝑡  is the net oxygen consumption during each of the time 
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intervals in the running trial, 𝑣 is the subject’s PRS, and 𝑚 refers to the mass of 

the subject. A higher COT value corresponds to a higher energy consumption to 

transport a body from one place to another. 

The rates of fat and carbohydrate oxidation in each group were computed 

and compared in each time interval (Capostagno & Bosch, 2010). The VO2 and 

VCO2 values were substituted into the equations that were developed by (Frayn, 

1983). 

 

For carbohydrate oxidation, 

 

 
𝐶𝐻𝑂 (𝑔/𝑚𝑖𝑛)𝑡𝑖𝑚𝑒−𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠 = (4.55 × 𝑉𝐶𝑂2) − (3.21 × 𝑉𝑂2) − 2.87𝑛 Eq. 4 

 

For fat oxidation, 

 

 
𝐹𝑎𝑡 (𝑔/𝑚𝑖𝑛)𝑡𝑖𝑚𝑒−𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠 = (1.67 × 𝑉𝑂2) − (1.67 × 𝑉𝐶𝑂2) − 1.92𝑛 Eq. 5 

 

The total energy expenditure was calculated by summing the carboh

ydrate (CHO) and fat oxidation rate. Each energy reserve’s contribution was 

computed as the fat % and CHO% for each time interval.  
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3.4.5. Calculating the orbital stability in running 

 

Floquet multipliers, which are used to quantify the orbital stability, were 

estimated based on a well-established time-series analytical method (Donelan, 

Shipman, Kram, & Kuo, 2004; Hurmuzlu et al., 1996). First, a Poincaré section was 

defined during every left heel-strike in the running cycle. A Poincaré map is a set of 

points that are generated by passing through the attractor section. Second, a state-

space was constructed by using a 14 degrees of freedom (DOFs) joint angle 

configuration at the time point of the heel-strike [bilateral hip: 3 DOFs, knee: 1 DOF, 

ankle: 3 DOFs], which correspond to flexion/extension, abduction/adduction, and 

the internal/external rotation angles, respectively (Moon, 2019). For the knee, only 

flexion/extension angles were utilized. The number of strides that are required to 

construct a state space is an essential issue when calculating the orbital stability. 

Insufficient sample size or invariant noise within a system might lead to a bias in the 

maximum FM’s value (Ahn & Hogan, 2015). In the pilot test, it was confirmed that 

a non-athlete performs at least 2,000 strides while running for 30 min, which is 

sufficient for the calculation. 

Floquet theory assumes that the system is strictly periodic and the system 

state space 𝑺𝑘 for each stride 𝑘 at that Poincaré section evolves to a state for the 

following stride 𝑺𝑘+1, according to the Poincaré map. 

 𝑺𝑘+1 = 𝑓(𝑺𝑘), 
Eq. 6 
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  The limit cycle trajectories correspond to the fixed points 𝑺∗ in each Poincaré 

section. 

 𝑺∗ = 𝑓(𝑺∗), 
Eq. 7 

    The max FM that estimates the effect of the small perturbation away from 

the fixed point is calculated by using a linearized approximation. 

 

 [𝑺𝑘+1 − 𝑺∗] = 𝐽(𝑺∗)[𝑺𝑘 − 𝑺∗]. 

Eq. 8 

    Where, 𝐽(𝑺∗)  is the Jacobian matrix for the system at each Poincaré 

section. The FMs are defined by the eigenvalues of 𝐽(𝑺∗),  and their magnitude 

indicates the rate of the divergence/convergence over the cycles (S. Bruijn, Meijer, 

Beek, & Van Dieën, 2013). For a system to be stable, the values of the FMs must lie 

inside the unit circle, which are <1. For this study, the maximum FM that was 

computed was the largest eigenvalue of the Jacobian matrix. 
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3.5. Statistics  
 

  All the data were extracted in two different time windows. (1) Accumulated 

time interval: increase the window size every five min (P1: 0 to 5 min; P2: 0 to 10 

min; P3: 0 to 15 min and P4: 0 to 20 min). (2) Separated time interval: moving the 

time window every 5 min (P1: 0 to 5 min; P2: 5 to 10min; P3: 10 to 15 min and P4: 

15 to 20 min).  

A two-way (Group: Elite vs. Non-athlete) × four (time interval: P1, P2, 

P3, and P4) repeated analysis of variance (ANOVA) was conducted separately on 

the calculated variables for the accumulated and the separated time-interval method. 

A post-hoc analysis was conducted with Bonferroni. Mauchly’s sphericity test was 

performed to check the assumption of sphericity and if the assumption was violated 

Greenhouse-Geisser was used to reduce the degrees of freedom. Furthermore, the 

Pearson correlations were conducted to elucidate the relationships between the 

indices of the orbital stability (max FM) and energetic efficiency (Emech and COT). 

All the tests were conducted with statistical software (SPSS version 25.0, IBM Inc., 

Chicago, IL, U.S.A.). The statistical significance was set to p < 0.05.   

  

 
 

  



 

36 
 

 

Chapter 4. Results 
 

 

 

The purpose of this study is to define the relationship between orbital 

stability and energy efficiency for running. Elite marathon runners were recruited 

since they use pacing strategies to minimize the redundant segmental variabilities 

(maximize stability) and to maximize the energy efficiency in comparison to healthy 

non-athletes. A variety of indices for the orbital stability and efficiency were 

computed between the two groups. The results that were obtained from the analysis 

are described as follows.  

 

 

4.1. Validation of the Experimental Protocol 
 

 

 

4.1.1. Extraction of the Preferred Running Speed (PRS) 

 

The PRS was extracted by using a technique called the “top-down 

approach,” as explained in the methods section. As a result, a particular PRS was 

selected for each participant. The mean and SE of the groups are presented in (Figure 

9). An independent-samples t-test was conducted to compare the PRS differences 

between the groups. There was a significant difference in the PRS for the elite athlete 

(M = 3.75, SE = 0.06) and non-athlete participants (M= 2.85, SE= 0.11) [t (14) 

=7.142, p = 0.001)]. These results suggest that elite athletes have a higher running 

speed than the non-athletes. 
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Figure 9. Mean (± SE) of the PRS that was extracted with the top-down approach. * indicates 

a statistical significance.                    
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4.1.2. Temporal Variable: Number of strides 

 

 

 

A) Separated Time Interval 

 

A two (Group: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3, 

and P4) between subjects ANOVA was conducted to examine the differences in the 

number of strides (only left foot) between the elite and non-athlete participants 

(Figure 10). There was a significant main effect for each group [F (1, 14) = 93.012, p < 

0.001, ηp 2 = 0.641], such that the elite athletes (M = 442.84, SE = 5.72) had a 

significantly higher number of strides than the non-athletes (M = 404.39, SE =5.45). 

There was no significant main effect of the time-interval [F (3, 42) = 0.061, p = 0.980, 

ηp 2 = 0.004]. No significant interaction was found between the group × time-interval 

[F (3, 42) = 0.156, p = 0.925, ηp 2 = 0.467]. There were significant differences in the 

mean stance count during each time-interval with a higher number of stances by the 

elite athletes in comparison to the non-athletic participants; [P1: t (14) = 4.179, p = 

0.001; P2: t (14) = 4.847, p < 0.001; P3: t (14) = 5.027, p < 0.001; P4: t (14) = 5.27, 

p < 0.001].  
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Figure 10. Mean (± SE) number of strides (left foot) that was extracted with the separated 

time-interval method. Asterisk “*” indicates a statistical significance. The figure depicts only 

the significant group differences in all the time-intervals (p < 0.05). 
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4.1.3. Temporal Variable: Stride Time 

 

 

 

 

A) Accumulated Time Interval 

 

 

A two (Group: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3, 

and P4) between subjects ANOVA was conducted to examine the differences in the 

stride time between the elite and non-athlete participants (Figure 11). There was a 

significant main effect of the group where F (1, 14) = 88.141, p < 0.001, and ηp 2 = 

0.629, such that the elite athletes (M = 0.68, SE = 0.01) had a significantly faster 

stride time than the non-athletes (M = 0.74, SE = 0.01). There was no significant 

main effect for the time interval [F (3, 42) = 0.033, p = 0.992, ηp 2 = 0.002]. No 

significant interaction was found between the group × time interval [F (3, 42) = 0.066, 

p = 0.978, ηp 2 = 0.004]. An independent-samples t-test was conducted to compare 

the stride time between the groups. There were significant differences in the mean 

stride time in each time interval with a faster stride time by the elite athletes in 

comparison to the non-athletes; [P1: t (14) = 4.341, p < 0.001; P2: t (14) = 4.670, p 

< 0.001; P3: t (14) = 4.838, p < 0.001; P4: t (14) = 4.966, p < 0.001].  
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Figure 11. Mean (± SE) of the stride time extracted with the accumulated time-interval 

method. Asterisk “*” indicates a statistical significance. The figure depicts only significant 

group differences in all the time-intervals (p < 0.05). 

 

 

B) Separated Time Interval  

 

A two (Group: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3 & 

P4) between subjects ANOVA was conducted to examine the differences in the stride 

time between the elite athletes and non-athletes (Figure 12). There was a significant 

main effect for the group where F (1, 14) = 95.728, p = 0.000, and ηp 2 = 0.648, such 

that the elite athletes (M = 0.68, SE = 0.01) have a significantly faster stride time 

than the non-athletes (M = 0.74, SE =0.01). There was no significant main effect of 

the time interval [F (3, 42) = 0.097, p = 0.961, and ηp 2 = 0.006]. No significant 

interaction was found between the group × time interval [F (3, 42) = 0.145, p = 0.933, 
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and ηp 2 = 0.008]. An independent-samples t-test was conducted to compare the stride 

time between the groups. There were significant differences in the mean stride time 

in each time interval with a faster stride time by the elite athletes in comparison to 

the non-athletes; [P1: t (14) =4.341, p < 0.001; P2: t (14) =4.914, p < 0.001; P3: t 

(14) =5.050, p < 0.001; P4: t (14) =5.275, p < 0.001].  

These results suggest that the PRS that was selected was adequate, since the 

subjects were able to maintain their respective running pace between the time 

intervals throughout the experiment. 

 

 

 

Figure 12. Mean (SE) of the stride time extracted with the separated time-interval method. 

Asterisk “*” indicates a statistical significance. The figure depicts only significant group 

differences in all the time-intervals (p < 0.05). 
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4.1.4. Temporal Variable: Stride Length Variability 

 

 

 

A) Accumulated Time Interval 

 

 

A two (Group: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3 & 

P4) between subjects ANOVA was conducted to examine the differences in the stride 

length variability between the elite athletes and non-athletes (Figure 13). There was 

no significant main effect for the group [F (1, 14) = 0.637, p = 0.429, and ηp 2 = 0.012] 

and time interval [F (3, 42) = 0.101, p = 0.959, and ηp 2 = 0.006]. Similarly, no 

significant interaction was found between the group × time-interval [F (3, 42) = 0.217, 

p = 0.884, and ηp 2 = 0.012].   

 

 

Figure 13. Mean (± SE) of the stride length variability of the left leg that was extracted with 

the accumulated time-interval method. The variables depict the runner’s consistency to 
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maintain a stride length throughout the different phases. 

 

 

B)  Separated Time Interval  

 

A two (Groups: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3, 

and P4) between subjects ANOVA was conducted to examine the differences in the 

stride length variability between the elite athletes and non-athletes (Figure 14). There 

was no significant main effect for the group [F (1, 14) = 0.362, p = 0.550, and ηp 2 = 

0.007] and time-interval [F (3, 42) = 0.099, p = 0.960, and ηp 2 = 0.006]. Similarly, no 

significant interaction was found between the group × time interval [F (3, 42) = 0.450, 

p = 0.719, and ηp 2 = 0.025].   

 

 

Figure 14. Mean (± SE) of the stride length variability of the left leg that was extracted with 

the separated time-interval method. The variables depict the runner’s consistency to maintain 

a stride length throughout the different phases.  
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4.1.5. Exercise Intensity: Respiratory exchange ratio (RER) 

 

 

 

A) Accumulated Time Interval 

 

A two (Groups: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3 & 

P4) between subjects ANOVA was conducted to examine the differences in the 

respiratory exchange ratio (RER) between the elite athletes and non-athletes (Figure 

15). There was no significant main effect for the group [F (1, 14) = 2.090, p = 0.154, 

and ηp 2 = 0.039] and time interval [F (3, 42) = 0.159 p = 0.925, ηp 2 = 0.009]. Similarly, 

no significant interaction was found between the group × time-interval; F (3, 42) = 

0.040, p = 0.989, and ηp 2 = 0.002.  

  

 

Figure 15. Mean (±SE) of the respiratory exchange ratio (RER) that was extracted with the 

accumulated time interval method. The variables depict the runners’ metabolic intensity, 
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which has no differences between the groups and across the time intervals. 

 

 

 

B) Separated Time Interval  

 

A two (Groups: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3, 

and P4) between subjects ANOVA was conducted to examine the differences in the 

RER between the elite athletes and non-athletes (Figure 16). There was no significant 

main effect for the group [F (1, 14) = 1.591, p = 0.213, and ηp 2 = 0.030] and time 

interval [F (3, 42) = 0.016, p = 0.997, and ηp 2 = 0.001]. Similarly, no significant 

interaction was found between the group × time-interval [F (3, 42) = 0.006, p = 0.999, 

and ηp 2 = 0.000].  

These results suggest that both groups could maintain similar RER 

performance levels between 0.75~0.85, which corresponds to the submaximal 

intensity.  
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Figure 16. Mean (± SE) of the respiratory exchange ratio (RER) that was extracted with the 

separated time interval method. The variables depict the runners’ metabolic intensity, which 

has no differences between the groups and across the time intervals.  
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4.2. Physiological Efficiency of the Elite Athletes versus the 

Non-Athletes 
 

 

 

 

 

4.2.1. Cost of Transport 
 

 

 

 

A) Accumulated Time Interval  

 

The physiological efficiency of running (i.e., COT) was calculated by using 

the data that was acquired through the metabolic system. A two (Groups: Elite 

Athletes vs. Non-Athletes) × four (time-interval: P1, P2, P3, and P4) ANOVA was 

conducted to examine the utilization of the COT (Figure 17). There was a significant 

main effect for the group [F (1, 14) = 23.65, p = 0.000, and ηp 2 = 0.313], such that the 

elite athletes (M = 61.64, SE = 4.37) had a significantly lower mean COT than the 

non-athletes (M = 74.76, SE =2.83). There was no significant main effect of the time-

interval [F (3, 42) = 0.215, p = 0.886, and ηp 2 = 0.012]. No significant interaction was 

found between the group × time-interval [F (3, 42) = 0.047, p = 0.986, and ηp 2 = 0.003]. 

An independent-samples t-test was conducted to compare the COT between the 

groups for each time-interval. The COT was significantly lower for the elite athletes 

than the non-athletes in each time-interval [P1: t (14) =2.202, p = 0.046; P2: t (14) 

=2.300, p = 0.039; P3: t (14) =2.384, p = 0.033; P4: t (14) =2.873, p = 0.013].  
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Figure 17. Mean (± SE) of the COT that was extracted with the accumulated time interval 

method. The variables depict the fuel (i.e., oxygen utilized by the runners over a given 

distance. The asterisks indicate group differences. 

 

 

 

B) Separated Time Interval  

 

A two (Groups: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3 & 

P4) ANOVA was conducted to examine the utilization of the COT (Figure 18). There 

was a significant main effect for the group [F (1, 14) = 21.58, p < 0.001, and ηp 2 = 

0.293], such that the elite athletes (M = 61.24, SE = 4.35) had a significantly lower 

mean COT than the non-athletes (M = 73.80, SE =2.91). There was no significant 

main effect of the time-interval [F (3, 42) = 0.092, p = 0.964, and ηp 2 = 0.005]. No 

significant interaction was found between the group × time-interval [F (3, 42) = 0.010, 

p = 0.999, ηp 2 = 0.001]. An independent-samples t-test was conducted to compare 
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the COT between the groups for each time-interval. The COT was significantly lower 

for the elite athletes than the non-athletes in each time-interval [P1: t (14) =2.202, p 

= 0.046; P2: t (14) =2.280, p = 0.040; P3: t (14) =2.336, p = 0.036; P4: t (14) =2.477, 

p = 0.028].  

These results suggest that elite runners utilized less oxygen to complete the 

run; thus, they can be deemed to be more efficient in comparison to the non-athletes. 

 

 

 

Figure 18. Mean (± SE) of the COT that was extracted with the separated time interval 

method. The variables depict the fuel (i.e., oxygen utilized by the runners over a given 

distance). The asterisks indicate group differences. 
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4.2.2. Energy Reserves: Fat Oxidation Percentage 

 

 

 

 

A) Accumulated Time Interval 

 

The energy reserve utilization for fat oxidation was calculated by using the 

data that was acquired through the metabolic system. A two (Groups: Elite vs. Non-

Athlete) × four (time-interval: P1, P2, P3 & P4) repeated measures ANOVA was 

conducted to examine the utilization of fat oxidation (Figure 19). The test of between 

subjects effects revealed significant effect of Group on the utilization of fat oxidation 

[F (1, 14) = 2.117, p = 0.152, and ηp 2 = 0.039] and time interval [F (3, 42) = 0.120 p = 

0.948, ηp 2 = 0.007]. Similarly, no significant interaction was found between the 

group × time-interval; F (3, 42) = 0.037, p = 0.991, and ηp 2 = 0.002. 
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Figure 19. Mean (± SE) of the fat oxidation ratio (FAT%) that was extracted by using the 

accumulated time interval method. The variables depict the fuel (i.e., the ratio of fuel used 

by runners over a given time).  

 

 

 

 

 

B) Separated Time Interval  

 

The energy reserve utilization for fat oxidation was calculated by using the 

data that was acquired through the metabolic system. A two (Groups: Elite vs. Non-

Athlete) × four (time-interval: P1, P2, P3, and P4) ANOVA was conducted to 

examine the utilization of fat as fuel (Figure 20). There was no significant main effect 

for the group [F (1, 14) = 1.668, p = 0.202, and ηp 2 = 0.031] and time interval [F (3, 42) 

= 0.011 p = 0.998, ηp 2 = 0.001]. Similarly, no significant interaction was found 

between the group × time-interval; F (3, 42) = 0.007, p = 0.999, and ηp 2 = 0.000.   
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Figure 20. Mean (±SE) of the fat oxidation ratio (FAT %) that was extracted with the 

separated time interval method. The variables depict the fuel (i.e., the ratio of fuel used by 

the runners over a given time.  
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4.2.3. Energy Reserves: Carbohydrate Oxidation Percentage 

 

 

 

 

 

A) Accumulated Time Interval 

 

The energy reserve utilization for carbohydrate (CHO) oxidation was 

calculated by using the data that was acquired through the metabolic system. A two 

(Groups: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3 & P4) ANOVA 

was conducted to examine the utilization of CHO as fuel (Figure 21). There was no 

significant main effect for the group [F (1, 14) = 2.117, p = 0.152, and ηp 2 = 0.039] and 

time interval [F (3, 42) = 0.120 p = 0.948, and ηp 2 = 0.007]. Similarly, no significant 

interaction was found between the group× time interval; F (3, 42) = 0.037, p = 0.991, 

and ηp 2 = 0.002.   
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Figure 21. Mean (± SE) of the carbohydrate oxidation ratio (CHO %) that was extracted with 

the accumulated time interval method. The variables depict the fuel (i.e., the ratio of fuel 

utilized by the runners over a given time). 

 

 

 

 

B) Separated Time Interval  

 

The energy reserve utilization for carbohydrate (CHO) oxidation was 

calculated by using the data that was acquired through the metabolic system. A two 

(Groups: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3 & P4) ANOVA 

was conducted to examine the utilization of CHO as fuel (Figure 22). There was no 

significant main effect for the group [F (1, 14) = 1.668, p = 0.202, and ηp 2 = 0.031] and 

time interval [F (3, 42) = 0.011 p = 0.998, and ηp 2 = 0.001]. Similarly, no significant 

interaction was found between the group × time-interval; F (3, 42) = 0.007, p = 0.999, 

and ηp 2 = 0.000.   
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Figure 22. Mean (± SE) of the carbohydrate oxidation ratio (CHO %) that was extracted with 

the separated time interval method. The variables depict the fuel (i.e., the ratio of fuel utilized 

by the runners over a given time).  
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4.3. Mechanical Energy of the Elite Athletes versus the Non-

Athletes 
 

 

 

 

 

A) Accumulated Time Interval  

 

The normalized mechanical energy (Emech) for running was calculated by 

using the kinematics data that involved summing the potential and kinetic 

(translational and rotational) energies of the segments. A two (Groups: Elite vs. 

Non-Athlete) × four (time-interval: P1, P2, P3 & P4) ANOVA was conducted to 

examine the utilization of Emech between the groups in different time intervals (Figure 

23). There was a significant main effect for the group [F (1, 14) = 106.90, p < 0.001, 

and ηp 2 = 0.673], such that the elite athletes (M = 1.32, SE = 0.09) had a significantly 

lower Emech than the non-athletes (M = 2.64, SE = 0.09). There was no significant 

main effect of the time interval [F (3, 42) = 0.000, p = 1.000, and ηp 2 = 0.000]. No 

significant interaction was found between the group × time interval [F (3, 42) = 0.000, 

p = 1.000, and ηp 2 = 0.000]. An independent-samples t-test was conducted to 

compare Emech between the groups for each time-interval. The Emech was significantly 

lower for the elite athletes than the non-athletes in each time interval [P1: t (14) 

=5.163, p < 0.001; P2: t (14) =5.164, p < 0.001; P3: t (14) =5.171, p < 0.001; P4: t 

(14) =-5.181, p < 0.001]. 
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Figure 23. Mean (± SE) of the total mechanical energy (Emech) that was extracted with the 

accumulated time interval method. The variables depict the runners’ ability to utilize the 

kinetic and potential energy during the run. The asterisks indicate group differences. 

 

 

 

B) Separated Time Interval  

 

A two (Groups: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3, 

and P4) ANOVA was conducted to examine the utilization of Emech between the 

groups in each time interval (Figure 24). There was a significant main effect for the 

group [F (1, 14) = 107.358, p < 0.001, and ηp 2 = 0.674], such that the elite athletes (M 

= 1.32, SE = 0.09) had a significantly lower Emech than the non-athletes (M = 2.64, 

SE = 0.09). There was no significant main effect for the time interval [F (3, 42) = 0.000, 

p = 1.000, and ηp 2 = 0.000]. No significant interaction was found between the group 

× time interval [F (3, 42) = 0.000, p = 1.000, and ηp 2 = 0.000]. An independent-samples 
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t-test was conducted to compare Emech between the groups for each time interval. 

Emech was significantly lower for the elite athletes than the non-athletes in each time 

interval [P1: t (14) =5.163, p < 0.001; P2: t (14) =5.166, p < 0.001; P3: t (14) =5.184, 

p < 0.001; P4: t (14) =5.210, p < 0.001]. 

 

 

 

Figure 24. Mean (±SE) of the total normalized mechanical energy (Emech) with the 

separated time interval method. The variables depict the runners’ ability to utilize the kinetic 

and potential energy during the run. The asterisks indicate group differences. 
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4.4. Orbital stability of the Elite Athletes versus the Non-

athletes 
 

 

 

 

 

A) Accumulated Time Interval  

 

The orbital stability (i.e., max FM during running) was calculated by using 

14 DOF joint angles of the lower extremities. A two (Group: Elite vs. Non-Athlete) 

× four (time-interval: P1, P2, P3, and P4) between subjects ANOVA was conducted 

to examine the differences in the max FM values between the elite athletes and non-

athletes (Figure 25). 

 There was a significant main effect for the group [F (1, 14) = 6.094, p = 0.017, 

and ηp 2 = 0.105], such that the elite athletes (M = 0.84, SE = 0.03) have a significantly 

higher max FM value than the non-athletes (M = 0.74, SE =0.03). However, there 

was no significant main effect for the time interval [F (3, 42) = 2.33, p = 0.873, and ηp 

2 = 0.013]. Similarly, no significant interaction was found between the group × time 

interval [F (3, 42) = 0.027, p = 0.994, and ηp 2 = 0.002]. The independent-samples t-test 

revealed no group differences in each time interval.  
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Figure 25. Mean (±SE) of the maximum Floquet multipliers (max FM) for the accumulated 

time intervals. The variables depict the runners’ orbital stability. The asterisks indicate group 

differences. 

 

 

B) Separated Time Interval  

 

A two (Group: Elite vs. Non-Athlete) × four (time-interval: P1, P2, P3, 

and P4) between subjects ANOVA was conducted to examine the differences in the 

max FM values between the elite athletes and non-athletes (Figure 26). There was a 

significant main effect for the group [F (1, 14) = 6.177, p = 0.016, and ηp 2 = 0.106], 

such that the elite athletes (M = 0.72, SE = 0.03) had a significantly higher max FM 

value than the non-athletes (M = 0.62, SE =0.03). The main effect for the time 

interval was also significant [F (3, 42) = 4.709, p = 0.006, ηp 2 = 0.214]. No significant 

interaction was found between the group × time interval [F (3, 42) = 0.168, p = 0.917, 
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and ηp 2 = 0.010]. The post hoc comparisons that used Bonferroni indicated that the 

mean for the max FM value of the P1 time interval (M = 0.77, SE = 0.04) was 

significantly different than the max FM value of the P4 time interval (M = 0.58, SE 

= 0.04). An independent-samples t-test was conducted to compare the max FM 

values between the groups. There were significant differences in the mean max FM 

for only the P4 time interval [P4: t (14) = 2.314, p = 0.038]. The paired sample t-test 

was conducted to verify the difference between the time-intervals. For the elite 

athlete group, there were significant differences in the time-interval for P1 vs. P4 [t 

(14) =5.66, p = 0.023] and P2 vs. P4 [t (14) = 3.170, p = 0.016]. Similarly, for the 

non-athletes, significant differences in the time-interval were observed for P1 vs. P3 

[t (14) = 3.819, p = 0.009] and P1 vs. P4 [t (14) = 3.040, p = 0.023].  
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Figure 26. Mean (± SE) of the maximum Floquet multipliers (max FM) that was extracted 

with the separated time interval method. The variables depict the runners’ orbital stability. 

The asterisks indicate group differences and significant differences in the time interval are 

marked by the dotted lines. 
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4.5. The Relationship of the Efficiency and Orbital Stability in 

Running 
 

 

 

 

A) Accumulated Time Interval  

 

A Pearson correlation coefficient was computed to assess the relationship 

between the physiological efficiency “COT,” the mechanical energy “Emech”, and the 

orbital stability “max FM” (Figure 27). The data analysis of the accumulated time 

interval for the whole dataset revealed no significant relationship between the max 

FM with Emech and the COT. A significant moderate positive correlation was only 

observed between Emech and COT [r = 0.388, p = 0.002]. 

 

Figure 27. Results of the Pearson correlation analysis for the whole dataset, only the elite 

athletes and non-athletes used the accumulated time interval. The variables with significant 

differences are highlighted in the orange color, the correlation coefficient (i.e., “R-value”) is 

represented in the bold font and their “p-value” is represented in the italics font. 
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The whole dataset was further subdivided based on the groups and it was re-

analyzed. For elite athletes, no significant relationship was observed between the 

three variables. Meanwhile, for the non-athletes, a significant relationship was 

observed only between the max FM and COT with a moderate positive linear 

relationship [r = 0.450, p = 0.016]  

 

B) Separated Time Interval  

The data analysis of the separated time interval whole dataset (Figure 28) 

revealed a moderate negative linear relationship between the max FM and Emech [r = 

-0.346, n = 64, and p = 0.007]. A significant moderate positive correlation was 

observed between Emech and COT [r = 0.487, p = 0.000].   

 

 

Figure 28. Results of the Pearson correlation analysis for the whole dataset. Only the elite 

and non-athletes used the separated time-interval method. The variables with significant 

differences are highlighted in orange, the correlation coefficient (i.e., “R-value”) is 

represented with the bold font, and their “p-value” is in the italic font. 
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The analysis of the elite dataset revealed a moderate negative linear 

relationship for the max FM and Emech [r = -0.437, p = 0.012]. Similarly, COT and 

Emech had a moderate negative linear relationship [r = -0.424, p = 0.015]. No 

significant relationship was observed between the max FM and COT. The analysis 

of the dataset for the non-athletes revealed no significant relationship between the 

max FM and Emech. However, unlike the elite dataset, the COT and max FM had a 

moderate positive linear relationship [r = 0.450, p = 0.016]. The relationship between 

COT and Emech was not significant. 
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Chapter 5. Discussion 
 

 

 

The purpose of this study is to define the relationship between the orbital 

stability and energy efficiency while running. The results partly supported the initial 

hypotheses. First, this study confirmed that the elite athletes have a significantly 

higher physiological efficiency and they utilized a significantly lower mechanical 

energy from each segment to run (Hypothesis – I: Accepted). Second, this 

investigation hypothesized that the elite athletes would have a higher orbital stability 

than the non-athletes that correspond to smaller max FM values. However, the 

inverse was observed, which indicates a stronger max FM value for the non-athletes 

than the elite athletes (Hypothesis – II: Rejected). Finally, this study hypothesized 

the performance indices for running (i.e., the physiological efficiency (COT) and 

mechanical energy (Emech) would positively correlate with the indices of orbital 

stability (max FM)). The analysis of the complete dataset indicated that the orbital 

stability (max FM) and mechanical energy (Emech) have a negative linear relationship. 

A significant positive correlation between the max FM and COT was observed when 

the data were analyzed for the non-athletes separately. (Hypothesis – III: Partially 

Accepted).   

In this study, the elite athletes selected a significantly higher PRS in 

comparison to the non-athletes, and the “RER,” which corresponds to the 

physiological intensity, which was not differentiated between the groups. This self-

selection for the intensity (i.e., PRS) rather than imposed, appears to foster a greater 
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tolerance to higher intensity levels (Ekkekakis, Parfitt, & Petruzzello, 2011). The 

extraction of the PRS is centered on the notion that biological systems perform self-

optimization to deliver the ultimate performance at the least cost (Holt, Jeng, 

Ratcliffe, & Hamill, 1995). Our results demonstrate that the extracted PRS was 

adequate since there was a subtle change in the RER in the range of 0.75~ 0.85, 

which corresponds to the submaximal metabolic intensity. Although the number of 

strides was significantly higher in the elite athletes due to the higher PRS, there were 

no differences in the stride length variability that were observed between them. 

Previous studies have reported that elite marathoners and non-experienced runners 

are equally capable of selecting their preferred stride length to maintain an optimal 

RE (Hunter et al., 2017; Moore, 2016).  

The efficiency of energy utilization when running a marathon can be 

quantified by using the concept of RE, which is the amount of oxygen uptake during 

a steady run. The COT is an essential physiological index of the RE and it 

corresponds to the amount of energy that is spent per unit distance (Batliner et al., 

2018; Schwartz et al., 2006). Previous studies have reported that the COT has a 

relevant role in distance running. The increase in the COT for an athlete indicated a 

worse performance despite having a similar VO2max, training level, age, etc. (P. E. Di 

Prampero, 2003; Lazzer et al., 2012; Lazzer et al., 2014). In this study, elite athletes 

exhibit significantly lower COT values than the non-athletes, and no significant 

change was observed in the different time-intervals. A study by Lazzer et al. (2014) 

reported that a high level of ER performance was directly proportional to VO2max and 

it was inversely proportional to COT. Low COT values were reported to significantly 

correlate with the high maximal power and vertical stiffness of the legs, which may 
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improve the fuel utilization capacity.  

One significant physiological adaptation that requires maintaining the speed 

during a submaximal run depends on using the chemical energy [fat and 

carbohydrates] and its conversion into mechanical energy (Leckey, Burke, Morton, 

& Hawley, 2016). There was no significant difference between fat and carbohydrate 

oxidation between the groups and each time interval in this study. Nevertheless, the 

elite athletes utilized a higher carbohydrate oxidation in comparison to non-athletes 

throughout the run. With a VO2max intensity above 65%, a shift in the energy 

contribution that was based on carbohydrate oxidation increased. Meanwhile, there 

was a proportional decrease in fat oxidation (Purdom, Kravitz, Dokladny, & 

Mermier, 2018). Studies have reported that various factors, such as training status, 

intensity, duration, sex, etc., may alter the oxidation rates (Purdom et al., 2018). In 

the current study, no such differences were observed, which might be partly due to 

the experimental protocol, i.e., running at the preferred speed. Therefore, it is 

considered that an experiment at a higher intensity may elicit a training related effect 

on substrate utilization, which is one of the limitations of this study.  

In the study, mechanical energy was significantly lower for the elite athletes 

in comparison to the non-athletes for each time-interval. By having a decrease in 

Emech and COT while running at a higher speed and maintaining their RER, this 

portrays the elite athletes’ higher cardiovascular ability to withstand the intensity, 

which comes at the cost of weakening the orbital stability, i.e., increasing max FM. 

However, this might be considered to be a strategy that is adopted by marathon 

runners to increase their running efficiency. Williams and Cavanagh (1987) 
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previously demonstrated the COT discrepancies among inter-individuals, which can 

be explained by the kinematic variables and the mechanical energies (Emech) that are 

associated with the movement of the different segments while running. A study that 

compares the running performance and the level of training status reported runners 

to utilize the Emech differently based on their training status; meanwhile, no difference 

was observed for the COT (Slawinski & Billat, 2004). Notably, the study reported 

that mechanical energy is associated with a smaller displacement of the center of 

mass's vertical movement among the highly trained athletes. This reduces the impact 

loads during the initial portion of the stride's support phase. 

The mechanical energy that is generated during running is dependent on the 

variability of the joint kinematics (Cavagna & Kaneko, 1977). In the current study, 

the elite athletes produced a significantly lower value in the normalized Emech in 

comparison to the non-athletes. The previous studies have proposed that the 

excessive generation of moments and force due to the counter-rotation of the 

shoulder, hip, and arm movement may affect the running performance. The literature 

has shown that lower arm movement reduces the upper body oscillations in the 

anterior-posterior and medial-lateral directions and it is associated with a better 

running performance (Barnes & Kilding, 2015). Although arm movement is crucial 

to performing a counterbalance, elite athletes are considered to be better at self-

tuning their movement without requiring extensive feedforward neurological 

control. The human body has redundant DOFs. Lower values of the normalized Emech 

tend to signify a training-induced strategy that is utilized by elite marathoners to 

effectively use their DOFs and minimize the excessive energy dissipation that can 

arise from unnecessary limb movements (Bernstein, 1967).   
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The FM is an index of stability since it explains the stride by stride dynamics 

of a system and it can provide information on how the body's inertia is being utilized 

from one step to the other. In this study, significant differences were observed 

between the groups for Emech; the mean Emech of the elite runner was lower than the 

non-athletes across the time intervals. The Pearson correlation revealed a negative 

strong linear correlation for the max FM with Emech and COT, particularly for the 

elite athletes. Thus, based on the results, it can be suggested that the elite athletes 

fine-tune their running mechanics to achieve efficiency . This was not clear for the 

non-athletes, who had no significant relationship between Emech and max FM; 

instead, the COT was significantly correlated with the max FM. Hence, a 

marathoner’s system can be considered to be mechanically more efficient. An 

extreme case of mechanically efficient locomotion can be observed in wheels. The 

wheels’ circular shape maintains smooth and uniform contact with the surface, which 

leads to pure rolling and efficient utilization of inertia without any losses. In contrast, 

the inertia is utilized only partially for the legged locomotion.  

Although energy-efficient locomotion is essential, it would be redundant if 

we cannot maintain a periodically stable performance against internal and external 

perturbations (Ahn, 2011). The faster the system returns to the limit cycle, the lower 

the FM values will be, and the local stability becomes higher. On the other hand, the 

system with the stronger local stability should strongly reject the given perturbation. 

Since the system might not distinguish the perturbation from any useful inertia, such 

a system might exhibit low efficiency in locomotion. In the same line, when we 

consider the FM as a running performance indicator, a lower value that is observed 

for non-athletes can be viewed to be a locally stable system. However, for elite 
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athletes the larger FM values indicate decrease in local stability to enhance efficiency 

of running. 

The findings of this study inspire future studies. First, recent studies that 

have been conducted to determine the relationship between stride length and rate 

with energy consumption suggest that for both elite and novice athletes, there is good 

agreement between their mathematically derived stride rate and length with respect 

to their energy consumption status. However, in most of these studies, participants 

were asked to run at their preferred speed, and not at the actual competition speed. 

In the future, by analyzing athletes’ parameters at their actual competition speeds, 

we may be able to obtain valuable information regarding the effect of higher stride 

frequency and length using different performance indices (e.g., mechanical energy, 

physiological efficiency, and orbital stability). Second, the study could not determine 

the key kinematic parameters associated with efficient running. In this study, only 

the eigenvalues of each kinematic parameter were utilized to assess performance. In 

the future, eigenvectors can be extracted using different analytical methods such as 

principal component analysis (PCA) to determine key kinematics parameters 

associated with efficient running. Finally, numerous studies have used FM to assess 

orbital stability during walking. However, to date, there has been no study reported 

which investigates the relationship between FM and the cost of walking. In fact, this 

study is the first to find the relationship between orbital stability and efficiency. 

Because efficient and stable walking is essential during everyday locomotion, future 

studies addressing the relationship between mechanical energy, physiological 

efficiency, and orbital stability are necessary. In particular, the relationship can be 

investigated for different populations, i.e., patients, athletes, and elderly, and the 
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results can be used to develop indicators of frailty, injury, and patient-specific 

performance decline.  
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Chapter 6. Conclusion 
 

 

 

In this study, the exercise intensity between the elite athletes and non-

athletes was well controlled, which can be observed from the RER’s result. Although 

both groups performed the task with similar exercise intensity, the elite marathoners 

ran faster than the non-athletes. The non-athletes appeared to have stronger local 

stability than the elite marathoners, but they had a lower fuel efficiency, which is 

indicated by the higher COT. Meanwhile, the marathoners displayed weaker stability 

with a higher efficiency. The previous studies have reported a higher performance 

for elite marathoners since they can minimize their spatiotemporal variability. 

However, in this study, we could not observe any difference in the stride variability 

between the groups. 

The better utilization of inertia by the elite athletes in our study may be 

achieved with the cost of the decreased local stability. Until now, the efficiency for 

marathoners was described based on the fuel utilization capacity, i.e., COT. 

However, this study shows that in addition to efficient fuel utilization, elite athletes 

limit excessive use of limb motions other than the translation of COM, and exhibit 

large FM. Hence, considering the common tradeoff between stability and efficiency, 

at least some portion of the high efficiency in running of the elite athletes may result 

from the deliberately chosen effective running mechanics and the resulting weak 

local stability. 
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Table 1. Subjects characteristics and physical activity history of non-athletes. 
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Table 2. Subjects characteristics and performance record for elite runners. 
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국문 초록 

 
마라토너의 최적의 운동 수행력을 유지하기 위해서는 효율적인 에너지 

활용이 중요하다. 마라토너들은 달리는 동안 신체 분절의 변동성을 최소화함으

로써 수행력을 안정적으로 유지시기키 위한 최적의 페이싱 전략을 사용한다. 분

절의 변동성이 중요성으로 제기되고 있지만 이들의 생리학적, 기계적 에너지 효

율 지수, 가동 안정성 등의 관계는 알려지지 않았다. 따라서 본 연구의 목적은 

달리는 중 orbital stability (maximum Floquet multipliers: 최대 FM)) 과 효율성 (이동 

시 필요한 생리학적 에너지 (cost of transport : COT) 및 기계적 에너지 (mechanical 

energy: Emech)) 사이의 관계를 조사하는 것이다. 엘리트 선수들의 생리적, 기계적 

에너지 효율이 비선수 보다 높을 것으로 가정할 수 있다. 또한, 최대 FM으로 

평가된 orbital stability은 비선수들보다 엘리트 선수들에게서 더 강하게 관찰될 

것이다. 

본 연구에는 16명(정예 마라톤 선수 8명, 건강한 비선수 8명)이 참가했

다. 연구 참여 개인이 선호하는 달리기 속도로 30분 동안 트래드밀 위에서 달렸

다. 달리기 동작의 운동학적 분석을 위해 3차원 모션캡쳐시스템 (motion capture 

system)을 사용하여 자료를 수집하였고, 산소 소비량은 무선 간접 열량 측정 시

스템 (wireless indirect calorimetry system)으로 평가되었다. 수집한 생리학적 및 생

체역학적 자료를 바탕으로 보폭 시간, 보폭 길이 변동성, 관절 각도, 호흡 교환

비, COT, 연료 산화율, Emech 및 최대 FM를 산출하였다. 얻어진 결과를 바탕으로 

초기 가설을 평가했다. 첫째, 이 연구는 엘리트 선수들이 비선수들보다 훨씬 더 

높은 생리적 효율성 와 더 낮은 Emech를 사용한다는 것을 확인했다 (가설-I: 채

택). 둘째, 엘리트 선수들이 비선수들보다 더 강한 orbital stability와 낮은 최대 
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FM 값을 가질 것이라는 가설을 세웠다. 그러나 본 연구에서는 비선수보다 엘리

트 선수의 최대 FM 값이 더 크다는 반대의 결과가 관찰되었다 (가설-II: 기각). 

마지막 가설은 최대 FM, COT, Emech의 지표들 간에 양의 상관관계가 있다는 것이

다. 실험 결과최대 FM 와 Emech는 음의 선형 관계를 나타냈다. 선수들의 경우 

최대 FM와 COT 지수 사이에는 유의미한 관계가 존재하지 않았다. 그러나, 비

선수 집단의 경우는 최대 FM과 COT 사이의 유의한 양의 상관관계를 보여주었

다 (가설-III: 부분적 채택). 결론적으로, 마라톤 선수들은 비선수들보다 훨씬 더 

높은 효율성 혹은 더 낮은 COT를 보여준다. 본 연구의 결과는 이러한 선수들의 

고효율의 일부분은 관성의 효율적인 사용과 질량 중심 변환 이외의 사지 움직

임의 최소 사용에서 비롯된다는 것을 시사한다.  

 

주요어: Floquet multiplier, 기계적 에너지, Cost of Transport, 마라톤 

학 번 : 2014-31445 
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